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Introduction
MATERIAL

The present compilation of information on the energy levels of nuclei with
Z =11 to Z = 20 is the third version of an article of which the first and
second edition appeared in 1954 (En 54a) and 1957 (En 57). It contains the
experimental material received up to October 1, 19611. In principle, the present
version should make the use of the two earlier versions unnecessary. All
imvortant data contained in the latter are also given in the present paper.
This does not mean that the present bibliography is complete. Papers which
only have a historical interest and which are superseded by later, much more
detailed work, have been omitted. In those cases a reference is given in the
text to the 1954 or 1957 version.

Inevitably the present review has grown in volume compared to En 57 and
En 5ta. The number of known nuclei in the Z = 11-20 region has grown
surprisingly little, from 73 in En 54a to 83. The number of known nuclear
states in this region, however, has increased from 800 to about 3000 in those
seven years, and the number of nuclear states with known spin and parity
went up from 70 to 400.

Theoretical articles are quoted only briefly, and the bibliography is certainly
incomplete on theoretical subjects. Apart from resonance information, little
attention is given to cross section measurements; the reader is referred to the
compilations on neutron cross sections (Hu 58) and charged particle cross
sections (Sm 61c).

Many-particle reactions, e.g. the spallation reactions, are omitted altogether.

ARRANGEMENT
The nuclei are presented in order of increasing 4, and nuclei of the same 4
in order of increasing Z.

1 For more recent information, see Addenda, p. 325.
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Generally, each nuclear reaction is treated under the heading of the ﬁl:lal
nucleus. Exceptions are reactions where resonances have been observed, Whlc!']
are treated under the compound nucleus, and the g decay of 'unstable nuclei,
treated under the parent nucleus, and then as the first fe.actmn. In all otber
cases. the order of the reactions is determined by the initial nucleus, starting
with the lowest-4 nuclei and of each group of isobrrs with the lowest-Z
element. o

Following the last reaction discussed, for each nud'eus a list is glv‘en of
reactions “Not reported”’, but which could, if observed, give additional infor-
mation about the final nuclevs. Only those reactions have been included which
are in principle feasible with a stable initial nucleus and with a neutf'on,
proton, deuteron, triton, *He- or alpha-particle as ingoing or oufgoing particle.

Discussions on the energy levels of a particular nucleus which do not fit
naturally under the heading of a specific reaction leading to that nucleus have
been given as “Remarks’” at the end of the survey of that nucleus.

PRESENTATION

References are given for all the information given in the text, tables or
figures. If the results of one experiment have been published in two or more
articles or reports, usually only the mest recent or most complete publication
is cited. Entries for which no reference to litterature is given generally pertain
to conclusions drawn from putting together the data {rom two or more sources.
All electron capture and f decay f¢ values have been recomputed, using the
weighted mean half-lives given in the text and the Qn values (see below) given
in the headings of the relevant reactions.

In a few cases in which the use of less familiar symbols, abbrevations or
notations was inevitable, their meaning has been explained in the text.

For most of the nuclei a summary and synthesis of the experimental material
is given in the first table for each nucleus and in the level diagrams.

FIGURES

The excitation and resonance energies given in the level diagrams are the
weighted mean values of all determinations available. Ail energies are given in
MgV; the number of decimals given is limited such that the error is at most five
units gf the last decimal. Bombarding energies indicated in the level diagram:
are given in the laboratory system but plotted to scale in centre-of-mass
?OOI‘dll’lates. In this way the leaders, indicating resonances, and the correspond-
Ing energy levels in the compound nucleus will be found at equal heights.

]?oubtful levels or transitions are marked by hatched lines. Uncertain exci-
tation er}ergies and uncertain spin and parity assignments are bracketed.

React.luns leading to a particular nucleus have been indicated in the cor-
responding level diagram only if experiments on that reaction have been
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reported. An exception is made for n, p, d, or a-particle binding energies, which
are always indicated, unless they exceed the energy range of the diagram.

For seven nuclei an additional figure with the ¥ decay scheme had to be
made since the data could not be included in the standard level diagram.

As a novelty, half-lives of -unstable nuclei and of a few long-lived isomeric
states have been given in the level diagrams. Also E2/M1 amplitude mixing
ratios have been indicated. It has not been tried to use a consistent sign
convention for mixing ratios, which would require a large amount of work.
The signs given here are those published in the original litterature.

MASSES AND Q VALUES

The nuclear mass excesses used throughout this compilation are listed in
table 1. The first column gives the mass excesses, M —A in keV, measured in
the new scale in which the atomic mass of 12C is equal to 12 units. The other
column gives the mass excess in the old %0 scale for comparicon with older
data.

By far the most of these values have been taken from the table of Everling,
Konig, Mattauch and Wapstra (Ev 60, Ev 61). The mass excesses of new nuclei
and a few ¢- rections, mostly due to recent measurements, have been included.
The reaction and decay energies used to compute these additions and cor-
vections are listed at the end of the table. New “primary’’ Q values — essentially
those of reactions connecting ‘“‘central’”’ nuclei — have not been used to correc
the masses and errors given in Ev 60. Inclusion of these data would require a
lengthy least-squares analysis and would not appreciably improve the precision
of the already well-known masses of the central nuclei.

The reaction Q values calculated from the masses in table 1, Q_, and the
binding energies in the compound nucleus vf the bombarding particle, Es,
given in the headings of the reactions, are quoted from the Nuclear Data
Tables (Ev 61a), except for reactions pertaining to nuclei of which the mass
has been corrected in table 1.

For some reactions a difference between the experimental () value given in
the text, and the Qm value in the heading of the reaction, could be due to the
fact that Everling et al. recalibrated several reaction energies before using
them in the mass computations.

NATURAL ABUNDANCES AND NUCLEAR MOMENTS

The natural abundances of the isotopes in the mass range discussed in this
compilation, are listed in table 2 together with the nuclear moments: the spin
moment, J, tiile magnetic dipole moment, u, and the electric quadrupole
moment, ¢, as found from the hyperfine structure, from optical spectroscopy,
nuclear resonance absorption or induction, atomic or molecular beam magnetic
resonance, and/or microwave absorption. The values are taken from the “Table
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of Isotopes” by Strominger, Hollander, and Seaborg (St 58b), except for the
annotated additions.

OTHER REVIEW ARTICLES

Much use was made of several recent review articles on more specialized
subjects covering the mass range of this compilation; especially of the survey
and theoretical discussion of the reduced widths of individual nuclear energy
levels obtained from stripping reactions (Ma 60d) and resonance reactions
(La 60b). The neutron and charged particle cross section ccmpilations (Hu 58,
Sm 61c) have been mentioned above.

A general survey of nuclear reactions, levels, and spectra of light nuclei
appeared in the Ercyclopedia of Physics (Bu 57c); an exposition of the system-
atics of nuclei between 10 and 4°Ca in the Proceedings of the Kingston Confer-
ence (Go 60c).

The experimental data on nuclei between *He and ?Ne have been coiapiled
by F. Ajzenberg-Selove and T. Lauritsen (Aj 59).

The following theoretical papers, covering a broad range of nuclei have not
been quoted at all relevant places in the text: a discussion of nuclear level
densities and temperatures in 4 == 18-34 nuclei (Ma 61b); calculations of
Jt values with jj and LS coupling for 4 = 16-41 nuclei (Wi 57a); a discussion
of rotational levels in 4 = 16-25 nuclei (Ra 57): a jj coupling calculation of
the binding energies of the calcium isotopes (Ta 57).

Finally, the “Nuclear Data Sheets” have been of great hcnefit in checking
and completing the list of references.

» We are particularly grateful to the many physicists who sent their resuits
in advance of publication.

‘ The invaluable assistance of Miss Kitty van Bunnik and of H. M. van Zoest
in the preparation of the manuscript has been much appreciated.
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TABLE 1
Atomic Mass Excesses (M—A) in keV

(12C = 0) (1*0 = 0)
n 8071.34+ 0.41 8367.37
1H 7288.734+ 0.11 7584.76
*H 13135.26 4 0.17 13727.42
sH 14949.074 0.36 15837.15
3He 14930.944+ 0.26 15819.02
‘He 2425.114+ 0.35 3609.22
12C 0 3552.33
uN 2863.60+- 0.16 7007.98
180 —4736.435 0.26 0
16f 10904 - 128 15641
g 1954.5 + 2.3 6987.0
18 884.8 & 4.0 6213.3
BE —1486.1 & 07 4138.5
wpR —135 + 58 5907.1
ng —26 =+ 25 6191
18Ne 5314 L+ 40b 10641
19Ne 1762 + 5 7387
20Ne —7041.3 L 0.5 —1120.8
21Ne —5729.1 4- 1.6 487.5
22\e —8024.9 + 0.6 —1512.3
23Ne —~5146 = 5 1662
2Ne —5964 L 40 1141
30Na 8280 300 14200
21Na ~2199 4+ 17¢ 4018
2Na —5183.3 + 4.6 1329.3
23Na ~9526.2 + L5 —2717.6
#Na —8413.8 L+ 2.7 —1309.2
%BNa —9357 =+ 108 —1956
26Na —7700 300x 0
22Mg —140 4 809 6370
BMg —5448 4+ 15e 1360
Mg , —13930.1 +~ 1.8 —6825.4
Mg —13189.4 = 1.9 —5788.8
Mg —16215.5 - 2.2 —8518.8
Mg —14581.2 -~ 3.7 —6588.5
BMg —i5015 - 6 —6726
2A] 90 300 7190
25A1 —89028 -+ 6 ~ 1528
2671 —12201.5 &~ 4.7 —4504.8
27 —17199.2 - 2.0 ~9206.4
BA] —16851.5 + 3.6 —8362.8
MA) —18217 4+ 6f —9632

30A] —17150 4-250bD —8270
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TABLE 1 (continued)

2653
273
25
ZDSi
3053
ngj
832G

2P
2p
.'JDP
ap
sap
ap
up

205
319
3:35
339
3ug
35S
365
371G
388

32C1
a3Cj
34C|1
35C]
36C1
3iC)
38C}
39CY
40C]

35Ar
38Ar
37Ar
38Ar
307
QOA}{-
dlAr
42Ar

3K
3B
BDK
WK
ag
42K
43K
44K

—7150 4 808
—12384¢ - 8h
—21491.0 + 29
—218974 4 3.4
—24410.3 4 4.0
--22961.1 + 4.6
—24084 + 15¢¢
—17690 1300

—16949 -+ 8!
—20192 4- 9

—244378 4 1.5
—243032 + 2.2
—26334.9 + 3.4k
—24830 4200

—14220 110}
—18988 4+ 17m

—26011.7 & 1.0
—26582.9 4+ 2.8
—29932.4 + 2.9
—288429 4 2.6
—30653 <+ 9
—26980 <+ 90
—26800 150
—13010 4300
—21008 + 12
—24413 4+ 21n
—29010.2 L 2.8
—29516 -+ &
—31765.9 + 2.1
—29804 -+ 8
—29803 L 21
—27500 500
—23040 4+ 30°
-30227.0 4+ 3.2
—30949.9 4+ 2.5
—34719.9 + 23
—33233 + 6
—35037.3 + 0.8
—33058 4 11
—34423 4 40v
—24800 - 50p
—28791 4 11
—337983 4 2.8
—33524.5 4. 3.3
—35548.3 + 4.3
—35006 4 20
—36577 11
—35360 200

550

—4391
—13202.3
—13312.8
—15659.5
—13784.3

—- 14011

600

— 8365

--11312
—15261.0
--14830.4
—16566.0

— 14770

—5340
--9812
—16538.8
—16814.0
—19867.4
—18481.9
— 19996
— 16020
— 15660

— 3540
—11239
--14348
—18649.2
— 18859
—~20812.9
- 18553
- 18258
- 15700

— 12680
—~19570.1
—19996.9
—23470.9
— 21688
—23196.2
— 20921
—2199¢

— 13850
— 17542
—~22253.3
~21683.4
—23411.2
- 22573
— 23848
—22330
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TABLE 1 (continued)

#Ca —27300 + 404 —15760
9Ca —34846.0 + 3.5 —23004.9
4Ca —35135 + 8 —22998
42Ca —38535.9 4= 4.2 —26102.8
43Ca —38394.0 - 45 —25664.9
4Ca —41458.7 + 4.5 —28433.6
#Ca —40807.0 - 43 —27485.7
4Ca —43136 -+ 10 —29519
4Ca —42334 4 187 —28420
48Ca —44372 4 138 —30163
“Ca —41445 - 14t —26940
0S¢ —20900 2004d —9050
41Sc —28640 - 10u —16503
425¢ —32280 4 60z —19850
435¢ —3617¢ -+ 11 —23445
$4Sc —37811 + 7 — 24786
43¢ —41058.9 + 4.0 —27737.7
16Sc —41754 4 b —28137
475¢ —44330 + 9v —30416
485c —44494 <+ 10 — 30284
48Sc —46520 + 40V —32010
505¢ —45100 4-500 —303¢0
T} -37656 + 12 —24631
48T —39001 4 6 —25679
4Ty —441192 + 35 —30502.0
9Ti —44935 <+ 7 —31021
48T —48482.6 + 34 —34274.3
9Tj —48559.1 + 3.3 —34053.8
50T —51425.7 + 45 —36624.4
L1 B —49716 -+ 20 — 34619
a UN(3He, n)ioF 0= —11814 12 keV (see Aj 59)

b  160(3He, n)!sNe 0= —3150+ 40keV  (A] 60)

¢ 1Na(f+)"Ne Q= 35224 30 keV (Sc 52)

Q= 3532+ 20keV  (Wa 60a)

a4 Ne(He,n)®Mg Q=  —40+ 80 keV  (Aj 61)

e  Na(p, n)®¥Mg Q= —4850-- 7TkeV  (Ki55a, Go 58f)
1Mg(B+)*Na Q= 4110+ 10keV  (Wa 60a)
2#Mg(*He, x)"*Mg Q= 4048+ 15 keV (Hi 59a)

t BAlt, p)PA} Q= 8678+ 6keV  (Ja60a)

g Mg(®He, n)®Si Q= 80+ 80keV  (Aj 60)

b 27A)(p, n)¥'Si Q= —55851+ 10keV  (Ki55a)

Q= -—56074+ 8keV (Ma 55c as corrected
in Ev 61)
Q= —5591+ 8keV  (Br 59f)
Si(f+) 1Al Q= 4870% 20keV  (Wa 60a)
28Si(*He, a)?'Si Q= 3405+ 15 keV (Hi 59a)

1 28Gj(p, )®P Q0= 2760+ 13keV  (Ok 60a)

Q= 27504+ 20 keV (Va 60)
28Si(3He, d)*P Q= —2731+ 12 keV (Hi 60c)
BP(B) ™SI Q= 4960+ 10keV  (Li57b)

Q= 4982+ 20keV  (Wa 60a)
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TABLE 1 (continued)

aa

bb
ce
dd

¥ Al(x, n)3°P
8Si(p, )20P
80Si(p, )P
325(d, o3P

3BP(B-)338
0G(f+)30p

:“P(p: n)3ls
315(‘3'4-)311)

335(9. .},) 34C1
UCI(B+)4S
BAr(f+)¥Cl
NK(B+)AT
WK(p, n\¥Ca
#Ca(f+)¥K
49Ca(y, n)3Ca
7Ca(f~)¥"Sc
48Ca(p, n)*Sc

48Ca(d, p)**Ca

40Cu(*He, d)213¢

#0Ca(d, n)*Sc
Ca(p, y)*'Sc
#8c(B)¥'Ti
Ca(f=)*Sc
195¢(B-\"Tj
*Na(f~)**Mg
OAr(t, p)a2AT
39K (or, n)42Sc

28Naf(t, p)®Na
Mg(t, o)?Na

Al ()05
30Si(t, p)32Si
#0Sc(f+)#Ca

—~ 26704 30 keV
5570+ 30 keV
—5005+ 30 keV
4892+ 10 keV

o

il

2484 & keV
59301150 keV
60104-150 keV

—625834+ 20 keV
54404+ 30 keV
54104 30 keV
5120 30 keV
55204 30 keV
5980 40 keV
5950+ 50 keV
61204 70 keV
61704 70 keV

—70444- 70 keV
6600100 keV
65124 25 keV
6450-- 60 keV

—158004-100 keV
1996-+- 16 keV

AT T T T T T A I

— 660+ 30 keV
—660+ 10 keV
20194 6 keV

DOVO VOAOOVOOOVVCORVRVOHL VOO

i u

—44104- 15 keV
— 11454 15 keV
1090 - 20 keV
6054 5 keV
5080+ 60 keV
20504~ 50 keV
8500 4-300 keV
7046 + 40 keV
—7160-+- 60 keV
7492 4 12 keV
56644 10 keV
72904-250 keV
7304+ 15 keV
139504200 keV

L O V| O

[T !

no

LU0V OVOLOVUOO

(Ba 59a)
(Va 58a)
(Br 591)
(En 58 as corrected
in Ev 61)
(see text)
(Jo 60)
(Ro Cla)
(Br 591)
(Li 57b)
(Wa 60a)
{(Va 584d)
(Gr 56)
(Ki 56)
(Wa 60a)
(Su 58)
(Wa 60a)
(Br 59f)
(Li 57b)
(Ki 58)
(Wa 60a)
{Su 53)
(see discussion
of 4°Ca decay}
(E1 58)
(Jo 60a)
(Br 56f as corrected
in Ev 61)
(Hi 60k)
{Ma 61c)
(Bu 6la)
(Li 57b)
(Li 57b)
(Ke 56)
(Ro 61b)
(J= 614Q)
(Sm 61)
(Hi 61a)
(Hi 61a)
(Ro 61)
(Hi 61g)
(Sc 59c¢)
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TABLE 2
Natural Abundances and Muclear Momnents

Natural Nuclear moments
Isotope abux;dance
(%) J (nucl. magneton) (1024 cm?)
43 ioo : +2.6275
20Ne 90.92 0 <0.0002
21Ne 0.257 3 —0.66140 +0.09¢
2Ne 5.82 ~0
#3Na 3 +1.746
3Na 100 3 +2.2161 +0.10
24Na 4 +1.69
Mg 78.7 ~0
Mg 10.1 3 —0.8547 +0.14b
Mg 11.2 ~0
27471 100 3 +3.6385 +0.149
85j 92.2 ~0
95 4.7 3 +0.5548 <0.0001
30Si 3.1 ~0
3P 100 3 +1.1302
s2p 1 —0.2523
] 95.0 0
39 0.76 3 +0.6427 —0.064
ug 4.22 <0.002
359 3 +1.0 +0.045
383 0.014 <0.01
35Cl 75.53 3 +0.820:91 —0.0789
36Cj 2 +1.2859 —0.0168
37Cl 24.47 3 +0.6833 —0.0621
BAY 0.337 &)
BAY 0.063
0AfY 99.600 a0
K 93.08 3 --0.3909
oK 0.0118 4 —-1.2964 —0.072
aK 6.91 4 +0.2151 +0.1
2K 2 —1.137
8K 4d +0.1634
40Ca 96.97 a0
2Ca 0.64
43Ca 0.145 % —1.3153
4Ca 2.06
46Ca 0.0033
48Ca 0.:85
4Sc 2¢
4UGcm 6c
5S¢ 10G z +4.749 —0.22¢
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TABLE 2 (continued)

Nuclear moments

Natural
Isotope abundance q
(%) J (nucl. magneton) (10— cfn‘)
48Tj 7.99
47T 7.32 ¥ -0.7871
4T 73.99
89T} 5.46 1 —1.1023
s0Ti 5.25
s Bu 50c.
b Bl 61.
¢ Ha 31b.
a Pe 59b.
e Gr 38d.

! Fr 59,
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20Na
(Not illustrated)
A. 20Na(ft)20Ne Qn = 15320300

The half-life is 0.25 sec (Al 50a), 0.234-0.08 sec (Sh 51b), 0.3854-0.01 sec
(Bi 52a).

The decay, at least partly, proceeds to states of 2°Ne between 6.8 and
10.8 MeV which decay by a-particle emission. The possibility that the g+
decay is super-allowed is discussed in Bo 55.

For a theoretical discussion of the 2°Na spin, see De 53a.

B. 20Ne(p, nj?°Na QOmn = —16100+-300

The threshold, at E, = 16.9 MeV, has been measured by «-particle detection

(Al 50a).

C.  Not reported:

20Ne(3He, t)2°Na Qn = —153405-300
21Na
(Fig. 21.1, p. 12; table 21.1, p. 13)
A. 2INa(f*)%Ne Q, = 3530417

The weighted average of four half-life measurements is 22.8 + 0.2 sec
{Sc 52, Ph 53, Ar 58, Wa 60a).

The maximum positon energy is 2.50+40.03 MeV (Sc 52), 2.514-0.02 MeV
(Wa 60a). A 0.347 MeV y ray is observed with an intensity of 2.2+ 0.3 percent
(Ta 60c). No p rays with E, > 0.51 MeV have been found (Sc 52).

The decay is super-allowed (log ft = 3.6), indicating that the spin of ?!Na
is the same as that of its mirror nucleus 2!Ne, that is J* = $+. For the decay
to *!Ne* = 0.35 MeV, log ft = 5.0.

B. 2Ne(p, y)?'Na Qn = 2446417

At E, = 400 keV, the cros: section is (2.7 +1.0) x 10-2 ub (Pi 57).

One resonance, at E, = 1.165 MeV, is found in the y-ray yield for protons
in the 0.5-1.3 MeV range (Br 47). See fig. 21.1 for the y decay of the correspond-
ing 3.56 MeV level (Be 61). A J* = §+ (or §t) assignment follows from the
angular distribution of the ground-state transition {Be 61). The level has
I, < 0.7 keV (Ta 59), and (2J+ i) I, I,/I" = 1.1340.07 eV (Th 60). Non-
resonant capture has been investigated in the vicinity of this resonance (Ta 59).

Four resonances for the production of annihilation radiation from the decay
of 2Na, found for protons in the 1.35-4.4 MeV range, are indicated in table
21.2 (Va 53).

C.  20Ne(p, p')%*°Ne E, = 2446417
Elastic scattering studies indicate ten resona.ces in the range E, = 0.2-4.4
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TasrLE 21.1
Energy levels of #:Na
Eg (MeV) J= tyor I’ Decay Reactions
0 3+ 22.8-1-0.2 sec B A, B,DEF,
0.34-£0.02 (34, 3+ ¥ BED
1.724+0.05 y B, D
2.4240.02 L+ D
2.81--0.04 ) B, D
3.56 3+, (3Y) y B, D
3.88--0.05 D
4.17 $- 121 keV P ¢, D
4.31 3+ 17 keV P C, D
4.44 p C
4.48 3+ 27 keV 7, P B,C,D
4.85--0.06 D
5.05 double P C,D
5.47 1+ 80 keV P C
5.70 ~ 20 keV ). p B, C
5.83 ~2 keV 7, P B, C
5.84 g= 25 keV Y P B, C
6.09 G P 6 keV p C
6.26 p C
6.52 (3 5)* 150 keV p C
7.45 P C
TABLE 2. 2
Resonances in ®Ne+-p
E NNa* r =d

(MeV) (MeV) Decay® (keV) Iy T Y
1.1658 3.56 y
1.814 4.17 Po 1804, i21e >0.74 3=
1.653¢ 4.31 Po P2 6d. 17¢ >0.74, 0.25¢ B+
2.09® 4.44 P:
2.1354. ¢ 4.48 ¥ PoP1 174, 27¢ >0.79, 0.84¢ g
2.73® 5.05 Po P1 doubled
3.1764 5.47 Po P1 1104, 80e >0.74 1+
3.420, ¢ 5.70 %) Po Pr ~200 <0.1d
3.552d, ¢ 5.83 Y PoPr v 2d
3.5664. ¢ 5.84 ¥ PoP1 252 >0.74 -
3.8284d 6.09 PoP1 6d 3 F
4.00® 6.26 P
4.28¢ 6.52 Po 1504 >0.74 $, 5t
5.25! 7.45 Po P

a Br 47, Be 61.

b Co 54b.

¢ Va 53.

4 Ha 55a.

e Va 60d.

I Od 59a.

& Resonances in the yield of capture ¢ rays or in the yield of #!Na g+ activity are indicated by y,
resonances for elastic scattering by p,, and resonances in the yield of the 1.63 MeV y ray from

2Ne(l) by p;.
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MeV: see table 21.2 for energies, widths, spins, and parities (Ha 53, Ha 55a,
a 604).
Vd’l‘(}iledZesomances for inelastic proton scattering to 2'Ne* = 1.63 MeV generally
correspond o those for elastic scattering (Ga 53, Co b4b) ;'two resonances, at
E, = 2.09 and 4.00 MeV, are found from inclastic scattering only (Co 54b).
Resonance cross sections are given in Ga 53. See also So 61, .
Angular distribution measurements of proton groups to 20Ne(0) and (1) in
the E, = 4.95-5.50 MeV region indicate a resonance at E, = 525 MeV
(Od 59a).
See Aj 59 for levels in 20Ne.

D. 20Ne(d, n)*'Na 0, = 222417

The ground-state  value has been measured as 0.22-40.03 MeV (Be 61), and
0.25-4-0.05 MeV (Gr 61). Excited states have been observed at 0.3340.03 MeV
(Be 61, Gr 61), and at 1.7740.05, 2.424.0.04, 2.8040.06, 3.610.06 MeV
(Be 61). See also Sw 52. From angular distribution measurements I, =- (2,3)
(Gr €1) is found for the ground-state tramsition, /, = 2, 6,2 = 0.011 (Be 61;
also /, = 2 in Gr 61) for the transition to the 0.33 MeV level, and /, = 0,
6,2 = 0.17 (Be 61) for the {ransition to the 2.42 MeV level.

A slow-neutron threshold has been observed with Q@ = —2.2014-0.007 MeV,
corresponding to ?INa* = 2.42 MeV (Ma 56b). An earlier reported threshold
with Q = —1.244.0.02 MeV (Ma 56b) has probably to be ascribed to
22Ne(d, n)2*Na (Gr 61).

Recent measurements with time-of-fiight neutron spectroscopy, at E, =
2.4, 3.1, 4.6, and 6.1 MeV, yield ?!Na levels at 0.36-+-0.04 1.68 +0.05, 2.82 +
0.04, 3.8840.05, 4.85-+0.06, and 5.00-+0.05 MeV, in addition to the known
states at 0, 2.42, 3.56, 4.17, 4.31, and 4.48 MeV (Aj 60a, Aj 61). An assumed
0, value of 0.23 MeV instead of 0.22 MeV has been used in Aj 61; the excitation
energies given above have already been corrected accordingly.

E. 2INe(p, n)2)Na Qn = — 4313417
Observed, Cr 40.

F.  2Mg(p, «)21Na Qn = — 686717
Observed, Br 48, Sc 52, Fu 60.

G.  Not reported:

1F(3He, n)2Lia On = — 1573417
20Ne(3He, d)?!Na On = — 3047417
20Ne(a, £)21Na On = —17366+17
"Ne(*He, t)?1Na On = — 3548417
#Na(p, t)*1Na O = — 14988417
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(Fig. 22.1, p. 16; tabie 22.%, p. 15)
A. 2Na(f*)*®Ne Qp == 2841.564-4.6

The half-life is 2.58 +0.03 years (Me 57).

The decay predominantly proceeds by g+ emission to the 1.27 MeV level of
22Ne. The t+ end point is 54215 keV (Ma 50a), 54045 keV (Wr 53), 54542
keV (Da 58), 547.4-+1.0 keV (Ni 61a); log ft = 7.4.

TaBLE 22.1

Energy levels of #2Na

Eq . 4
(MeV L keV) =T ryor I’ Decay Reactions

0 3+;0 2.58+0.03 yr g+, EC
0.5874 4 1+; 0 (0.266--0.010) X 1076 sec
0.660+ 4 0+; 1 <0.35 + 1079 sec
0.892+ 3 n+
1.632+ 4 (<4)+
1942+ 5
1.9494+10
1.988 4-
2.2174
2.574+
2,973+
3.065 +
3.527 +
3.713 +
3.949 -1
4.0734-10
4323+ 8
4.3634-10
4473+ 8
4.5314-10
4.5954+-10
4.752 410
4.778 +10
7474+ 5 ~6 keV
7.569 <2 keV
7.707
7.812
7.903
7.980
8.035

12.07
12.38
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The y-ray energy has been measured as 1.277+0.004 MeV (Al 49), 1.2736
+0.0018 MeV (Si 59g). The internal conversion coefficient of the 1.27 MeV
y ray, (6.74-0.7) X 10-8, indicates that the transition has E2 character (Le 54).

The Fermi-Kurie plot is linear within the experimental error (Ma 50a,
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Al 50b, Wo 54, Da 58, Ko 58b, Le 61b). Deviations from linearity, however,
are reported in Ha 58c, Ni 61a, and discussed in Ku 59c. A small anisotropy,

= —0.0027 4-0.0004 (St 69a, St 58a), —4 > 0.026 (Da 60a), observed in
the f-y angular correlation could be due to higher order ‘effects. For a possible
energy dependence of the anisotropy, see Su 61. See also St 51a.

Electron capture also occurs, with an intensity EC/8*+ = 0.1144-0.004,
averaged from 0.1244-0.011 (Kr 54), 0.110--0.007 (Sh 54b), 0.122+0.010
(Al 55), 0.109+0.007 (Ko 58b). See also Ho 53b, Ma &4c, Se 54, Ch 55, Di 55.
Theory yields 0.1135 (Ko 58b).

A B+ transition to 22Ne(0) has been observed with an intensity 0.0624-0.015
percent of the transition to 22Ne(1). The f* end point is 1.834+0.06 MeV ; log f¢
= 13.1 (Wr 53). See also Mo 49.

The asymmetry parameter A of the f—y circular polarization correlation,
1+A (v[c) cos #,is A = +0.36+0.08 (Ap 59; also Ap58), 4 = 40.35+0.02,
yielding the relation C, = (1.04.0.2) C, for the axial-vector coupling constants
(St 59b).

Longitudinal polarization of positons, Pa 57b.

B. 1F(x, n)*2Na O, = —1949.0+4.7

Thresholds for the production of slow neutrons are observed at E, = 2.33 MeV
(*Na g.s.) and 3.04 MeV (22Na* = 0.59 MeV) (He 54b). The groundsta‘= Q
value has been measured as Q, = —1.950+0.015 MeV (Bu 56¢, as corrected
in Wi 57), —1.9594-0.010 MeV (Wi 60). For « particles in the E, = 3-6 MeV
range, neutron groups have been observed to the #°Na states indicated in
table 22.3 (Ba 59a). See also Qu 56, Sz 60. '

Gamma rays observed from this reaction, with relative intensities (at E, =
4.9 MeV) and assignments are listed in table 22.2 (Te 58, Ra 60). Gamma-
gamma coincidence experiments indicate a 22Na level at 666 +4 keV, decaying

TaBLE 22.2
Gamma rays from °F(x, ny)?*Na

E» E}® E.*° Intensity € Transition in 22Na
{MeV -LkeV) (MeV) (MeV +keV) (relative) (Ex in MeV)
0.073+- 1 0.073 + 2d 0.66 — 0.59
0.693 0.593 0.586-4- 4° 36 0.59 — 0
(0.666) <2 0.66 — 0
0.8901-10 0.892+ 5 25 0.89 - 0
1.3 1.95 — 0.66 (+-0.59)
1.5304-10 6 1.53 -0
1.55 2.22 — 0.66 (+0.59)

8 Te 58; E, := 3.9 MeV.

b Te 58; E, == 5.7 MeV; y rays in this column are coincident with the 73 keV y ray.

¢ Ra 60; E, = 4.9 MeV; without Doppler correction.

d Tctal internal conversion coefficient, (4.5-4-0.4) x 10-3, indicates M? cha-acter (Ra 69).

¢ Tetal internal conversion coefficient, (1.14-+0.3) x 1074, indicates E2 or M2 character (Ra 60).
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by an E,= 7341 keV transition to 22Na(1), which in turn decays to the
ground state (Te 58). The J= = 0%, T =1 assignment to the 0.68 MeV level
(see reaction L), and the internal conversion coefficient of the 73 keV y ray
(table 22.2) yield J* = 1+ (and thus T = 0) for the 0.59 MeV level. These
assignments are confirmed by the following data: the convergion coefficient
of the 593 keV y ray indicating E2 or M2 character (Ra 60); the hali-life of ihe
0.59 MeV level, 7, = 0.266--0.010 usec, ruling out a J* = §* {and thus T’ = 1)
assignment to this level (Te 58; see also Ho 58b); the half-life of the 0.66 MeV

level, 7, << 0.35 X 10-® sec, supporting a AT =1 assignment to the 73 keV
transition (Ho 58b; see also Te 58).
See 28Na for resonances.

C. 20Ne(d, p)2!Ne Q, = 45344415 E, = 11277.4+4.6

The excitation function shows two resonances in the range E, = 0.8-1.1 MeV,
corresponding to 22Na levels at 12.07 and 12.13 MeV (Go 55).
See Aj 59 for levels in 21Ne.

D. 2Ne(®He, p)*Na 0, = 5784.24-4.6

Nine proton groups have been observed (see table 22.3). A y ray, with

E, = 73 keV, has been observed in coincidence with the proton groups to
22Na* = 0.66 and 1.9-2.2 MeV (Te 58).

E. 2!Ne(p, y)*Na QOn = 6743.044.9
Seven resonances have been reported, at E, = 775 (I" ~ 6 keV), 865
(I' < 2 keV), 1010, 1120, 1215, 1296, and 1354 keV. At E, = Ti5 keV, the

main capture radiation proceeds to the ground state; at E, = 865 keV, to
2Na* = 2.25 MeV (Kr 60).

Other energy determinations of the first resonance give E, =785 keV
(Br 47), 766.141.8 keV (Ku 59a).

F. 2INe(d, n)2Na Q, = 4518.31-4.9
Observed, La 37.

G. 22Mg(p+)2Na O = 5040-L80
See 2Mg.
H. #Naf(y, n)2Na On = —12414.34.4.9
The threshold has been measured as 12.05--0.20 MeV (
12.47:0.05 MeV (Ch 58). A search for isomeric states in 2N

in the 10-5-10- ! sec range was unsuccessful (Ve 56).
For yield curve, see Mo 53a.

I.  2Na(p, d)®Na (p = —10189.5+4.9

. Differential Cross sections of groups to 22Na* = ( and 0.59 MeV, measured at
» = 18 MeV, yield /, = 2 and 6,2 = 0.021 for both groups (Be éSg, Ma 60d).

Sh 5la), and
a with half-lives



J.  ®Na(d, t)2Na

At E, = 14.8 MeV, triton groups have been observed to 2Na* = 0, 0.58,
0.89 and 1.53 MeV; Q, = —6.2114.0.040 MeV. The angular distributions of
all four groups are best fitted with /, = 2 (Vo 58). Reduced widths, normalized
to that of the 28Na(p, d)?2Na ground-state transition (Be 58g), are: 6,2 = 0.021,
0.007, 0.012 and 0.004, respectively {Vo 58, Ma 60d). For a theoretical dis-

cussion, see Ha 60a.
K. %Na(®He, «)22Na

At E(®He) = 8.45 MeV, 23 a-particle groups have been observed, correspond-
ing to the ground state of 22Na and excited states up to E, = 4.78 MeV (Hi 60f) ;
see table 22.3.

ENERGY LEVELS OF LIGHT NUCLEI. III

On = —6156.64+4.9

0, = 8162.9+4.9

TABLE 22.3

Energy levels in 22Na (in MeV +%eV) from 9F(x, n)22Na, 2¢Ne(3He, p)22Na, 28Na(d, t)?2Na,
#3Na(3He, a)?2lva, 2Mg(d, «)22Na, and *Mg(p, «)??Na

(m}:‘agoin 1 Br 59d Br 59d Te 58 Vo 58 Ba 59a
(d, a) (d, o) (P, @) (*He, p) {d, t) (e, )

0 0 0 0 0 0
0.582 0.58545 0.582-16 o
0.656 0.661 18 0.60 0.58 0.59--20
0.889 0.893-15 0.89116 0.90 0.89 0.89-120
1.527 1.533 15 1.55 1.53 1.54120
1.933 1.944 15
1.949 .
1.980 1.990 45 2.0 1.97+£40
2.210 221015
2.567 257615 2.6
2.965 2.97515 50
3.060 3.06615 :

3.532 3.526+5 3.5
3.712 3.71318 3.75
3.951 3.94945
4.073
4.322 432318
4.363
1.474 (4.472.18)
4.531
4.595
4.732
4778
all - 10 keV

L. #Mg(d, «)2Na

The a-particle groups, observed at E, = 5.0-7.5 MeV (Br 59d), and E, =
5.70 and 5.90 MeV (Hi 60f) are listed in table 22.3; Q, = 1.954£0.007 MeV

(Br 59d).

Q, = 1963.5+4.9
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The group to the 0.66 MeV state, with T = 1, has an intensity of 1.—5 percent
of the ground-state group (see also Br 59d). The second T = 1 levelis expected
at E_ ~1.95MeV; none of the groups to #*Na* = 1.933, 1.949, and 1.980 MeV,
however, is weak (Hi 60f;. Angular distribution measurements at E,=15MeV,
with D. W. B. A. analysis, yield L = 2 and 0 for the groups to 2Na* = 0
and 0.89 MeV, respectively (Pe 61). The L = 0 assignment to the 0.89 MeV
level entails J7 = 17,

For cross section, see Cl 46, Cl 46a.

M. Mg(p, «)2Na Qn = —3142.5£5.0

At E, = 7.5 MeV, a-particle groups have been observed to the ground state
and to the three lowest levels c¢f 22Na, including the 0.66 MeV, T = 1 level;
see table 22.3 (Br 59d).

For cross section, sez Me 51, Ba 54, Co 54a.

N.  Not reported:

20\e(t, n)22Na O, = H5019.744.7
20Ne(«, d)2Na Q, = —12568.2+4.7
21\’e(®He, d)22Na On= 12498449
21Ne(z, t)2Na Q, = —13069.7+4.9
22Ne(p, n)2Na On= — 3624.24-4.6
22Ne(®He, t)%2Na Qn = — 2859.744.6
24Mg(n, t)22Na O, = —15624.54+-4.9
#Mg(p, *He)®2Na Qn = —16389.0+-4.9
22Mg
(Fig. 22.2, p.21)
A, 2Mg(pr)22Na Qn = 5040480

From the well known f# value of this type of super-allowed 0+ — 0+ p* tran-

sitions, and the @, value derived.from 1eaction B, a “2Mg half-life of about
4 sec can be estimated.

The deccy should proceed to *2Na* = 0.66 MeV, with Jr=0t T = 1.

The -0.13 sec half-life, observed from proton bombardment of natural
magnesium with 23 MeV protons, and assigned either io 23Al or to 22Mg
(Ty 54), then must be due to 23Al.

B.  20Ne(*He, n)22]7g Qn = —404-80

ﬁt E{?'He) = 3.4 gnd ?.5 MeV, neutron groups have been observed cor-
re.sprmdmyg t'O 2Mg(0), with Qp = —0.04 £0.08 MeV, and to 22Mg* = 0.99 -
0.6 MeV. No other levels with E, < 2.5 MeV have been observed (Aj 61)
C.  XNot reported:

240 [aY
Mg(p, t)22Mg On = —214504-80
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Fig. 22.2. Energy levels of 2Mg.

23Na
(Fig. 23.1, p. 22; table 23.1, p. 23)
A. (a) ¥9F(a, n)22Na Qp = —1949.04-4.7 E, =10465.3+1.6
(b) ¥F(a, p')22Ne Q,= 16752408 E, = 10465.3+1.6
(c) ¥F(e, «")1°F E, = 10465.3--1.6

(a) Fifteen resonances have been found, for « particles in the energy range
E, = 2.5-3.5 MeV, by measuring the yield of slow and fast neutrons and the
yield of the 590 keV y ray, from 22Na (1); see table 23.2 for energies, widths,
and cross sections (Wi 60; also Wi 57, He 54b).

See 22Na for neutron groups and thresholds.

(b) Resonances in the yield of the 1.27 MeV y ray, from #Ne (1), for E, = 0.6
—2.8 MeV (Sh 54c), 1.5-3.4 MeV (He 54b), and 2.5-3.5 MeV (Wi 60), are given
in table 23.2. See also De 58a.

See Aj 59 for proton groups.

(c) Resonances in the yield of 110 and 198 keV y rays, from *F* = 110 and
198 keV, are given in Sh 54c¢ (%, = 0.6-2.8 MeV) and He 54b (E, = 1.3-2 1 MeV);
see table 23.2.

See Aj 59 for levels in ¥F.

The relative intensities of 18 resonances in the («, «'), (¢, p’), and (x, n’)
reactions have been reported in He 54b; and of 24 resonances in the (a, «)
and («, p’) reactions in Sh H4c.
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Fig. 23.1. Energy levels of #Na; for y decay, see zlso fig. 23.2.
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B. 2Ne«, p)2Na Qn = —2378.7L1.5
One proton group, Q = —2.54+0.20 MeV, has been found with ThC' «
particles (Po 37 and Li 37). For the differential cross section, see Ya 60b.
See 2#Mg for resonances.
C. 2Ne(p, y)¥Na Qn = 8790.1+1.5

Resonance energies for E, = 0.4-0.8 MeV (Ku 59a), E, = 0.6-1.8 MeV
(Si 59, also Si 59), and E, = 0.6-0.95 MeV (Th 58) and the main modes of

TaBLE 23.1

Energy levels of 23Ma

E

(MeV i" KeV) J tpor I Decay Reactions
0 3 stable many

0.4392+ 0.8 3+ (1.64-0.3) x 10712 sec y C,F,GHI]J KLNDMOP
2.080 + 3 it y C,F,G H 1P
2391 + 5 ¥ C,F,GHI
2640 - 6 £+ (51) y C, ¥V, G H

2705 + 7 i+ y C,¢V,G H,I1
2984 4 6 (3 3t ¥ C,INhG HI
3.678 -~ 17 (3 Bt Y C,HI

3.850 - 8 (<HH+ y C, H, I

3.915 +£10 y C, HI

4.431 £10 2 C,HI

4778 +10 2 (8) ¥ C, H,

5.5 I

6.27 +50 1+ E, 1

7.21 =50 3 2+ ¥ C,E, 1

7.79 =20 (3 &)+ E

8.431 10 E

9.008 +15 E

9.202 + 2 y C

9,208 + 2 » C

9249 - 2 ¥ C

9.402 - 2 10 ~0.46--0.36 keV y C

9424 -~ 2 Vv C

9.484 + 2 » C

9.612-10.543; 15 levels; see table 23.3 and reaction C

10.470-12.945; 49 levels; see table 23.4 and reaction D
11.552-13.333; 41 levels; see table 23.2 and reaction A

decay are summarized in table 23.3. See also Br 47. At E, = 640 keV, the
isotropic angular distribution of the ground-state transition y, (Th 58) and its
radiative width, I',, = 2.04+0.5 ¢V, favour the assignment J* = 3. A
resonance absorption measurement gives I',, = 2.74-1.1 eV, and I' ~ I, =
4604360 eV (Mo 60). At E, == 854 keV, angular distribution measurements
exclude J = } for the resonance level (Th 58).

From y-ray spectra, angular distributions, and y-y angular correlations,
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TABLE 23.2
Resonances in ¥F +a

v
¢

E. »Na® Outgoing Refer- | E, BNa* [ On Outg.omg Refer-
{?e;;i'; tMeV) pargicleg ences i (MeV £ keV) (MeV) (keV) (mb) particlel ences
1315 11352 p S 246 10 12.497 A - ¢ d
1362 1L390 p, ¢ | 2498: 3 12528 8 3 ny t
F40s 11628 py ¢ ; 253 10 12.555 Py & a.' '
1.435 11.667 p, € . 2609+ 3 12.620 11 6 g e
P.aot §1.705  py c. d 2.63 10 12.639 D o A a’ o
1.662 11837 p, ¢ 27303 12721 6 14 n, :
150 1LKB9  py ¢ | 2738 3 12728 9 P oy o
1A% 1201 p, c | 276 12.745 P12 €
1.614 12047 p, c.d . 28] -10 12.786 Pt a
1948 12074 p, e I 284 - 10 12.812 16 P1 8, d
1384 12,113 p, cd | 287 10 12.836 2 7, &
2017 12130 p, o ¢ ¢ 290 ~10 12.862 2 P1 % o, 0o 8,4
2043 12187 p, c 2.94 10 12.895 10 1, a
2068 12.206  p, u ed 301 +10 12.953 35 p,omng 8, d
2.26% 12288 pyoy e <9 0 367 210 13.002 7 0y Ng 8, d
2257 12329 Uage © | 312 10 13.044 3.5 ny I, a
2298 12364 p, @ €9 . 315 210 13.067 25 Pioyognyn, 84d
2337 12396 Uag, ¢ 3.25 10 13.151 20 n, n, n
2383 12434 pyzg e 9 330 -10 13.193 25  pyoayogmyn, ®&
2428 12471 p; e ‘ 336 =10 13.241 25 ng a

| 347 =10 13.333 17 ng n, a
& Wi 60.

b Resonances in the yield of the 1.27 MeV (22Ne*), 0.110 MeV (**F*), and 0.59 MeV (22Na*) y rays
are indicated by py, 2, %,, and n,, respectively; U = unresolved.

¢ sh 34¢. Correction for surface contamination might lower the resonance energies by 10 to 20 keV.
3 He 54b.

TaBLE 23.3
Resonances in 22Ne(p, y)%Na
E, 22 | E 2N+
v ~y P
) (MeV ~keV) Decay® | (kewy (Mev) ~ Decay®
4310 . 1.32 9.202 -2 i i010® 9.756 "
$36.9 . 1.3 9.208 :-2 ‘i 12800b 10014 %
§u0.1 1.0s 9.249 -2 : 14430 10.170 oA
6G39.% - 168 b, ¢ 9.402 - 2 Yo ; 1500V 10.225 "
6623 .78 9.424 - 2 E 1553 b 10.276 1
9355 128 9.484 - 2 ! 15930b 10.314 v,
3. ¢ 9.612 o Vs : 16214 10.340
b« 9.655 0 71 : 16284 10.347
433¢ 9.682 ; 17210 10.436 )
194350 (9.692) | 18334 10.543
4340 o 9.702 Yo 71
& §¢i S0z
B &y 56,
“TE a8
TS 50,

© 51 58 ralso Th 5%); -, anf 71 indicate transitions to 23Na*
Cascades through #Ng% =

¢ = 0 and 0.44 MeV, respectively.
2.98 and 2.39 MeV have ot been observed.
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478 ' + 727 (3f2")
443 —+
3.92 1002 70 14 14
385
368 T T (3f2,5/2)*
5 75 10 10 60 40 80 20 :
298 ! (3/2,5/2)*
271 - (s/z*) |
264 T? 1Y27( 5/2‘)—I -
2391 Y Y Yo LA™ 12+
100 <25 25 75 |
2080 <20 <10 H 7/20 —_
10 90 65 35 50 50
0439 g 5/ _
+0.045
| 32+ -
23 N a K™e 32+

Fig. 23.2. Gamma-ray branchings of 23Na lower levels. Branchings of the 2.08, 2.39, 2.64, and 2.98
MeV levels are averages from values in Go 57b, Fr 58a, Si 59¢, Kr 60z, Li 61, Br 61c. At the 2.71
MeV level the Kr 60a results are given; a y, intensity of 100%, is reported in Fr 58a and Br ..c.
Branchings of levels above 3 MeV are from Br 6lc.

at 5 vesonances in the E, = 600-1030 keV region, branchings of 2Na lower
levels up to E, = 5 MeV, and spins and parities have been determined, as
given in fig. 23.2 (Br 61c).

D. 2Ne(p, p’)%2Ne E, = 8790.141.5

Resonances both for elastic scattering and for inelastic scattering to 22Ne* =
1.27 MeV have been observed at E, = 2.43, 2.67, 2.83, 2.87, and 3.19 MeV
(Ha 53, Ga 53).

Resonances in the yield of the 1.27 MeV y ray, with relative yields, are listed
in table 23.4 (Va 53).
E. 2Ne(d,n)*Na QOn = 6565.4+1.6

At E, = 2.83 MeV, neutron groups have been observed to #Na* = 6.27
40.05, 7.214-0.05, and 7.724+0.05 MeV. Angular distribution measurements
yield ) = 0, 2, and 2, and (2/+-1)6,2 = 0.012, 0.073, and 0.021, respectively
(Gr 61).

Two slow-neutron thresholds, with Q = —1.866+-0.010 and —2.4434-0.015
MeV, have been observed from deuteron bombardment of natural neon. The
assignment to 22Ne is based on the observed intensities (Ma 56b). A threshold
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with O = —1.2420.02 MeV, earlier reported as to be due .to 20Ne(d, n)?'Na
(Ma 56b), has alse to be assigned to the 22Ne(d, n)?**Na reaction (Gr 61).

F. ®Ne(f-)®Na Q, = 43805
The weighted mean of the half-life measurzments is 37.6+0.1 sec (Pe 57,
Nu 58, Al 59a). Also Br 50d, Ri 58.

TABLE 23.4
Resonances in the yield of E,, = 1.27 MeV from 2Ne(p, p'y)?2Ne(Va 53)

B aNa* Relative | Ep 2Na* Relative
(MeV) (MeV) vield | ‘M:V) (MeV) yield
1.755 10.470 : 2.435 12.075 70
1.915 10.620 : 3.47 12.110 120
1.970 10.675 3.560 12.195 270
2.130 10.830 50 ; 3.585 12.220 90
2.150 10.885 22 ; 3.645 12.275 20
2.220 10.915 ki 3 3.685 12.315 30
2.240 17,935 40 3.725 12.355 20
2.355 11.045 10 ; 3.755 12.380 320
2.405 11.090 10 : 3.800 12.405 45
2.430 1115 45 % 3.845 12.470 120
2.565 11.245 40 § 3.895 12.515 35
2.610 11.285 40 : 3.920 12.540 370
2.6%5 11.350 175 3.940 12.560 90
2995 11.465 40 , 3.985 12.600 150
2.835 11.500 130 ‘ 4.035 12.650 130
2.865 11.550 85 4.055 12.670 170
2.940 11.600 30 ’l 4.090 12.700 160
2.965 11.625 40 i 4.125 12.735 290
3.020 11.589 50 4.165 12.775 280
3.055 11710 160 : 4.190 12.800 350
3.105 11.760 100 ‘ 4.235 12.840 120
3.160 11.810 4.255 12.860 210
3.215 11.£65 160 4.300 12.905 255
3.230 11,975 35 4.343 12.945 360

3.3%0 12.625 i85

The - branching, with end points, percentages, log ft values, and coincident
v rays is given in table 23.5 (Pe 57, Ov 36, Ge 56, Ge 55).

The allowed character of the f transitions to 2Na(0) anc! (1), with J* = 3+
gz}d 3, respectively, limits the spin of 2Ne to J* = 3+ or 2+, The same pos;i—
bilities follow from  22Ne(d, p)**Ne angular distribution mez;surement (Bu 56d)

The ’eIectron-neutrino angular correlation is consistent with wnure axjal:
vector interaction (Al 5%a, Bo 59; see, however, Ri 58). |

Re,s;?nance fluorescence measurements yield 7, = (1.54-0 3) X 10-10 sec
(Bo 59), and 7, = (1.5283) x 10-12 sec (Am 61) for 2Na(1). The latter value
is in good agreement with the value reported in Ra 59a (see reaction H)
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G. #Na(n, n)2Na
The gamma rays from inelastic neutron scattering, listed in table 23.6, can

be fitted into the 2Na level scheme as indicated in the last column of this table
(Fr 58a, Mo 56¢c, Wo 56, Li 61). Gamma rays of 0.15 and 0.61 MeV, abserved

TABLE 22.5

The 8~ decay of #*Ne

End point E Branching
(MeV) (MeV il’{’ew (%) log ft® References
Bo~ 4.39-1£0.050 67 +3 5.25 Pe 57
B~ 3.96-4+-0.04 0.438 1 3¢ 32 L2 5.38 Ge 55, Ge 56, Ov 56, Pe 57
B~ 2.4 0.1 1.647-+16¢, d 1.004+0.15 5.88 Pe 57
>2.0 <0.2 Pe 57
3.0 <90.06 Ov 56, also Ge 53, Ge 56

& A super-allowed branch (see Ki 55, Fe 55) does not occur; Pe &57.

b This value is in better agreement with Qp, than the results of earlier measurements: 4.21 4-0.01:
MeV (Br 50d), and 3.91+-0.3 MeV (Ge 55, Ge 56).

< The 0.438 and 1.647 MeV y rays are coincident; their intensity ratio is 1¢0: (3.0 £-0.3), Pe 57;
see alsc Go 56. The 0.438 MeV y ray is coincident with §,~, the 1.647 MeV p ray with 3,

a4 In Ov 56, the 1.63 MeV y ray is ascribed to the 2F decay on the basis of a half-life measurement
and a f—y coincidence experiment.

TABLE 23.6

Gamma rays (MeV +keV) from 22Na(n, n’y)#Na

Fr 58 Li 61 Mo 56¢ Wo 56 .
E, = 0.5-3.7MeV Ep — 0.5-32MeV Ep = 5.1MeV Ep — 2.5MeV Assignment?
0.4384- 5 0.44 0.439 0.45+ 20 044 -0
0.650 2.71 - 2.08
1.643+ 8 1.61 1.63 1.69-- 20 2.08 — 0.44
195415 1.90 2.39 —» 0.44
2.088 115 2.05 2.07 2.2 100 2.08 - 0
227 120 2.71 — 0.44
2.386 110 2.37 2.30 —- 0
2.56 +20 2.98 - 0.44
2.6354+-15 2.64 2.64 —» 0

2.979+15 2.96 3.01 298 -0

a Excitation energies in MeV.

at E, = 0.8 MeV (Mo 56c), have not been tound in other #Na(n, n’)?3Na* ex-
periments. See also Le 61a, An 60d.

The branching ratio of the decay to #Na(0) and (1) is 0.19-40.04 for
23Na*(2.08), 3.04-0.6 for 28Na*(2.39), and ~ 1 for #Na*(2.98) (Fr 58a); the
values given in Li 61 are 0.11 for 23Na*(2.08) and 13 for 23Na*(2.39); see
fig. 23.2.

At E, = 2.45 MeV, an inelastic neutron group has been observed, correspond-
ing to Na* = 0.46+0.05 MeV (Cr 56a). The angular distribution and cross
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section for inelastic scattering to #Na*(0.44), at E, = 3.49, 3.75, and 4.00
MeV, is given in Sh 59b; the cross section for scattering to the.0.44, 2.08,
2.36. 2.64 and 2.98 MeV levels is reported in Li 61. Elastic scattering angular
distribution, La 57b.

JFor iesonances, see #Na.
H. #Na(p, p)®Na

The levels in ©Na, observed from inelastic proton scattering, are listed in
table 23.7. Other values for the excitation energy of Na(l) are 439+1 keV
(Do 53; electrostatic analysis), 437 +5 keV (Sc 56¢c; magnetic analysis), 444 -+
5 keV (Ne 54 scint. spectrometer), and 450 +10 keV (St 54; scint. spectrometer)

TaBLE 23.7

Levels in Na from #*Xa(p, p’}®Na and #Na(d, d)®3Na

2ZNa*(McV —keV) !
‘p. pI® {p. PI° (d. d’j (d, d)¢ (d, )¢ (d, d’)¢
0.440 - 3 0.439
20658 - 4 2.1¢ L9 2.073 2.07-:30 2
2.393.. 7 2.37 2.400 (2.4} --40)
2648~ 7
2.505-- 7 2.69 2.6 2.629 2.711-40 2
2983 - 7 3.01 2.997 3.00-30
3698~ 7 3.70 3.75 3.689
3.850- 3 3.83 60 2
3.915-.1¢ 3.92 3.925
4431~ 10 4.45 4.45 4.457
$.578- 10 all - 40 all - 40
5.5
6.3
7.2
& By 57 [ Ep = 7.0-7.5 MeV, magretic analysis.
bst 32 0 E, = 7.26 MeV, scintillation spectrometer.
¢ Bo 50 ; Eg = 14 MeV, Al-absorption.

4%V6 38 [ Eg4 = 14.8 MeV, magnetic analysis,
¢ Ei 56a; £y = 8 MeV, magnetic analysis.

The 0.44 MeV 7 transition has been investigated at several resonances. The
internal conversion coefficient is « = (4.9-0.6) x 10-5, indicating that the
transition is predominantly dipole (Be 56a). Gamma-ray angular distribution
measurements yield /7 = (2, 2)~ for 8Na* = 0.44 MeV (R. 56b, Be 56a).

The ratio of the Coulomb excitation cross sections for p:cions and « particles

implies E2 excitation, and thus even parity for tkis level. he Coulomb exci-

tation cross section yields the partial mean life for E2 decay. 1 (E2) = 4.3
# 16-19 sec (Te 56;. The mean life of the level, Ty = (1.8£34) x, l(‘l)n-l2 sec hé;S
been measured it a resonance fluorescence experiment {Ra-gga) See also I&r 56
(7, = z({w’f-.m-w sec), Sw 56 {r, < 2.5x 10-11 sec). An'E2/M1 mixin

amplituce x = -0.056 follows from these Tx(E2) and 7, values. The angulai
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distribution of the fluorescence radiation indicates that ¥ > 0 (Ra 59a).
Measurement cf the angular distribution and polarization of the 440 keV
y rayv yields ¥ = 4-0.0454-0.015 (Mi 60a). ,

The 2.08 MeV level in #Na is excited at the E, = 2.89 MeV resonance.
The branching ratio of the decay to 28N_.(1) and (0) is about 20. The ground-
state transition is anisotropic, excluding J == 4 for 2Na* = 2.08 MeV (Go 57b).

The decay of 2Na levels up to 4 MeV has been investigated with protons up
to 6.4 MeV. The results are summarized in fig. 23.2 (Kr 60a, Fr 58a).

For resonances, see #Mg.

I. ®Na(d, d")®Na
Deuteron groups corresponding to levels in #3Na are listed ir table 23.7

{Bo 50, El 56a, Vo 58). The angular distributions of the groups to #Na* = 2.08,
2.71, and 3.85 MeV are compatible with I = 2, (EJ 56a). Theory, El 60.

J.  *Na{®He,?He)%2Na '
The ratio of the radiation y:eld for ®He -and a-induced Coulomb excitation

of the 0.44 MeV level, at E(3He) = 2.00 MeV and E, = 2.23 MeV, is in agree-
ment with the theoretical value for E2 excitation (Br 59c).
K. %Na(a, «')>Na

The angular distribution of the 0.44 MeV y ray following Coulomb excitation
with 2.5 MeV « particles eliminates the possibility of a j* = }+ assignment to
2Na* = 0.44 MeV. This establishes the J* = 5+ assignment to this leve., [
= % is ruled out by a comparison of its mean life, vm, and its partial mean life
7,(E2), Te 56; see also reaction H.

For the yield ratio of 3He- and «-induced reactions: see reaction J (Br 59c).
L. #Na+heavy ions (14N, 190, 20Ne)

A 0.44 MeV y ray has been observed from Coulomb excitation by 15.6 MeV
1N (Al 56), 9-11 MeV 160 (Go 60d), and 9-11 MeV 20Ne ions (St 60).

The reduced transition probability B (E2) for excitation of 23Na(l) is
(1.140.2) X 10-5° e2cm* (St 60), 0.95 x 10-5 e2cm* (Go 60d}, yielding a partial
mean life 7,(E2) = (6.24-0.6) X 20-1% sec, and 7.2 X 10-10 scc, respectively.

M. BNg(ft)*Na Qn = 4078 +15
See #ZMg.
N. 2#Mg(y, p)®Na Qn = —11692.6 2.2

Cross section for 28 MeV bremsstrahlung, Jo 55. A theoretical discussion of
the ratio of (y, p) and (y, n) cross sections is given in Mo 53.
O. Mg(n, d)*Na Q, = —9467.8+.2.2

A 0.454-0.92 MeV v ray observed from a natural Mg target, at E, = 14 MeV,
is attributed to this reaction (De 60).
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P. Mg(d, )®Na 0, = 7047.14£2.3
The measured value Q, = 7.01940.013 MeV differs from the value computed

from other mass links between ®Na and 2*Mg. Levels in 23‘Na at 0.4274-0.018
and 2.073-0.015 MeV have been observed from this reaction (En 52).

0. FAl(y, y®Na 0, = —10098.01+2.3
Cross section for 21.5 MeV bremsstrahlung, To 58.

R. Not reported:

21Ne(t, n)®Na Q, = 10674.94+2.1
2i1Ne(*He, pj®Na 0, = 11439.41+2.0
2iNe(x, d)®Na 0, = — 6913.1+2.0
22Ne(*He, d)#Na Q.= 3297.0415
2Nelu, t}2Na Qp, = —11022.6+-1.5
#Mg(d, *He)®Na Qp= — 6199.44-2.2
2Mg(t, )®Na 0,= 8120.142.3
45Mg(n, t)®Na 0, = —10540.94-2.4
23Mg(p, *He)®Na Qn = —11305.44+-2.3
26Mg(p, «)®Na Q.= — 1825.7+2.7
REMARKS

The decay of 2#Na levels up to 5 MeV, as summarized in fig. 23.2, is consistent
with the results of strong-coupling collective calculations. Proposed rotational
bands are indicated in fig. 23.2 (Kr 60a, Br 61c). See also Pa 58a, I.i 58c.

23Mg
(Fig. 23.3, p. 31; table 23.8, p. 32)
A, 2Mg(p*)®Na On = 4078415

The weighted mean of the reported half-lives is 12.04+0.09 sec (Wh 39,
Hu 43, Bo 51, Hu 54, Mi 58, Wa 60a; see also Ba 46, Ed 52).

The decay mainly proceeds to 2*Na(0); the f+ end point is 2.99--0.09 MeV
(Bo 51}, 2.95+0.07 MeV (Hu 54), 3.09+0.01 MeV (Wa 60a). The decay is
super-allowed (log ft = 3.7}, determining the spin and parity of 22Mg as 3+.

Gamma-annihilation coincidence measurements indicate a (9.14+0.5)%
branch tc ®Na* = 0.4¢ MeV (Ta 60c); log ft = 4.5. A (6.54-2.5)9%, intensity
is reported in St 59d.

B.  ®Nalp, n ®Mg On = —4861+15

A slow-neutron threshold has been observed at E — 5.0614-0.007 MeV
giving @ = —4.850 MV (Ki 55a, Go 58f), ’ '

Cross section, Ta 58. For resonances, see “Mg.
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Fig. 23.3. Energy levels of 22Mg.

Qn = —16553+£15

The threshold is measured as 16.4+0.3 MeV (Be 47), 16.2-+-0.3 MeV (Mc 49),
and 16.55:+-0.25 MeV (Sh 51a).
See Mg for vield and resonances.

0, = —10296+15

Differential cross sections, V1 61.
2Mg(*He, o)®3Mg
At E(®He) = 5.7 and 5.9 MeV, the ground-state Q value has been measured

0, = 4024 +15

23Mg

31

as 1.048-+0.015 MeV, and a-particle groups have been observed to Mg levels
at0.4514-0.010, 2.0484-0.010, 2.356 +-0.015, 2.712 4 0.010,2.768 +-0.010, 2.904 +-

0.010, 3.7924-0.010, 3.856 4-0.010, 3.968 +-0.010, and 4.353 +-0.015 MeV (Hi 59a),

and at E(®He) = 5.23 MeV, to levels at 0.4494-0.005, 2.038+0.008, and

2.3504-0.008 MeV (De 59). At E(®He) = 5.5 MeV angular distributions have
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been measured of a-particle groups leading to 8Mg(0) and (1). Inter?reftation
ir terms oi stripping plus heavy particle pick-up leads to J* = (, 3)+ for
both states (Pa 6lc).

F. Not reported:

20Ne(x, n)®BMg Qn = — 7240415
21Ne(3He, n)®2Mg Qo=  6678+£15
28Na(*He, t)2Mg Q, = — 4097415
#Mg(p, d)**Mg Q, = —14328+15
25Mg(p, t)PMg Q, = —15402+15
TABLE 23.8 ‘

Energy levels of Mg

Ey 2 Decay Reacti
: 5y eactions
(MeV . keV) J i :

0 g+
0.449 - 4 % 97
2042 6

2.35i= 7

271210

2.768 =10

2.904 =10

3.792:-10

3.856--10

3.968 —10

4.353 =15

[
(=]

]
1

4 +0.09 sec g

s
o}

. ]

,C,D, E

TEmos

CEREEEEELL

BAL
(Mot illustrated)

A 0.13 sec half-life, observed from bombardment of natural msgnesium
with 23 MeV protons, might be assignecd to 23Al; see Ty 54 and 22Mg, reaction A.
Coulomb energy systematics yield an estimated 22A1—23Mg mass difference
of 12.5 MeV. The 22Al half-life calculated from this mass difference ard from
the log ft values found for the analog #Ne{8-)#Na decay, is i1 reasonable

agreement with the experimental half-life, if the possibility of 23Al decay to
higher excited ?3Mg states is taken into account.

24Na
(Fig. 24.1, p. 34; table 24.1, p. 33)
A.  (a) #Na(f-)#Mg On = 5516.34-2.7

The weighted mean of fourteen half-life determinations is 14.9684-0.009 hr

(W1 49, as corrected in Sr 51, So 50, Co 50a, Si 51, Sr 51, Bl 52, Lo 53, To b5c,
Ru 562, Wr 57, Ca 58a, Da 58, Po 59, Wo 60).

The decay prelominantly proceeds to the 4.12 MeV level of Mg foliowed
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by two ¥ rays in cascade through the 1.37 MeV leve.. The #- end point is
1.3914£0.002 MeV (averaged from Si 46, Po 57, Da 58); log ft = 6.1. The
allowed character of the decay has been confirmed experimentally by the
linearity of the Fermi-Kurie plot (Si 46, Po 57; a small deviation from linearity

TABLE 24.1

Energy levels of #Na

o eVE:;‘k eV) J* T4 Decay Reactions
0 4+ 14.968 --0.009 hr - many

0473+ 3 1+ 19.6 -+0.4 msec By C,F, G K
0.564+ 8 (2)+ y C,FG
1.347+ 4 1+ y C,F,G
1.844+ 8 (1, 2)+ p C,F
1834+ 8 (<4)+ y C, F
2,464 8 (<3)~ ¥ C,F
25614+ 8 (<4t Y C,F
2.98 420 (<4)* r

3.22 120 (<6)* F

3.37 420 (<3)~ F
3.400+ 8 y C F
3.582-+ 9 (1, 2)+ {y) C, F
3.6234+- 9 (<4* y C,F
3.648+ 9 {y) C,F
3.7384- 8 F
3.850+ 8 o C, F
3.809-4+ 8 ¥0) C, F
39294 8 (<L3)~ {11) C,F
3.97 +20 F
4184+ 8 ) C,F
4.2024 8 (<3)~ o) C,F
4.2104+ 8 () C,F
444 +20 (£3)- Y C,.F
4.53 120 {(<3)- F
45584 9 ¥ C.F
4.62 +20 (<3)- F

4.69 20 (<3)~ F

4.7 120 (<3)~ v C.F
4.95 420 (1, 2)* F

5.13 +80 y C, F
6.930+ 4 2+ D
6.962— 7.78; 230 levels, see reactions D, C
11.95 -14.40; 12 levels, see reaction E

is reported in Da 58), and by the isotropy of the f—y angular correlation
(Be 50, St 51a, St 58a, St 59a). A Compton-spectrometer determination of the
y-ray energies (Mo 59c) yields 2.752740.0001 MeV (also He 52: 2.7535+
0.0010 MeV, and Kn 59: 2.7504+0.003 MeV), and 1.36764:0.0002 MeV (also
He 52: 1.368040.0010 MeV, and Kn 59: 1.36840.001 MeV). The intensity
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of a 4.12 MeV cross-over y ray is << 9 X 10-% percent (Gu 58a; also Bi 50).

A 3.8540.04 MeV y ray with a 0.094-0.02 percent intensity indicates a -
transition to the 5.22 MeV level of 22Mg. The intensity of a 5.22 MeV y ray to
the ground state is < 2 X 10-% percent {Ar 60; also Gu 58a, Tu 51, Be 51,
To 55b). Log ft = 6.6.

A 0.003 percent high-energy f- component, pr-ceeding to the 1.37 MeV
level (end point 4.17 MeV) has been reported (Tu51; also Gr 50a). Log f¢ = 12.7.

The intensity of the 4.24 MeV y ray, following the f- decay to
UMg* = 4.24 MeV, is (1.540.5) X 10-* percent per disintegration (Ar 60).
Log ft = 10.7.

Both the 2.75 and 1.37 MeV y rays have E2 character. This follows from the
polarization-direction correlation of the two y rays (Es¢ 56), the y—y angular
correlation (Wa 41, Br 50c, Ch 50), and the internal pair- formation coefficients:
(7.140.2) X 10-* for E, = 2.75 MeV (Bl 52; also Ra 49. Mi 50a, Cl 51, Sl 52)
and (0.64-0.1) x 10-4 for £, = 1.37 MeV (B1 52, also Sl 52). The E2 character of
E, = 2.75 MeV is also consistent with the shape of the internal pair spectrum
(Bl 52), the angular correlation between et and e- (Si 52), and the internal
conversion coefficient & = 3 X 10-8 (Si 50). The E2 character of E, =1.37 MeV
is confirmed by measurements of the mean life of 2Mg(1); the results from
different methods are compared in table 24.9. The experimental results summa-
rized above and the J* = 4+ value (St 58b, table 2) of the #*Na ground state
uniquely determine the spin sequence J* = 0+, 2+, 4+ for #Mg* = . 1.37 and
4.12 MeV. The same spin assignments can be obtained from the y—y angular
correlation measurements alone.

Measurements of the gy circular pclarization correlation (Sc 57, Bo 38,
Ma 59, St 59b, Bl 61c), and of the electron-neutrino angular correlation (Bu 59a)
are consistent with pure axial vector interaction. For longitudinal polarization
measurements, see So 61a.

Theory, see Ga 57, Be 58d, Bo 59b, Bo 60b.

(b) 2#Nam (8-)2Mg: see reaction G.

B. 2Ne(d, )*Na 0, = 13524.34+2.7

At Eq = 1.6 MeV, no #Na activity has been observed from deuteron bom-
bardment of natural neon; o < 0.4 ub (Al 55b).

C. ®Na(n, y)*Na Qn = 6958.9--2.6

Two thermal neutrorn capture cross section measurements are reported
yielding 505410 mb, 536410 mb (see Hu 58); a recent measurement gives
53148 mb (Wo 60). Capture cross sections at different energies, ranging from
E, = 25 keV to 14.5 MeV, are given in Hu 58, Bo 58b, Ko 58d, Ly 59. In-

completely resolved resonances have been found in the range E,, = 20-1000 keV
‘Ba b9).
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TABLE 24.2

1 3
Gamma rays from thermal neutron capture in 23Na

Gr 348 Ki 51b Mo 56a° Bu 56eb Gr 58c
T E, E. E, Ey Je Assignment®
ntew kevy 1 ptevkev) T v i) T° oovikev) T
6 36 <0.1
6466 15 22 6.41:30 13 642130 21 C - 0.56
361 20 6 561-30 5 56230 57 C-—>135
- (5.35450)  (0.5)
512 - 50) 08 513430 1 (5.08450) (1.2) C 184
(4.9 - 50 1.2 (4.91-£70) (1.3)
1450 30y 0.9 (4.724+50) (1.3) 4.75 - 0
450 —40 2.1 (4.54150) (1.3) C —2.46
430 - 50) 9.5 (4.29450) (0.7)  4.75 — 047
418 —40 2.1 4.20 -> 0; 4.75 — 0.56
3985 '% 17.2 39630 8 403150 146  4.44 > 0.47; 4.56 - 0.56
386 -4 59 385330 5 3.90 > 0; 4.44 — 0.56
(3.65 ~30p 1.3
- -~ i
T ; 18 g:gg;?,g . } 3500425 18 3.641450 13.2  C—>3.41;3.62 >0
340450 (2.3)
330 =20 3 (3.31+£70) (5) C - 3.62
3.10 —20 95 3.070-20 i (3.11£50) (8.2) C —>3.90; 4.44 »> 1.35
284 20 7 Br 56e9 3.41 —> 0.56
268 - 20 85 — C > 4.20
252 20 21 253230 19 2510120 =15 C - 4.4
241 30 10.5 (2.36150) (13.5) C — 4.56
221 ~30 1.5 2.210+15 8 (2.20-50) (22.6) C -—>4.75
2020--15 115  2.02-30 12 203010 13
(195 --30) 4 2.46 - 047
(187 -30) 5.5 1.900L20 ~3 C—>5.13;1.88 >0
1.66 10 7.5 166230 & 1630 8 10
135 10 6.5 135430 6 1.84 — 0.47
0.875-10 44 08620 34  0.877L 5 30L10 1.35 - 0.47
(0.790 =15) 4.3 1.35 > 0 36
0.710-15) 5 2.56 — 1 %4
047510 74 04820 60 0.473- 4 50410 0.47 >0
~0.090 0.56 > 0.47

2 Magnetic Compton spectrometer.

b Magnetic pair spectrometer.

¢ Magneic lens spectrometer.

* Fwo-crvstal scintillation spectrometer.

¢ Intensities in gammas per 100 captures.

t Ag revised in Ba 58c.

% The capturing state is indicated by C; excitation energies are in MeV.

The observed thermal neutron capture y rays are listed in table 24.2, together
with the intenrities and the 2*Na levels between which they presumedly occur
(Gr 58¢, Ki 51, Bu 56e, Br 56e, Mo 56a). The 6.96 MeV ground-state transition
has not been observed; its intensity is < 0.1 per 100 captures. Notable is the
absence of the 0.56 MeV y ray. The upper limit for its intensity is 3 per 100
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captures. The 0.56 MeV level decays through the 0.47 MeV level (Gr 53a).
A level at 4.44 MeV is proposed in addition to the levels known from
#Na(d, p)**Na; most of the observed y rays can then be fitted in the 2!Na
level scheme (Gr 58c). Later measurements on the 2Na(d, p)#Na reaction
confirm the existence of a level at 4.444-0.02 MeV (Da 61a). The 1.34 MeV
level is not de-excited to the ground state; this would conflict with the spin
assignments found from reaction G. For assignments see also Mo 56a.

The new levels recently found from the 2Na(d, p)#Na reaction (Da 613
indicate that a revision of the Gr 58c y-ray assignments would be desirable.
In particular, it is probable that the strong 3.59 MeV y ray excites, not the
3.41 MeV level, but the new odd-parity level at 3.37 MeV.

D. #Na(n, n)#Na E, = 6953926

For cross section, see Hu 58, La 60a.

With high resolution (4E,<C 0.5 keV) 230 resonances in the total cross
section have been found for E, < 860 keV. The energies and probable values
of J, I', and /, are listed in Hi 60b (86 rzsonance; with E, < 550 keV), Hi61b
(71 resonances in the range E = 350-630 keV), and Hi 61i (73 resonances
in the range E, = 630-860 keV). Below 250 keV, most of the levels are p-wave
levels. Above 250 keV, the analysis shows a few s-wave levels, a small number
of p-wave levels and a large number of d- and f-wave levels. A plot of the
number of resonances with energies << E, as a function of the neutron energy
shows an essentially linear distribution up to E, = 860 keV. T - reduced
neutron widths and the strength function are discussed (Hi 60b, Hi 61b, Hi 61i).

Only one resonance has been found for E, < 50 keV. The shape of this
resonance, with a peak cross section ¢ = 600 b, is best fitted with the parame-
ters E, = 2.95 keV, I', = 0.22 keV, J = 2, and [, = 0, if strong interference
is assumed with a bound level located at £, = —30 keV, with J = 2,1, =0
(Hi 60b). Earlier lower resolution experiments indicated J= = 1+, a lower
cross section, a larger width, and E, = 2.85+0.04 keV (Ly 58, Go 58a, Bl 58a);
I', < 0.344-0.01 eV (Ly 58). The second resonance, at E, = 54.1 keV, has
J=23,1,=1and I', = 0.75 keV (Hi 60b, Me 59a, Bl 58b, Cr 57).

In the energy range E, = 0.44-0.80 MeV, the inelastic scattering cross
section shows resonances at E, = 542, 602, 633, 710, and 780 keV (Ha 56).
See 2Na for y rays from inelastic scattering.

E. 2Na(n, p)®Ne Q, = —352745 Ep = 6958.9 =2.6

The cross section in the range E, = 3.3-8.2 MeV shows poorly resolved
resonances at E, = 5.21, 5.60, 5.82, 6.03, 6.25, 6.42, 6.58, 6.94, (7.14), 7.27,
(7.45), and 7.76 MeV, corresponding to Na* = 11.95, 12.33, 12.53, 12.74,
12.95, 13.11, 13.25, 13.60, (13.80), 13.92, (14.10), 14.40, all 4-0.05 MeV (Wi 58,
Bo £7a). Cross section in the range E, = 5.7-20.4 MeV (Bu 61b), and at
E, =14 MeV (Al 61).
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F. ®Nald, p)*Na On = 4734.242.6

The ground-state Q value is 4.73140.007 MeV (Sp 52), 4.723 :{:0.0018 51&};\2/'
(Mi 52), 4.751 £:0.010 MeV (Pi 60), 4.736-£0.005 MeV (Te 61). At Eq = 1. .
MeV, nineteen levels in #Na have been found by magnztic analysis (Sp 52).
Additiona] levels have been reported in Da 6la, Ei 600 ; see table 24.3, also

TaBLE 24.3

Levels in 2¢Na from 2Na(d, p)**Na

uNats | @] +1),% | #Nava ; (2 +1)0y2k

(MeV +keV) b X 108 (MeV - -keV) n x 10°
0 9b, ¢, 2, 1,8 b 320 3.8504- 8I: 1

0.472+ 8! 2b, h;als0 ¢, g, d 210 3.8994- 8!

0.564L 8l Ot. d,bsalsot, g 80 | 3.920%+ 8 1D 50

1341 81 Ob.ctgh 270 3.97 +20 (1)b (14)

1.844 1 8l ob 220 41844 8! 2)b (100)

1.884~ 8l 2h 160 4.2021 81 1h,b 90

2464+ 8 1b . 10-25 42194 8J

2561L 8h1 28 55 4.44 120 1h 25

298 +20 gh 260 4.53 +£20 1b 40

3.22 120 4h 190 4558+ 9 (2)h, 1b (50)

3.37 +20 } b(o) 250 462 420 1h 14

3.409- 8 ob 400 469 120 1h 22

3.582L 9 oh 120 4.75 120 1h,b 95

3.623L 9 2h 150 4.95 420 on 22

3.6481L 9 @b (90) 5.13 180b

3738~ 8 (3)b (£30)

8 Excitation energies with 8-9 keV ervor are from Sp 52 (Ey = 1.5-2.2 MeV); with 20 keV error
from Da 6la (E4 = 7.77 MeV).

b T] 60c; Eq = 8.6 MeV.

€ Vo o8; Eg = 14.8 MeV.

4 Di 58; Eg = 2.95 MeV.

€ Ta 53; Eq == 1.15 MeV.

t Sh 54; E4 = 3 MeV.

€ Br 54c; Fg = 10 MeV.

b Da 6la; Eq = 7.77 MeV (preliminary).

{ In Da 61a the excitation energy is given as 2.52--0.02 MeV.

1 Levels at 3.850, 3.899, and 4.219 MeV have not been reported in Da 61a.

k The ground-state reduced width has been given in Vo 58, Ma 60 d. The relative reduced widths
reported in Da 6la have been normalized to this value.

! Recently reported excitation energies (in MeV +-keV): 0.472+6, 0.568 14, 1.347 44, 1.847 18,
1.503 18, 2.563+10, 3.754 +-8, 4.191.£10, £.210+8 (Ja 61a)

for I, values and reduced widths (Sc 61a, Da 61a, El 60c, Vo 58, Di 58, Br 54c,

Sh 54, Ta £3). Recently repoerted excitation energies (Ja 61a) are given in a
note of table 2.3,

Absorption measurements, En 54a.
G. %Ne(p-)%Na On = 2450440
The half-life of 2Ne, produced in the 22Ne(t, p)#Ne reaction, is 3.38 4-0.02 sec.
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The (924-2)%, branch to #Na*(0.473), with end point 1.98--0.05 MeV, anc the
(8+2)9% branch to 2#Na*(1.35), with end point 1.1040.05 MeV are allowed;
both have log ff = 4.4, and show linear Fermi plots (Dr 56).

The first level in #Na, de-excited by a 47245 keV (1009, y ray is isomeric
(Dr 56). Its half-life is 18.34-0.6 msec (Gl 61c), 19.94-0.3 msec (Sc 61b)},
20+1 msec (Al 60a), 2042 msec (Ca 59), establishing the character of E, =
473 keV as octupole (see also Dr 56, Po 59a). The allowed character of the
decay then gives J*(0.473) = 1+. The observed weak g~ branch, with end point
~ 6 MeV, may be explained as a transition from this state to 24Mg(0).

A 87849 keV (842)%, y ray de-excites the 1.35 MeV level to 24Na*(0.47).
Upper limits of y branchings to #Na* = 0 and 0.56 MeV are 19, and 0.52},
respectively. The decay is in agreement with a J* = 1+ assignment to this
level following from the allowed character of the g decay (J* = 0+ or 1*), and
the 2Na(d, p)*Na angular distribution measurements (J* = 1+ or 2+) (Dr 56).

Thz 0.56 MeV level probably has J* = 2+, since 2Na(d, p)2*Na angular
distribution measurements yield J* = 1+ or 2+, whereas a J* = 1+ assignment
would imply an allowed - transition to this level.

H. 2Mg(n, p)®Na Qn = —4733.74+2.8

At E, = 14 MeV proton groups, corresponding to groups of levels in 22Na,
have been observed ; angular distributions have been measured (Co 59, Co 60b).
Fora comparison between the 23Na(d, p)*Na and #*Mg(n, p)2¢Na protcn spectra,
see Bl 57a.

For cross secticn, see Hu 58, Ke 59, De 60a, Ga 60b, Ha 61. Differe:tial cross
section, Ve 57, Za 59, Ha 61.

I.  25Mg(y, p)#Na 0, = —12064.41+3.1
The threshold has been measured as 11.54+1.0 MeV (Mc 49). Cross section,
Ka 54, To 51.

J.  26Mg(d, «)*Na Q, = 2908.61+3.5
Cross section for E, up to 14 MeV, Cl 46, Cl 46a.
K. #Al(n, x)*Na Qn = —3139.142.9

The cross section has been measured at several neutron energies in the range
E, = 6-21 MeV; Hu 58, and Ku 57, Ke 59, Ke 59b, Kh 59a, Po 59, Ce 60,
De 60a, Ma 60b, Sc 61, Ba 61b.

L. Not reported:

21Ne(«, p)#Na Q, = — 2178.9+3.1
22Ne(t, n)#*Na Qn = 7266.742.8
2Ne(®He, p)4Na On = 8031.24-2.7

2Ne(«, d)2Na 0, = —10321.3+2.7
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#BNalt, d)*#Na O = 701.3+2.6
2Na(x, *He)*#Na Op = —13618.2+2.6
2Mg(t, *He)%Na 0. = — 5498.1+£2.7
25Mg(n, d)%Na 0, = — 9839.6:3.1
25Mg(d, *He)®Na 0, = — 6571.2+3.1
25Mg(t, «)®Na Op = 7748.34+3.1
26Mg(n, t)2Na On = —14679.4+3.5
26)Mg(p, 3He)#Na Q, = —15443.943.5

REMARKS

A theoretical discussion of the 2Na spin is given in De 53a, In 53, Hi 54,
S« 54c.

24Mg
(Fig. 24.2, p. 41; table 24.4, p. 42)

A (a) 2C(2C, »)#Mg = Q.= 139301+ 1.8
(b) 12C(2C, m)BMg =~ Q, = — 2623 +15 E, = 13930.11.8
(c) 12C(12C, p)?3Na 0,= 22375+ 1.5 E, = 13930.1~1.8
(@) 2C(**C, «)*°Ne Qn= 4616.2+ 0.6 E, = 13930.1+1.8
(e) 12C(12C, 12C)12C E, = 13930.1-1.8

The yields of these reactions have been measured in the E(12C) = 9-27 MeV
range at several angles. Elastic scattering angular distributions were measured
at several energies. The elastic scattering cross section and angular distribution
arein accordance with Mott scattering up to Z(*2C) = 11 MeV. Sharp resonan-
ces (I',, ~ 260 keV) are observed at E(12C; = 11.30, 11.96, 12.64, and 13.00
MeV, corresponding to Mg* = 19.58, 19.91, 20.25, and 20.43 MeV (Al 60,
Al 60c, Br 60g, Br 60h). Analysis of the cross section, yields (8+) and (4+) for
the 19.58 and 19.91 MeV states, respectively (Ku 60f). For the theoretical
meaning of these quasi-molecular states, see Vo 60.

B. 12C(1%0, «)#Mg Qn = 6768.6+1.8

From magnetic analysis at E(10) = 24 MeV, new levels, not found from th:
%Na(®He, d)#Mg reaction (Hi 60i), have bzen observed at AMg* = 6.44--0.02,
11.08+0.03, and 11.734-0.03 MeV (Hi 61). The angular distribution of the
groups leading to the eight lowest 24Mg states has been measured. Applica-
tion of the rule stating that ¢(0°) must be zero for final states of anomalous

parity, yield- natural parity for all states up to E, = 7.35 MeV except for the
5.22 MeV 3+ level (Hi 61f).

C.  *Ne(, p)*Na Om = —2378.7115 » = 93139219

Has been observed at the E, = 3.923 MeV resonance (table 24.5). At the other
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TaBLE 24.4
Energy levels of 25Mg
g.‘»IeVE —'_';ke\') e yoc I’ Decay Reactions
0 G+ stable many
1.3676 + 0.2 Z+ (1.2+0.2) x 10-1%sec b many
12034 0.2 4+ many
:;égfiz 8 2+ 3’; B, EGHIOPRYV, VY, Y
5.224 4 8 3+ ¥ B,E,GHI]J] NOPW
6.005 4 8 4+ y g, I]:::’ I(:, 8, ;‘V
6.4+ +20 0+ v L E, G, O K
7350 = & 2+ » B, E 1 w
5.561 +£10 ,
7.620 +10 y EH W
7.746 +10 y E H
7.808 +10 H
8.120 +10 H
8.357 +£10 (3+) y H,T
8.439 +10 " E H
8.65¢ +10 e E, H
8.864 +10 p E,H
9.004 12 y EH
9.148 L12 H
9-282 +12 H
9.456 +12 ) HT
9.517 L1 ) H,T
9.826 -12 p E H
$.960 =15 y E H
10.025 +15 v EH
10.055 =15 » E H
10.161 +15 ) H, K
(10.30  +50) H
10.353 20 p E H
10.577 420 H
10.661 +20 » E H
10.723 420 H
10.822 420 H
10.916 +20 -
11.01¢ .20 H
11.08 -+30 B
11.188 425 H
11.313 +25 e
11.379 = 5 1- « D H
11.450 = 5 0~ “ D.H
11.518 4+ 5 2+ « D, H
11.925 = 5 o+ 19 12 keV « B. D
11.857 &+ 5 1- 8 £2 keV o D, H
11.933 + 2 ” E
11.968 3!-_ 3 2+ o D E
sl ® T
e - Vs & E
12.051 + 2 ” o
12183 ~ 2 1 ” E
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TaBLE 24.4 (continued)

E

(.\'IeV;keV) J® ryor I Decay Reactions
12.259 + 2 (2+, 37) I D, E
12,340 4- 2 3+ ) E
12.388 0- 7 L2 keV p E
12.400 + 2 7, P2 E
12,4056 4 2 Y P« E
12455 + 5 1- 5 +2 keV P, D, E
12,472 + 5 2+ 4 +1 keV P, o D, E
12,504 &+ 5 4+ Pz D E
12.528 4+ 2 7.5 +1.0 keV 7P E
12.574 4- 5 2+ 4 41 keV P o C,D,E
12,638 + 2 4 y E
12.657 + 2 ¥, (P) E
12.659 4+ 2 3- p), & E
12.669 4+ 2 2- 5 41 keV 7, P E
12,932 4 2 v, P E
12737 4+ 2 5 41 keV p, o E
12.779 o+ 30 45 keV o E
12,805 + 2 2+ 1.2 40.2 keV 7P E
12.816 + 2 1+ 3.5 +0.7 keV 7, P, & E
12.844 + 2 (2-) 0.3 +0.1 keV A E
12.850 4+ 2 (34 0.4 +0.1 keV P, E
12.893 4 2 1+ 0.4 +0.2 keV P E
12.92¢ 4 2 1- 5.2 +0.4 keV 7, P, o E
12.954¢ 4 2 3+ 1.5 40.3 keV Y D, o E
12.963 4 2 2.8 +0.6 keV P, o E
12.967 + 2 3.0 £1.0 keV . P E
12,997 + 2 (07) 0.8 +0.4 keV P E
13.027 + 2 3+ 0.754+0.3 keV' P E
13.049 + 2 4+ Y, Ps & E
13.088 4- 2 3- 7.5 +1.0 keV P& E
For higher leveis, see reactions AE F, L

20Ne(a, a)29Ne resonances in table 24.5 the proton width is smaller than 1°,
of the a-particle width (Go 54c).
For non-resonance data, see 23Na.

D. 2Ne(a, «)2°Ne E, = 9313.941.9

Thirteen sharp resonances have been observed in the neon elastic cross
section at four different scattering angles for E, = 2-4 MeV. Eleven resonances
are assigned to 2%Ne (table 24.5) and two to 22Ne. The widths for a-particle
emission to 20Ne(1) and for proton emission to 23Na(0) and (1) are smaller than
19, of the width for ground-state a-particle emission (except at the E, = 3.923
MeV resonance, see reaction C). Reduced widths, spins, and parities in table
24.5 follow from partial wave analysis (Go 54c).

Spin and parity assignments from 20Ne-}-a are generally in good agreement
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TABLE 24.5

Resonance levels in 2#Mg as observed from the 20Ne(a, x)2°Ne reaction (Go 54c)

E 2aMg# r 6 I
(MeV') (MeV) (keV) - B
2,488 11.387 (0.5) (0.06) (1)+
2,573 11.458 (1 (0.06) -
2.652 11.524 (0.5) (0.08) 2+
2.903 11.733 10 42 0.16 0+
2.062 11.865 812 0.14 1
3.184 11.967 (0.5) (0.01) 2+
3.548 12.270 (1) (0.931 3-
3.780 12.463 712 0.02 1-
3.801 12.481 5+1 0.03 2+
3.839 12.513 1) (0.08) 4+
3.923 12.583 61 0.03 2+

all - 0.005

with those from 2Na-p (table 24.6); 2Mg excitation energies from 2Ne-+«
are on the average about 8 keV high.

E. {a) ®Na(p, y)*Mg 0, = 11692.6+2.2
(b) #Na(p, p)**Na E, = 11692.6 +2.2
(c) BNa(p, «)20Ne Q, = 2378.7+1.5 E, = 11692.6 2.2

Resonances in these reactions, and in the yields of 0.44 MeV and 1.63 MeV
+ rays from the 2Na(p, p')®Na(l) and #Na(p, «')2®Ne(1) reactions, are given
in table 24.6. The table covers the region up to E, = 1.5 MeV. For resonances
in the £, = 1.5-2.5 MeV region, see St 54. The yield of y, and y; has heen
measured in the £, = 4.0-11.0 MeV region. Broad but pronounced resonances
aprear at £, = (4.6), 5.95, and 7.45 MeV (Ge 59), and 6.0 and 9.3 MeV; the
latter shows considerable fine structure (Go 61b). The «-particle yield has been
measured up to E, = 12 MeV (Ad 61a).

For relative y-ray yields, see references below table 24.6; also Te &§4a, Ny 55.

The y-ray branching of the 303, 511, 591, 676, 738, and 743 keV resonances
and of nireteen #Mg lower levels (Gl 61a) is shown in fig. 24.3. For other
measureriacnts of the y spectrum at the 308 keV resonance, see Ca 53, Tu 53,
Ca 54a, Hi 54a, Gr 55e, Lo 59. For spectra at other resonances, see also Gr 55e,
Ne 54, Pr 56,

The spin and parity assignments at the 308, 511, 594, and 675 keV resonances
(Gr 55e), and at the 1392 keV resonance (Ne 54) are based on measurements of
y-Tay spectia, angular distributions, y—y angular correlations, and partial
widths. See also Si 59b, Si 59c. These investigations yield J= = 2+ for the
.23 MeV 2Mg level and J = 3 for the 5.22 MeV level. The spin and parity
assignments given in St 54a are based on «, angular distribution measurements,
those in Ba 56 mainly on p, and some on y angular distribution measurements.
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Fig. 24.3. Gamma-ray branchings of 24Mg levels. The y, upper limit at the 4.12 MeV level has

been established from the 2!Na(f-)2*Mg decay. Tt.e branching of the 4.23 MeV level is an average

of values given by many authors, e.g. Gl 61a, Ba 60, Mi 59b, Co 61d. The branchings of the 6.90

and 6.44 MeV levels are frem Co 61d. Branchings of the 5.22 MeV level and of all higher levels
are from Gl 61a.
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TABLE 24.6¢
Resonances in Na+p
B j’;’;; E, r Partial @y in eV It
(keVj (MeV) keV) yn Pof 2 o0 %

250.7.20.28. ¢ 11.933  <0.02¢ 0.003! -

287 =1.54 11.968k < 0.005" ¥

30825028, b ¢ 11988  <0.02¢ 0.361 < 0.02! 0.04n 2=
338 ~1.54 12.617 < 0.01 0.17}

373.6--0.33,b,¢ 12051 < 0.02¢ 0.010!

511.4-038 ¢ 12183 < 0.03¢ 0.30h < 0.08! <0.003%  1tp
391.3-0.4P. ¢ 12.259k < 0.06¢ 0.7h X 170! 0.14b 2-p,3-f

76.0 =0.5b. ¢ 12340 < 9.07¢ 200 x <03! <001t 3+p
7251 12.488 7 +2f X 6-1
738.1 0.4 0 e 12,400 < 0.09¢ 0.340  x 0.050 0.26h

5433 _0.4b.c e 12405 < 0.1¢ 0.450 0.05b 0.06P

7951, 8 12,455k 5 ot % 110m 1-t
5130, 2 12.472k 4 41t < 60m 2+t
8466 g 125048 < 1f X 4+1
871.5—0.6¢ 12.528 7.5 +1.0e 13! w < 0.23 ~ 11 1+t
9191, 8 12,574k 4 11 x 150m 2+1
$86,0 - 0.6¢ 12.638 ° < 0.4e 4.6 < 1.51 < 0.41 4tt
1906.5+-0.5¢ 12.657 < 0.35¢ 35t \ La0 t
1008.0 - 1.0¢ 12.659 < 0.7¢ ’ 500m 801 3-
1019.0=-0.6¢ 12.669 5.0 +1.0¢ 18! < 130! weak! 2-1
1084.8 = 0.6° 12.732 < 6.55¢ 1 41
1089.7 —0.5¢ 12.737 50 ~1.0¢ < 0.8} 601 700m 301
1133, ¢ 12.779 30 =51 A~ 500m G+e
1161.0 - 1.0¢ 12.805 1.2 +0.2¢ 2.71 1804 400m 1701 2+1, 8
1172.4—0.3¢ 12.816 3.5 +0.7¢ 13} X 9} weak! 1+1
1201.8—1.0¢ 12.844 0.3 0.1t 6.4) x  weak! weak! (29)t
1207.6 —1.0¢ 12.850 04 0.1 < 1! x 130! 110} (39t
1252.4 —0.6¢ 12.893 0.4 4+02¢ <1 % 1004 801 1+ 1
1261.0 - 1.0° 12.920 5.2 +0.4¢° 8J x 13009 750m 91 1-t. g
1316.7-0.7¢ 12.954 1.5 +0.3¢ 545 x  wezk! wealk! 3+t
1326.2 - 1.0¢ 12.963 2.8 +0.6¢ X 3440 Xk
1329.7 1.0¢ 12.967 3.0 ~1.0¢ } <3 x 1700
1360.80.7¢ . 2.997 0.8 0.4¢ < 3! x 1004 <zl {0-)t
1392.0 —-1.0¢ 13.027 0.75-0.3¢ 204 x 1501 weak! 3+1, §
1415.1 -0.8¢ 13.049 < 0.2¢ 704 x 80! 100m  weax! 4+t
1456.3- 9.8¢ 13.088 7.5 =1.0¢ 109 x  3000) 400m 501 3-t
& Ha 55c. b Ku 59a. ¢ Wa 80. 4 Fl 54.

4

b Gl gla.

Ren e

relative yield curve in Pr 56, also Gl 81b.

CHE-

observed (Gl 61a, Ne 54).

» Gr 55e.

4 St 54a.

t Se 53.

An 61. All energies relative to E, = 990.8 keV for 27Al(p, )285i resonance.
Ba 56, Pr 56. The X ip the p, column indicates that proton elastic scattering has been observed.

Corrected for a systematic difference (as observed at neighbouring resonances) with the more accurate values
given in An 61,

Levels also observed from #Ne +« elastic scattering (see table 24.5),
From relative yields in Fl 54 normalized to the absolute yields in Gl 81a.
From relative yield curve in Ba 58, normalized to 170 eV at E, = 591 keV.
At the 308, 511, 591, 743, 871, 1161, 1172, and (1317} keV resonances

From relative vield: in Ha 55c and Wa 60 normalized to 0.36 eV at E, = 308 keV,
Ne 54. The quoted yields might be too large by a factor of ~ 5 compared to those given in Gl 61a; see

ground-state y transitions have been



241\,13

ENERGY LEVELS OF LIGHT NUCLEIL IiI 47

The 1+ assignment to the 1232 keV resonance in Se 53 follows from an « -y
angular correlation measurement. The odd parity assigned to the 591 keV
resonance is in agreement with a polarization: measureraent c¢f 10.8 MeV capture
radiation (Hu 56). The angular distribution and internal conversion coefficient
of thie 0.44 MeV y ray from 22Na(p, p’j**Na have been measured at the 1281
and 1456 keV resonances (Be 56a, see 23Na). For p, angular distribution
measurements at the 871 and 919 keV resonances, see also De 56.
For aon-resonance data, see Aj 59 (for 2°Ne) and 23Na.

F. ®Na(p, n)2Mg Q.= —4861+15 E, = 11692622

Broad resonances in the 22Mg activity yield have beenobserved at £, = 5.31,
5.61, 6.00, 6.20, and 6.43 MeV (Bl 51). For threshold determinations, see 23Mg.

G. ®Na(d, n)»Mg Q. = 9467.942.2

For results from angular distribution measurements, see table 24.7.

TABLE 24.7

Neutron groups from 2*Na(d, n)2*Mg

24Mg* La (2J+1)0p%¢ b 2J+ 1?692('
{MeV) p absolute p relative
0 - weak
1.37 - weak
a1z . . ]
4.93 240 0.044, 0.012 240 9, 1.7
5.22 - weak
6.3 - isotropic
7.4 (2 0.03 (0.07) 0 5.4
8.4 ] 0.038 0(+2) 10.1
10.5 6 32

a Ca 55; Eq = 7.75 MeV; neutron detection with nuclea: emulsions.

b El 87; E4 = 9.02 MeV; neutron detection with a triple ionization chamber.

¢ As computed in Ma 60d from Ca 55 and El &7, respectively. See also Ma 60d for theoretical
comments.

At E, = 5 MeV, y rays from the deuteron bombardment of sodium have been
observed with a magnetic pair spectrometer at E, = 6.4240.04, 7.124+v.03,
7.344-0.03, 7.504-0.03, (7.940.1), 8.50-+0.03, 8.644-0.04, (8.77£0.04), 9.02-
0.04, 9.40+0.04, 9.864-0.04, (10.0-0.1), (10.44-0.1), and 10.7240.04 MeV.
Most of these might result from the 2*Na(d, n)#Mg reaction. de-excit{ .g known
24Mg levels to the ground or first excited state (Ek 60).
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H. 23Na(*He, d)*Mg Qn = 6199.44-2.2

The best survey of 22Mg levels up to E, = 11.9 MeV has been performed with
this reaction. See table 24.8. The levels above 11.35 MeV check well with levels
found from 2°Ne +a elastic scattering (see table 24.5).

I.  2Na(a, t)*Mg Q= —8120.1:£2.3

Angular d stributions of several groups have been measured at E, = 40 MeV.
The group to 2#Mg(1) is strong and has I, = 2 (V1 60).
J. #Na(p-)#Mg Q, = 5516.3+2.7

See #Na.

K. #Mgly, 7)%Mg

In the fluorescence radiation from a Mg sample irradiated by betatron
bremsstrahlung a y ray is observed with E, = 10.15+40.06 MeV (To 60),

TaBLE 24.8

Levels in Mg (E, in MeV --keV) from ®Na(*He, d)?*Mga

7.620-10 9.004 12 10.025--15 10.916 +20

7.746-10 9.148 {2 10.161 15 11.0104-20
4.122 Datum 7.803 =10 9.2,2b 12 (10.30 --50) 11.1884-25
4232+ 8 8.120-10 9.456 12 10.353 4+-20 11.313+-25
5.224 - 8 8.357—-10 9.517 =12 10.577 20 11.380 =25
6.005— & 8.429--10 9.826 12 10.4,61--20 11.446 -25
7.350 - 8 8.654--10 9.960 --15 10.723 +-20 11.511--75
7.561 --10 8.864 --10 10.025 --15 10.822-20 11.861+-25

a Hi 60i. High resolution magnetic analvsis at five angles; E(®He) = 8.47 and 10.19 MeV.
b Possibly a doublet.

10.5£0.14 MeV (Bu 60; see also Bu 60b), and 10.5 MeV (Se 60). From self-
absorption measurements the radiation width is determined as £.84+1.5 eV
(To 60), and 180 4-50 ¢V (Bu 60b), and the total width as 1.74-0.4 keV (Bu 60b).
The angular distribution points to dipole absorption (Bu 60).

For other 2®Mg(y, y)»Mg experiments, see 24Na, reaction A, and Mg,
reaction O.

L. 2Mg(y, n)Mg Qn = —16553 415

Two peaks in the activation cross section have been observed at E. = 17.2 -+
0.2 and 19.240.2 MeV (Ki 60; see also Ka 54). They check with pe}:alks in the
*Na(p, y)#Mg cross section (Ge 59).

For theoury on giant-resonance splitting, see Gl 61e.
M. 2Mgle, e)2Mg

From the differential cross section for inelastic scattering of 187 MeV

electrons the radiation width of #Mg(1) has been determined as I", = 0.34 4-0.03
meV (He 56). For comparison with other results, see table 24.9. ’
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N. 2Mg(n, n")*Mg

At E, = 2.56 MeV, only one y ray (E, = 1.368--0.010 MeV} from inelastic
neutron scattering on ldg can be assigned to Mg (Da 56c). See also Sc 54d,
Ra 55, Pa 58b, An 60d, Le 61a. At E, = 14 MeV many more y rays are observed
of which E, = 2.784.0.02 MeV (E, = 4.12—1.37 MeV) and E, ~ 3.9 MeV
(E, = 5.22—1.37 MeV) may be attributed to 2¢Mg(n, n’)#Mg (De 60).

The differential and integral cross section for elastic scattering (La 57b,
Th 58b, Be 59) and for inelastic scattering (Cr 56a, Ma 57, Hu 58, Ma 58f,
Th 58b, Cr 59, Ma 59a, Be 61c, 71 60a) has been measured at several neutron
energies. For theoretical work o1 “Mg--n scattering, see Cu 56, Ma 59f.

The elastic scattering of puarized neutrons has been investigated at
En = 3.1 MeV (Mc 57). The »"-; (£, = 1.37 MeV) angular correlation has
been measured at E, = 3.4F MeV (Br 60f, Pr 60a).

For older references, see En 54a.

For resonances, see ?5Mg.

0. ™Mg(p, p')*Mg

By electrostatic analysis the first level in Mg has been determined at
E, = 1.3714-0.002 MeV (Do 53); by magnetic analysis the second and third
level at F, = 4.134-0.02 and 4.244.0.02 MeV, respectively (Ha 52). See also
Od 60, Ty 58.

From 22Mg(p, p'y)2Mg y-ray angular distribution and y—y angular r ~trelation
measurements it follows that the 22Mg levels at 4.23, 5.22, 6.00, and 6.44 MeV
have J* = 2+, 3+, 4, and 0, respectively. The branching percentages of the
4.23 MeV level to 22Mg(0) and 2¢Mg(1) are 749, and 269, respectively (same
branching ratio given in Mi 59b; 779, and 239, in Co 61d). The latter transition
(2+—>2+) has an E2/M1 amplitude mixing ratio of ¥ = +234-9. The decay of the
5.22 MeV level to 2¢Mg(1) is pure quadrupole (Ba 60, Br 60e, Go 6Uc, Br 61b,
Br 61d). The branchings of the 6.00 and 6.44 MeV levels, reported in Co 61d,
are shown in fig. 24.3. See also Li 58b, Wa 69c.

From resonant scattering and self-absorption of 1.37 MeV y rays the width
of 24Mg(1) has been determined as I' = 0.1240.15 meV (Me 60b). For com-
parison with other results, see table 24.9. For the theory of this process, see Va 59.

The differential cross section for elastic scattering and for inelastic scattering
leading to 22Mg(1) has been measured at many different proton energies (Ki 56a,
Co 57a, Gr 57b, Ya 58, Ya 58a, Ne 60, Ne 60b, Od 60, Hi 61c). For the theory
of these reactions see Me 57a, Sa 58a, Ma 59f, Ro 61d. The p'~y (E. = 1.37 MeV)
angular correlation (La 59, Se 59a, Yo 60, Br 61), and the polarization of
elastically scattered protons (Ro 60, Sa 60a, Ya 60a, Ro 61c) have also been
investizztad.

For old :r references, see En 57, En 54a.

For resonances, see 28Al.
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e Ka b4, Na 55, Mo 85, Ye 36,

D, = —5106.0+2.1

ron groups to #Mg(0), (1), nd (2-3)
~om stripping analysis /, = 2 is found
of $.2 = 0.0079, 0.022, and 0.012, re-

= —1073.1+21
~ MV, triton groups to all 3Mg states

£.22 M

1¢V: were observed. From stripping

s ;. = 2is .ound for groups to HMg{0;
3T

5. all x 10-® respectively (Ha 6¢c,

o= —180182210]

G o= 15045 1.1

ectrostatic analvsisas 1.004 40,002 MeV
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{Do 53), and by magnetic analysis as 1.5854-0.015 MeV (Fr 50b), 1.595+
0.007 MeV (Va 52a), 1.596+0.006 MeV (Va 57d), 1.603--0.007 MeV (Ma 60e).

The first level in Mg is found at 1.366 +-0.004 MeV (Do 53), 1.366 +0.006 MeV
(Va 57d). The internal conversion coefficient of the 1.37 MeV y ray has been
determined as « = (1.34:0.3) X 10-% (Ra 58). Transition= to 22Mg(2) and (3)
have also been observed (Re 52).

For measurements of differential and integral cross se-tion, see Fi 58, Fu 58,
Ku 59, Fu 60, Og 60, Ad é1a.

For resonances, see 28Si

Z. Not reported:

21Ne(x, n)*Mg On =  2554.8424

22Ne(3He, n)**Mg Q, = 12764.8+1.9

250g(®He, «)2Mg 0, = 13246.5+2.1

26Mg(p, t)**Mg Qn = — 9945.84+2.7
REMARKS

The lowest T = 1 state (J* = 4%) ia 2*Mg has not yet been located. A com-
parison of Coulcmb energies of neighbouring nuclides shows that both the
9.46 MeV and the 9.52 MeV states are acceptable candidates.

For rotation bands in Mg, see Pe 57a, Co 61d. The K* = 0* and 2* bands
are shown in fig. 24.3.

Results of 2¢Mg(1) mean-life measurements are compared in table 24.9. Most

TABLE 24.9

Mean life determinations of 2Mg* = 1.37 MeV

Method Tm (10712 sec) Reference

p-y coinci. ence < 3000 En 53

f—y coincidence 36 25 Co a5c

e scatt. cross section 1.9 +~ 0.2 He 56

res. fluorescence 0.26 + 0.02 Bu 3%

res. fluorescence 1.7 + 0.4 De 38, De 38b
- 5.1

res. fluorescence 0y ‘(; 4 Ar 39

res. fluorescence 1.1 4- 0.4 Of 39

Coul. excit. 14N, 180, 20, 22N\e 13 + 04 An 60

Coul. excit. 180 2.5 Go 60d

0.8
res. fluorescence 1.6 i 0.4 Me 69b

results are in agreemeni with an average of t, = (1.74-0.2) X 10-12 sec, v/ith
the values given in Co 55¢ and Bu 59a deviating appreciably.

The J* assignments to the 6.00 and 6.44 MeV levels follow from combining
the data found from reactions B and O. The 2+ assignment to the 7.35 MeV



2aMg, 20A1

52 P. M. ENDT AND C. VAN DER LEUN

level follows from the experimental facts: a) that it shows a ground-state y
transition, b) that it is excited from the 3+ 12.340 MeV level (see fig. 24.3),
and c) that it has natural narity (reaction B).

The parity of the 11.988 MeV level should be even and not odd (table 24.6)
because it de-excites to O+ and 4+ states (fig. 24.3).

The 12.259 MeV level, finally, should have J* = 2+ because it de-excites to
0+ and 3+ states (fig. 2&3) and emits « particles. This is in conflict witha y-ray
pelarization measurement (Hu 56), yizlding odd parity, and with the 20N¢ -«
elastic scattering experiment (reaction D), yielding J* = 3-.

2471
(Not illustrated; see fig. 24.2, p. 41)
A, MAI(B)HMg Q, = 140204300

The half-life is 2.09+0.04 sec (weighted mean of Bi 52, Gl 55, Br 54a).
Positons with ax. end point of ~ 8.5 MeV, and the y rays listed in table 24.19,
have been reported. One per several thousand disintegrations proceeds through
an excited state in 2#Mg which emits « particles with E, ~ 2 MeV (Gl 55).
The B+ decay seems to be best explained by assuming a 309, branch to
24Mg(4.12); a 55%, branch to the 8.36 MeV level, with probably J* = 3+, de-
exciting to the 1.37 MeV (/= = 2+) and 4.1Z2 MeV (J* = 4+) levels, through

TABLE 24.10
Gamma rays from the 3A1(g+)%Mg decay
E, 8 ) ) ED Transition in “MT
v Rel. s v ) ¢
(MeV) el. intensity (MeV) (Ey in MeV)
1.394-0.03 40 1.384-0.04 1.37 -0
2.73+-0.06 32 2.704-0.06 4'2 - 137
4.22+0.10 15 4.2140.12 8136 — 4.12
5.35+£0.10 6 5.37-4-0.14 9.5 4,12
(5.66 0.18)
7.124+0.10 7 5.0240.20 8.26¢ — 1.37
2 Gl 55. B
b Br 54a,

7.12 and 4.22 MeV y rays; a 159, branch to a 9.5 MeV level, de-exciting to ¢he
4.12 MeV level through a 5.35 MeV y ray; and finally a weak transition to a
level at & 11 MeV, de-exciting through « emission (Gl 55).

The T = 0 member of the T = 1 triplet to which the 2Na and 24A] ground
states .al.so belong, is expected at about 9.5 MeV (see 2*Mg, “Remarks”
intens.cies indicate log ft = 3.8 for the B+ transition to the 9.5 MeV level
(Gl 5.5)., which is consistent with the expected favoured character of this
transition (Bo 55, Wi 56a). A possible p~y directional correlation in the ‘Al
decay, as a consequence of a conserved vector current, is discussed in Be 58d.

). The y-ray
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B.  2Mg(p, n)Al Qn = —148004300
The threshold is at 15.4:-0.3 MeV (Bi 52). Cross sections at £, = 18 and

32 MeV, Ta 58. Neutron angular distribution at E, = 23 MeV, Co 55b. Also
Ty 54.

C. Not reported:

20Mg(3He, t)2Al 0, = —14040 1300

25N g
(Fig. 25.1, p. b4; table 25.1, p. 53)
A. 2%Na(g-)?5Mg On = 3832410

The weighted mean of the reported haf-life measurements is 59.6 0.7 sec
(Hu 44, Ri 44, Bl 47, Iw 55, N2 56; see also Ba 46, Pe 48a).

The main branch (65%, Go 56, Ma 55; 50%,, Na 54b Bl 47) proceeding to
2:Mg(0) has an end point of 3.7+0.3 MeV (Bl 47), 3.65--0.25 MeV (Na 54b),
4.04-0.2 MeV (Ma 55).

TasLe 25.1

Encrgy levels of 2Na

I I .
(Mex\ ) NE (seéc) Decay Reactions
0 g+ 59.6 0.7 p- A,BCDET
0.000-5.748; 29 levels, see table 25.4 and reactions C, F
TasLe 25.2
Gamma rays following the 8- decay of 2*Nas
w55 Mass Na 56 Go 56 Assignment
410 38410 ( 44+ 4) 370110 (108) 400 ( 95+ 4) BMg((2) — (1)
590 57610 594+ 7) 580+10 (135) 580 ( 89-L5) Mg(l) — (O}
980 978 +15 (100 - 15) 975 (100) 98C (100--3) 20Mg(2) — (0)
1603 20 ( 40+ 7) 1610 ( 334.3) »Mg(3) — (0)
1860 (<2.4) 2Mg(4) —~ (0)

8 Energies in keV; relative intensities bracketed (980 keV p ray normalized to 100).

From the analysis of the y spectrum (see tabie 25.2) and the 8-y coincidence
spectrum 3.5%, 25%, and 6.5%, branches have been found tc 25Mg* = 0.59,
0.98, and 1.62 MeV, respectively (Ma 55). Investigation of the y spectrum with
a large Nal crystal shows, however, that the §- branching to the 0.59 MeV
level is probably less than 19, (Go 56). See table 25.3 for branchings, log /¢
values, spins, and parities.
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TaBLE 25.3

25Na

The i~ decay of #Na
25)\g* Ja Branching ratio (%) | - Log ft
(MeV) (Bl 47) (Na 54b)  (Ma 55)  (Go #6) (Go 56)
0 3* ~ 55 ~ 50 65 65 5.2
0.58 3+ 3.5 <l > 6.9
0.98 4+ ~ 45 ~ 50 25 30 5.2
1.61 (3)+ 5 5 5.6
1.96 3+ <1 > 5.9

The absence of a measurable transition to 25Mg(1), with /= = 1+, and the
allowed character of the transitions to 25Mg(0) and (2), with J* = 3+ and 3+,
respectively, imply a J* = 3+ assignment to 25Na(0) (Go 56).
A discussion of the possibility of favoured transitions is giver in Ki 55, Fe 55.
Beta branchings computed from the 23Mg rotational band structure are

discussed in Li 58c.

B. 2Ne(«, p)**Na
Observed (Ol 51).

C.  2Na(t, p)?5Na

Thirty proton groups have been observed at E, ~ 6 MeV. For the excitation
energy of 2°Na levels, see table 25.4; Q, = 7.492-+40.012 M2V (Hi 61\,

D.

#°Mg(n, p)**Na

Oy = —3532410

On =

7491410

On =

—3049+10

For cross section at E, ~ 14 MeV, see Pa 53, Al 61. Sec also Hu 44, Ri 44.

TaBLE 25.4

Energy levels of 2Na (Ey in MeV --keV) from #Na(t, p)2®Na
and 26Mg(t, «)?3Na (Hi 61a)

(t, @) )

(t, p) (t, o) Average ! (t, p) Average

0 0 0 4.339 4.340 4.340-- 7
0.090 0.091 0.090--5 : 4.448 4.151 4.450--10
1.069 1.067 1.068 L7 i 4.509 4.712 4.710—-10
2.200 2.207 2.204 47 ‘1 4.797 4.804 4.800-+-10
2.418 2.417 2.418-4-7 i 4.964 4.960 4.9624-10
2.787 2.788 2.788 45 5.144 5.149 5.1464-10
2.912 2.914 291345 5.185 5.194 5.190--10
3.351 3.355 3.3534-5 5.223 5.223 3.223--10
3.456 3.457 3.4564 7 5.344 5.350 5347110
3.685 3.684 3.685+7 5.3178 5.378 5.378=-10
3.925 3.930 3.928+4-7 5.463 5.467 5.465-+10
3.952 3.953 3.952 47 5.484 5.484--12
3.996 3.995 3.995+7 5.691 5.689 5.690--12
$.137 4.136 4.136+7 5.714 5.712 5.713 =12
4.285 4.288 4.2864-7 5.749 5.744 3.746 412
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E. 26Mg(y, p)*5N 4 On = ——14148:&10' ;
The threshold is at E, = 14.0£1.0 MeV (Mc 49). For y1e¥d curves and cross
sections, see Ba 49, Mc 49, Ed 52, Ka 54. Discussion of relative (y, p) and (y, n)

cross sections, Mo 55.

F.  26Mg(t, «)?Na Q, = 5665 +10 | ’
Magnetic analysis of the a-particle groups at 1'3,‘ N 6 MeV yields the 25Na

levels listed in table 25.4; Qp = 5.664-0.010 M (Hi 61a).

G. Not reported:

25Mg(t, 3He)2Na 0, = — 3814+10

26Mg(n, d)23Na 0, = —11923+10

26Mg(d, 3He)25Na Qn = — 865510

¥Al(n, *He)?*Na Qn = —14702-L10
ZSMg

(Fig. 25.2, p. 57; table 25.5, p. 58)

A, 2Ne(x, n)*Mg Q, = —181.6+2.0
In the range E, = 2.2-3 MeV, a 0.58 MeV y ray has been found in coincidence
with neutrons (De 61c). See also Ol 51. For resonances, see *6Mg.

B.  2Mg(n, 7)*Mg Qn = 7330.742.1

The thermal neutron capture cross section of natural magnesium is 63 =3
mb; those of Mg, 25Mg, and 26Mg are 34410, 280490, and £7456 mb, and
the abundances 78.6, 10.1, and 11.39, respectively. Approsimately 459, of
the thermal neutron capture in natural magnesium should thus occur in 2¢Mg
(Hu 58).

Gamma rays from capture of thermal neutrons in natural magnesium are
listed in table 25.6 with intensities and probable assignments \Ca 57b, Gr 58c,
Br 56e, Ma 59c; see also Ki 51, Ki 53a).

The intensity of the y rays feeding 25Mg*(3.41) and the branching of the
de-excitation y rays lead to the assignment J* = - to this level (Ki 54a).
The angular correlations of two cascades through the 3.41 MeV level corrobo-
rate this assignment (Ma 59c). The comparatively large intensities of the y
rays feeding and de-exciting 23Mg* = 4,28 MeV, suggest that this level is the
analogue of #Al* = 3.85 MeV, with J* = 1-. This assignment would be in

agreement with the (d, p) stripping results which indicate J, =1 (Ca 57b;
reaction D).

Theoretical discussion on the relatice vields of the (
“3r 33b, Bo 59a.

Cross section at higher £, Hu 5%, Be 58,

n,y) and (d, p) reactions,
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Fig. 25.2. Energy levels of 25Mg.
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TaBLE 25.5
Energy levels of 2Mg

(A\Ie\'lj‘fkeV) " orl Decay Heactions
0 $+ stable many
0.5844- 4 + {3.44:0.3) x 10-% sec Y many
0.9764 4 §+ < 10710 sec Y many
16114 4 (H+ (1.7=0.4) x 10~ sec y many )
19624 4 g+ ¥ D, F, G, H, M, N
25654 4 3 D, H, M, N
27364+ 4 D, H, M, N
2803 - 4 (1, H* D, M, N
3.300.1 4 (34 D, H N
34084 4 4= ¥ B,D H LN
30035 5 (1, §)* D, H, N
3069 5 D, N
40534 3 DN
4270;: D (é‘)‘ r B' D, l\
13514 8 D, N
(4.436 - 10) D
(4.482 -10) D
(4.639 1-10) D
(1.668 - 10) D
4.704410 D, N
4317 ¢ 7 D, N
(£.946 & -0) D
AU 7 () B D™
51134 7 () B, D, N
(3.130 = 10 D
(3.217 - Ly D
5.284 10 D, N
(5.287 ~ 10) D
5455 - {0 D, N
5470 - 7 D, N
3518~ 10 s B,I,N
35237365 24 leveis wee matde 23 4 and reactions DN
.41l - 4 - TR - 0.3 keV n C, DN
PR L D,N
T2 0y D, N
L L D, N
e S e L D,N
T 5 - . k- 2 eV n C,D, N
- ti,_*"“ . gc; D, N
T A 16 D, N
TTHE f=y 310 ket n C, DN
DAL 00 Trvels, see tables 25 7 ana ’» 4 and reactions C DN

( PMeln, n# U E, = 7330.742.1
i Fotal cross-sectinn measairements st nedtron ene rgies up to 82 MeV, Hu 58,
Pe £ Differential seattering croe. section at F, - 14.7 MeV, Be 58b, Cr 60
R ) ° ’ ’ .
Re-onances in the %My - o total croo wction are listed in table 25.7. A large
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TABLE 25.6

Gamma rays from capture of thermal neutrons in natural Mg

E,» 18 E,b I Final Probable
(MeV +keV) v (MeV 4-keV) 4 nucleus transitionf
11.089+25 0.03 26Mg C—->0
10.08 +-20 0.04 26)Mg
9.282-+13 0.5 9.27-+30 1 26Mg C — 1.81
8.93 +20 0.06 26)Mg
8.55 +20 0.06 26Mg
8.149 410 3 8.14-+30 3.5 26)Mg C - 2494
7.36 30 0.06 (35)Mg) (C - 0)
7.16 -+30 0.11 260Mg C - 3.94
6.735 +15 1.2 Mg C - 0.58
6.440-: 8 0.9 27Mg C -0
6.358 - 8 2.4 6.36-30 2 25Mg C —-0.98
2.76  1-20 0.6
551 120 0.6 (25)g) (5.51 = 0)
5.4424-12 3 270\Mg C—=0.99
5.05 -+20 1.5
4.93 --20 2.7 4.93 :-30 3
4.77 £30 0.6
421 420 2.5
3.018 - 4 47 3.92-L-20 30 25)\Mg C — 3.41
3.552 ;- 14 8 3.58.1-30 3 (27Mg) 3.56 — 0
3.408 i-15 5 3.41+20 4 2)\g 341 -0
3.290-+10 9 3.3120 7 25Mg 4.27 -. 0.98
3.054 12 9 3.06-+20 7 25)Mg C - 4.27
2.816--15 24 2.824-20¢ 24; 494 25Mg 3.41 — 0.58
2.43 420 5 BMg 3.41 —» (.98
1.83120¢ 11; 224 26)\]g 1.81 = 0
1.14e¢ 134 26Mg 294 — 1.81¢
1.0e 6)\g (3.94 — 2.94)e

& Ca 57b: magnetic pair spectrometer. Intensities in gammas per 100 captures.
b Gr 58c; Compton spectrometer. Intensities in gammas per 100 captures.

¢ See also Br 56e.

d Br 56e; two-crystal scintillation spectrometer.

¢ Coincident with E,, ~ 7 MeV (Ma 59c).

I Excitation energies in MeV; C is the capturing state.

value for the left-right asymmetry in the scattering of polarized neutrons has
been found at the 257 keV resonance (El 60b). For non-resonance information,
see 24Mg.
D. 2Mg(d, p)**Mg Q. = 5106.0+2.1

Sixty levels, with excitation energies up to E, = 7.64 MeV, have been
found from high resolution magnetic analysis. For energies, widths, and /,
values, see tables 25.8a and 25.9 (En 52b, En 54b, Hi 58, Hi 61d, Hi 61h,
Mi 61a, Pa 61); Q, = 5.097 +0.007 MeV (En 52b, En 54b), 5.112.40.012 MeV
(Ma 60e), 5.096 +-0.012 MeV (Hi 61h). For a discussion of the doublet character
of the 3.41 MeV level, see reaction N (Hi 61d). Earlier low-resolution measure-
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‘TaBLE 25.7

Resonances in 2Mg-+n total cross section

Ep #Mg* Opeak r j References
(keV) (MeV) (barns) {keV) c
g4 3 7.411 ~ 65 784 0.5 3= a. b, ¢, (f)
2754 8 7.595 80 +20 3 a, b, f
430+ 5 7.744 30 10 (37) a, f
2290110 8.530 3.8 a, (e)
268010 9.900 5.563 d, (e}
& Hu 58.
b e 59c.
¢ Bl 58b.
4 Br 58e.
e De 58c.
! Fi 5l

ments (Kr 55, Ho 53, Al 49a, Am 52) are generally in good agreement with the
results summarized in these tables.

Proton-gamma coincidence experiments indicate trapsitions from the first
four excited states of 25Mg to 25Mg(0), and from 25Mg(2) and (4) to 25Mg(1)
(Mu 58b). For conclusions about J7 values from y branching ratios, see reac-
tion H.

The angular distribution of the proton group to 2°Mg* = 3.41 MeV, and the
angular corrclation between the proton and the resulting de-excitation y rays,
measured at E, = 2 to 4 MeV, yields J* = }- for the 3.41 MeV level (Co 57b).
At E, = 15 MeV, the angular distribution is in good agreement with the
distorted-wave stripping theory (Ma 60a). The polarization of the proton group
to 2’Mg* = 3.41 MeV is in agreement with the magnitude predicted from
(d, py) angular correlation rneasurements (Jo 61, Is 61a).

For a discussion of the spins and reduced widths of the 3.90 and 3.97 MeV
levels, see Mi 6la.

For a discussion of the reduced widths in 25Mg and 25A1 found from (d, p),

(P, P), (n, ), and (d, n) reactions, see Gr 58b, Bo 59a, Ma 60d, Mi 61a; also
Ne 59b.

E. #Mg(t, d)*Mg On = 1073.14+2.1

9Ffi‘a.‘t Ey =155 McV, the angular distributions of the deuteron groups to
**Mg* = 0 and 0.59 MeV yield /, = 2 and 0, respectively (De 61b).

F. 25Na(p~)Mg 0, = 3832410
See 25Na.

G.  Mg(n, n')2Mg

At neutron energies of about 3 MeV, » rays have been observed of 0.38 4-0.02,
0.59+0.02 (Sc 54d), 0.85+0.025 (Pa 58b), 1.61640.016 (Da 56c), and
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TaBLE 25.8a
Levels of Mg, with Ey < 4.4 MeV, from 2$Mg(d, p)Myg
Eg Eyb Ey® (2] +1)f2 0
(MeV) (MeV +keV) (Mev +keV) ha < 108
1] 0 1] 2e,f, g h,i,m, n 5%
0.579 0.5954-4 0.582+ 6 e, i, 1, myn 42
0.973 0.983 +4 0976+ 6 2e,f, m, n 29
1.609 1.620+-4 1.612+ 6 (2)ym
1.962 1.977+5 1.9574 6 2e, 5.8, h,i,mn 26
2.564 2.5721+5 2.565+ € ¢e, m, n 19
2.737 2.7424 8 isotropicm
2.800 2.81648 2806+ 7 26, m, n 48
3.398¢0
3.4070 3.4054 7 le, &, &, §,m,n 76
3.900 3.915+-¢ 3.809+ 8 2e, (L,2)m 40
3.965 3.977+4 3.9724+10 2, 3)m .k 53 or 80
4.054 4.053 -4 (4.052+10)
4.268 4.282+4 (4265 7) je,m,n 22
4.351 4.352 4
all4-10 keV

a Hi6lh; Eq = 5.5-6.0 MeV.

b Ja 6la.

¢ En 52b, En §4b; Eg = 1.8 MeV.

4 Ma 60d, Hi 68; the relative reduced widths given in Mi 61a are in accordance with all values
given in this column, except for the 2.56 MeV level, where 29 is found instead »f 19. The
3.90 MeV level is not considered in Mi 61a to be formed by stripping; if it has !, = 2, then
(2] +1)6,2 < 0.007.The absclute widths for 25Mg(0) and (4) in Ha 60c are in good agreement

with those tabulated.

e Hi 58.
f Ho 53.
2 Ri 59a.
4 Ha 60c.
i Co 57b.
I Ma 60a.

k¥ Stripping analysis favours the J; = 2 rather than the /;, = 3 assignment. The total cross section
of the 27Al(d, a)¥Mg x-particle group to this level favours J = & (Mi 61a). This is in contradic-
tion with the suggestion that this level is the analogue of the 3.72 MeV, 7 = I~ level in #5Al
(Go 37d).Very recent D.W.B.A. analysis of the Mi 61a results, however, has shown that the
3.96 MeV level has /, = 3, and not /, = 2 (Dr. Hinds, Aldermaston, private communication).

m Pa 61 (preliminary).

=

Mi 61a.

o Hi 61d; doublet at 3.398+0.007 and 3.407+0.007 MeV, distance 9--2 keV. Observed at
E4 = 6.0 MeV from the 2#Mg(d, p)*»Mg and #7Al(d, «)?*Mg reactions.

1.92+0.04 MeV (Pa 58b). See also Pa 55, Ra 55, Ho 59a, Le 61a. At E, =14 MeV,

a 1.604-0.01 MeV y ray has heen observed (De 60).

Cross section, Da 56c¢.
Resonances, see 26Mg.
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TsBLE 25.8b
Levels of 25Mg, with E, < 4.4 MeV, from 27A1(d, «)2*Mg

a E b Ec Eyd
(l\i’;\/) (MexV) (MeV +-keV) (MeV 3-keV)
(1] 0 0 0
0.58% 0.586 0.584- 6 0.584 -+ 6
0.979 0.975 0.9774-10 0.976+10
1.609 1.608 1.6104-10 1.6164-10
1.958 1.963 1.958 4-10 1.973 4-10
2.564 2.568 2.558-4+-10 £.572410
2,731 2.741 2.729+10 £7414-15
27495 2.806 2.791+15 2.815-+-10
3.308¢ .
3.407¢ 3.404 3.4044+12
3.902 3.913 3.896-+15
3.966 3.975 3.9604-15
4.057 4.061 4.0574+15
4.269 4.280
4.350 all-t ~ 7keV
all--10 keV

a2 Hi 61h; Ey = 5.5-6.0 MeV,

b Sh 59c; Eq = 7.5 and 8.6 MeV.
¢ En 52b, En 54b; Eg = 2.1 MeV.
4 Ja 6la.

e Hi 61d; doublet at 3.398--0.007 and 3.407 +0.007 MeV, found from the 27Al(d, a)2*Mg
and *Mg(d, p)**Mg reactions.

H. *Mg(p, p')**Mg

Observed inelastic proton groups are shown in table 25.10 (Ha 52, Sc 59a;
also Fi b4).

Yields of the 1.96, 1.61, 0.98, and (0.40+4-0.58) MeV y radiation have been
measured as functions of the proton energy in the 1.5 to 3.0 MeV range {Go 56).
See also Mi 59b, E, = 4.0-5.4 MeV. By comparing the y spectra at Aifferent
resonances, and by measuring y—y coincidences, branching ratios of the levels
at 0.98, 1.61, and 1.96 MeV have been obtained (see fig. 25.2). Spins and
parities of the lower levels agree with these branching ratios, hyperfine-
structure measurements, (d, p) angular distributions, log f¢ values in the decay
of #>Na and 23Al, shell mode! predictions, and cassificaticn of corresponding
levels in the mitror nucleus 25Al (Go 56). Angular distribution and linear
polarization measurements, at the E, = 1.91 and 2.41 MeV resonances, yield
the E2/M1 amplitude mixing ratios ¥ = +0.304-0.15 and +0.1540.05 for
the 0.98 — Oand 0.98 — 0.58 transitions, respectively (Mc 61a). A theoretical
discussion of the rotational bands in 25Mg has been given in Li 58¢c; see also.
25Al, “Remarks”.

The first level, de-excited by a 58815 keV y ray (Ka 55), has a half-life
7y = (3.540.2) X 10-9 sec (Fe 60a), (2.14+0.7) x 10-9 sec (Bi 59a). The reduced



ZSMg

ENERGY LEVELS OF LIGHT NUCLEI. Il 63
TABLE 25.9
Levels of Mg, with Ey > 4.4 MeV, from 2Mg(d, p)?**Mg and 2?Al{d, «)23Mg

(2] + 1)z

E,® E,.b

Egb (2] — 1), 2¢

i
(MeV :keV) (MeV) n(d, ) "7 00 i (MeVikev)y  ‘al@P) 7 g
4.436.19 : 6.558- 10 (2,4
148214 ; 6.668 10
4.6394-9 ‘ 6.768 10 je,i 7.2
4.666-1-6 j 6.8252-10 > le
4.704 (2)d 6.872.-10
472714 4.712 xi 6.901+10
4.946--4 . 6.944-10
5.020--4 5.005 ! 7.025--10
5.123-14 5.108 © o 7.076--10 2i 3.9
3.140--4 , 7.171 =10
5.2174+9 1 7.215=-10 2i 22
5 244 xk I, 7.270--10 3i o3
5.287-L4 ; 7.365--10 2i 1.2
5.454 7.400 - 108 te i 48]
5.479--4 5.465 0e, i 71 < 7.486 10
5.512 1 ‘ 7.512110
5.523 (2)d (7.538--10)
5.738 7.564 - 10
5.785 xk 7.57 200 1e (42)]
5.851 ©7.623-10
5.96% ' 7.640--10
6.032 7.85 401
6.074 8.05¢ 2(1)e (32)1
6.159 3.62 - 30f
6.350 9.06 - 40f
6.423 9.75 --40f
6.457 . 10.78 -=40f
all + 10keV . 11.89 2-50f

a Ja 61a; 2*Mg(d, p)**Mg.

b Hi 61h; #Mg(d, p)?*Mg and #7Al(d, x)?®Mg, E4 = 5.5-6.0 MeV.

¢ Relative reduced widths given in Mi 61a, adjusted to the valus (2f+1)6,2 = 0.048 given in
Ma 60d for the 7.40 M-V level.

d Pa 61 (preliminary).

¢ Hi 58; low resolution; level assignment not obvious in all cases.

I To 52; 27A)(d, «)%*Mg, E4 = 10.8 MeV.

g2 " = 1343 keV (Hi 61h), see also table 25.7.

h ' = 8020 keV (Hi 61h), see also table 25.7.

I Mi 6la.

I Ma 60d, Hi 58.

k The stripping states at 4.72, 5.27, and 5.79 MeV, reported in Hi 58, were not confirmed (Mi 61a).

transition probabilities of 25Mg(1) and 25Al(1} difter by a factor of 7; this is
discussed in Fe 60a. The half-life of 2°Mg*(0.98) is less than 10-® sec (Fe 60a).
Resonance fluorescence experiments yield a mean life 7, = 2.53§% x 10~ sec
for 25Mg* = 1.61 MeV, assuming J = {. The angular distribution of scattered
radiation yields an E2/M1 amplitude ratio ¥ = —0.1940.015 and
B(E2)/B(E2), , = 6.5 (Ra 61a).

For resonances, see 26Al.
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TasLE 25.10

Levels in 28Mg from 2Mg(p, p')*Mg and 25Mg(d, d’)*Mg

E® Eyb Ex©
(MeV) (MeV) (MeV)
0.61::0 02 0.58
0.98
1.6240.02 1.6 1.61
1.98 +0.02
2.564-0.02
2.764-0.02 2.8
3.414+-0.02 3.4 3.40
3.91+0.02 4.9

% (pp); Ep = 8 MeV (Ha 52).
b (p, p’); Ep = 17 MeV (Sc 59a).
¢ (d d): Eq = 15 MeV (Bl 61a).

I.  25Mg(d, d4')®5Mg

Observed inelastic deuteron groups are listed in table 25.10. The only strong
groups are those corresponding with levels at 1.61 and 3.40 MeV. It is suggested
that this last group mainly excites, not the 3.409 MeV, J* = §- level, but a
J® = 3+ ground-state rotational-band level which should appear at approxi-
mately this excitation energy (Bl 61a).

J.  25Mg(MN, 1N’)25Mg

By Coulomb excitation with 12.2, 16.8, 18.0, and 21.5 MeV MN ions
the partial E2 mean lives of 25Mg(1), (2), and (3) have been measured as

(6.941.7) x 10-9, (1.7-:0.4) x 10-1%, and (9.04-1.6) X 10-13 sec, respectively
(An 61f).

K. 23Al(pt+)25Mg Qn = 426146
See 25A],
L. 26Mg(y, n)25Mg Q,= —11097.4+2.7

The threshold has been measured as 11.154-0.20 MeV (Sh 51a). The cross
section shows a maximum at E, ~ 17 MeV (I' ~ 2.5 MeV) (Ka 54). See,

however, Na 55, Ye 56. Theoretical discussion of the observed cross section
Mo 55. ,

M.  2Mg(d, t)2°Mg On = —4839.842.7

lrit«.)n groups observed at E; = 14.8 MeV, the results of angular distribution
analysis, and the extracted reduced widths are listed in table 25.11. From a

comparison of the experimental widths to the predictions of the rotational

model, an admixture of higher rotational bands was found in the #Mg ground-
state wave function (Ha 60c, Ma 60d). See also V1 61,
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Tapue 2511
Lew Is in %Mg from *Mgid, t}“’\ig (H'! 60c, Ma 60d)

Ex (Mew n 6“2)' 100
0 2 3l
0.58 o 2.5
0.98 2 0.4
1.61 (4)
1.96 2 1.8
2.57 0 0.7
2.74
2.80 2 0.9
N.  PAi(d, «)**Mg Qn = 6700.5+2.2

Observed levels are listed in tables 25.8b and 25.9 (Hi 61h, Hi 61d, Sh 59c,
En 54b, En 52b, To 52, Sc 50; see also Sh 61a). The ground-state Q value has
been measured as @, = 6.694 4-0.010 MeV (En 52b, En 54b), 6.718 -0.005 MeV
(Ma 60e), 6.687 4-0.010 MeV (Sh 59c¢), 6.691 +0.012 MeV (Hi 61h). For excitation
energies below 7.6 MeV, the results of low-resolution experiments have not
been listed (see En 54a).

A detailed investigation of the 3.40 MeV level proves that this is a doublet
of 942 keV separation. The higher member is the well known [/, = 1 state
observed in the #Mg(d, p)?®Mg reaction. A J# = §* assignment for the lower
member, suggested by mirror nucleus arguments, is supported by the observed
relative intensities of the a-particle groups (Hi 61d).

Angular distributions. of 44 a-particle groups, measured at E, = 10 MeV,
vield total cross sections. For the states of known spin, the proportionality of
the total cross section of the individual groups and (27 +1), is obeyed surpris-
ingly well (Hi 6le). Gamma rays from deuteron bombardment of aluminium,
see Be 55. Cross section measurements, Ci 61.

0. 2i(n, «)2°Mg Q, = —26565.4+3.4
From the bombardment of a silicon surface barrier counter w ith £, = 5-8

MeV neutrons, a-particle groups have been observed to the four known Towest
states in 25Mg (De 61d).

P.  Not reported:

22Naf(t, n)?Mg - 0, = 10540.942.4
28Na(®He, p)?SMg Q, = 11305.4+23
28Na(x, d)2°Mg Q, = — 7047.04+2.4
24Mg(a, 3He)25Mg Q, = —13246.5+2.1
26Mg(p, d)25Mg' ) Q. = — 8872.74+2.7
26Mg(3He, «)25Mg ' CQu =  9479.8+42.7
© 27Al(n, t)25Mg Q. = —10887.5+2.3

%Al(p, $He)*Mg Qn = —11651.94+2.3
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BA]L
(Fig. 25.3, p. 67; table 25.12, p. 66)

A, BAI(RY)Mg 0, = 4261 +6
The half-life is 7.230.03 sec (weighted mean of Ja 60a, Wa 60z, Mu 58,
Ar 58; the value given in Hu 54b, 7.6240.13 sec, deviates appreciably; see

also Br 48, Gr 54).
The decay almost entirely proceeds to the 2*Mg ground state; end point

TABLE 25.12

Lnergy levels of 28A1

E

(MeV :’:‘ keV) J= Tyor I’ Decay Reactions
0 3+ 7.23 +0.03 sec i A B DETFG
0.455 & 2 3+ (1.88--0.10) x 10~ sec ¥ B, D
0.949-- 3 3+ y B, D
1.610--20 &+ ) 3
1.810.-20 2+ Y B, D
2.502-- 6 3 < L0 keV y B, D
2,689+ © g < 04 keV ¥ B, D
2,730 10 ¥ B
3077~ 6 - 1.3 - 0.4 keV ». P B,C,D
(3.4242 9) y B
3.439 6 (8+) <10 keV ¥ B
3.72 I 0.3 keV P B .C
3.64 - 36 keV v, p B, C
3.88 4+ e1 keV ) B,C
4.047.+ 9 G P+ <10 keV » B
4.22 3+ > 0.12 keV v, p B, C
4.59 3 > 047 keV Y, P B, C
4.90 =4 <10 keV P C
5.06 3 (3% < 16 keV P C
(5.09) p C
5.10 (X = 50 keV P C
5.30 3~ 200 keV P C
5.80 3= P C
6.13 3 3 P C
8.7¢ P C
7.14 ) P C
(;-2;‘2 100 520 keV p c
: C
7.78 @) 340 £50 keV ;’ C

3.244:0.03 MeV (EI 55), 3.27-£0.03 MeV (Wa 60a; also Hu b4c); log ft = 3.6.
A weak 1.5£4-0.03 MeV y ray has been detected, indicating that about 0.19
of the g+ transitions go to 25Mg* = 1.61 MeV (Ma 55). For this transitio;;
log ft »~ 5.3. Upper limits for transitions to 2Mg* = 0.98 and 0.58 MeV ar-
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0.4, (Ma 55; also St 56, Ta 60c) and 0.9% (Ta 60c), respectively. See also

El 53, Ch 56, Va 56b.
Longitudinal g+ polarization measurements, Pr 58.

2Mg(p, y)25Al Qn = 228716
Ten resonances in the y-ray yield are listed in table 25.13. The listed ene.rg'ies
of the lowest three resonances are weighted mean values of several precision

measurements.
Measuremerts of y-ray spectra, angular distributions, coincidence spectra,

s~ angular correlations, and y-ray polarizations, yield decay modes, partial
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Fig 25.4. Gamma-ray branchings in Al (Li 56a, Go 58e, Li 59a).

widths, spins, and parities of the resonance levels (values and references in
table 25.13; branching ratios in fig. 25.4). Levels below the proton binding
energy . ave Deen found at 455L2 keV (Cr 56, Va 56b, Ag 56, Go 58e),
949 -3 keV' (Go 38e), 1610=-20keV, and 1810--20 keV (Lib6a); for /= values
and branching 1 .tios, see fig. 25.4. Delayed y—y coincidence measurements yi'eld
a half-life 7, == (1.88£0.10) X 10-? sec for 23Al* — 0.455 MeV (Go 60f). The
resonance corresponding to the level at 2739+ 10 keV has not been found:
(2]+1) I I',)I'< 0.6 meV. Thislevel could be the fourth term (J* = 74) of the;
A -= 1 band on the first excited state (Go 58e); also “Remarks”. i
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TaBLE 25.13

Resonances in 4Mg+-p

E INE r [Ty rY (2]+1) T, 14

p »'p - plp,

(ke V) (Mev) Decay® (keV) (meV) (eV) J
223.84.0.80: 0. T 2502 o &b Ll <10ma 13.7 13-
418.8+0.2% P, 0. T 2689 pc 0.8 < 0.49 14 + 7 ged, 8 v

(l?gi,ligisp. G (3.077) pe 4,1 pye 1.34 0449 110 + 20 g=d, L, m,v
+3)9 424) 0
1200 14 3439 44 < 10¢d 554 1.1 (§+)d
1490< 3.72 pd pee 0.3n 12 4+ 2 i-d, n
1620¢ 3.84  pdp,e 36n 520 +100 i=d, n
1660¢ 3.88 ot pye 0.1n 45 + 9 grd,m,t
1833 +7u 4.047 ypu < 10u A~ 1u (2, 8)+vu
20109, e 422 pdpepd! > (l2d 340 + 70 120 grd,t
24004, 459 pdpgep,d! > 0474 60 + 12 700 3-a.1
:37200 4.90 p,2 < 1od 40 >34
(.;ggg;‘d 5.06 p,&f < 1lod 370 1,084t
2 (5.00) p,4
29304 5.10 p,f =~ 504 6700 (3)a.t
3140e 5.30 Po® 2000 3-n
3660¢€ 5.80 Po€ P:f gt
o T
. P:°
30500 7.14 P.C (3"
34000 7.32 pv 100 c20v

R o ~7.5 P:?

5720v 7.78 (p)Oops® ¥ 340 L50% (3)w

®

The symbols ¥, p;. p;, and p, refer to protou capture, elastic proton scattering, and inelastic scattering

to #Mg* = 1.37 and 4.24 MeV, respectively.
b Hu 55. 2 Cr 56. n Ko 52. s Va 38.
¢ Ag 56. i Va 56b. o Mi 59b. t Go 38e.
4 Li 56a. i Ch 56. P Ku 59a. u Li 59a.
e Mo 51. 1 Gr 55c. a4 An 59b. v Su 60c.
f Le 58a. m Ta 46. r Wa 59a. v Ba 60.
€ Ca 53.
C. *Mg(p, p')*Mg E, = 2987=6

Elastic proton scattering shows eight resonances in the energy range
E, = 0.4 to 3.9 MeV (Mo 51); partial-wave analysis (Ko 52) yields widths and
J* values of the corresponding levels; see table 25.13.

Eleven resonances for inelastic proton scattering to *Mg*(1.37) have been
observed for protons in the energy range E, = 2 to 5.5 MeV (L1 56a, Le 56a,
Mi 59b). Yield curve up to E, = 7.0 MeV, Se 59a. The angular distribation
of E, = 1.37 MeV, measured at E,, = 5.05 MeV, yields J = () for the resonance
level. Resonances in the yield of E, = 4.23 MeV, de-exciting #*Mg(3), have been
found at E, = 5.24 «nd 5.72 MeV (Ba 60; also Mi 59b); see table 25.13.

For non-resonance ata, see 22Mg.
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D. Mg(d, n)?Al 0, = 6246

At E, = 4.0 MeV, neutron groups have been observed to #°Al* =0
(o =2, 6% = 2.8x 10-9), 0.45£0.03 (I, = 0, 6, = 7.3 10°9), 0.95::0.03
,=2, 62=30x 10-3), 1.8140.04, (1.94), 2.514-0.05, 2.704-0.05, (2.92},
and 3.09+0.06 MeV (/, = 1) (Go 53, Ma 60d). The ground-state ¢ value 1s
0.07+-0.06 MeV (Go 53).

E. Mg(a, t)?5Al 0, = —17526+6

Cross-section measurement at E, = 48 MeV, Go 60e.
F. 2Mg(p, n)2Al Q, = —5044 46

Threshold measured as E, = 5.1 MeV (Bl 51), 5.25 +0.1 MeV (Sc 54b), and
5.289--0.025 MeV (Ki 55a). For resonances, see 26Al.

G. TAl(p, t)2°Al 0, = —15931+6

Cross-section measurement at E, —= 32 MeV, Go 60e.

H. Not reported:

#Mg(*He,d)2°Al 0, = —3206+6

25Mg(*He, t)?°Al Q, = —4279+6

28Si(p, «)25Al Qp = —T7699 47
REMARKS

The striking similarity of the excitation energies, y-branching ratios, spins
and parities of the low-lying levels in the mirror nuclei 23Mg and 2°Al has been
discussedin Li 56a, Go 56, Go 87d, Li 58c. The experimental y-branching ratios
in 25A1 agree with collective-model calculations if it is assumed that the levels
below 4 MeV belong to four rotational bands with K= = §+, 1+, 1+, and }-, as
given in fig. 25.4. Ground-state M1 transitions from levels of the K= = 1+
bands are attenuated by factors of approximately 20 as compared to Ml
transitions between levels in the same bands. In Bi 60 a modification of the
Nilsson calculations has been discussed which in the case of 25Mg appears to
lead to ¢ better agreement with the observed decay scheme. A discussion
concerning the half-life of the first excited state of 25Mg relative to that of
25A1 has been given in Fe 60a.

Relations connecting the strenghts of 4 transitions between corresponding

stetes in mirror nuclei are derived in Mo 59a, and compared with the experi-
mental data on the decay of 25Mg and 25Al states.
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260N
(Not illustrated; se= fig. 26.1, p. 72)

A. 26Na(8-)2¢Mg 0, = 85004300

At E, = 14.8 MeV and E, = 24 MeV, 26Na has been produced in the
reaction 26Mg(n, p)26Na. The half-life is 1.04 4-0.03 sec (Nu 58), 1.03 4-0.06 sec
(Ro 61b). It decays by - emission to 2617g*(1.83) ; the end point, 6.7 +0.3 MeV,
yields a 26Na mass excess of —77004200 keV; log ft = 4.4. The intensities of
A~ transitions to 26Mg* = 0 and 2.97 MeV are less than 109, of the main
branch (Ro 61b). The forbidden charvacter of the g~ transition to the 2¢Mg
ground-state, together with the allowed character of the transition to the
2+ first excited state, suggests J*(*¢Na) = (2,3)*.

B. 26Mg(n, p)2%Na Qun = —T7700+300

Observed, see reaction A.
Cross section at E, = 14 MeV, Al 61.

C. Nnt observed:
26Mg(t, 3He)26Na Q. = —8500+300

26Mg
(Fig. 26.1, p. 72; table 26.1, p. 73)

A.  2Ne(a, n)**Mg 0, = —481.64+2.0 E, = 106158+2.3

In the 2.2-3.0 MeV range, one resonance has been found at E, = 2.88 MeV
(De 61c). See also 25Mg.

B. 2Ne(w, «)22Ne E, = 10615.84+2.3

Thirteen sharp resonances in the neon elastic scattering cross section have
been observed at four angles for E, = 2 to 4 MeV. Two of these resonances,
at E, = 2.245 MeV (I" = 2.5+0.5 keV) and 3.418 MeV (I" = 3.24-0.5 keV),
can be assigned to 22Ne. Partial wave analysis yields /* = 3- for the correspond-
ing 26Mg levels at 13.362 and 13.507 MeV (Go 54c).

C. ®Nafw, p)2*Mg 0, = 1825.742.7

Conflicting experimental evidence for several low lying 26Mg levels, as foun
with Al absorption and nuclear emulsion techniques, has been summarized in
En 54a. '
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TaBLE 26.1

Energy levels of 26jg

E

(MeV :{,:{keV) J= Tmor I Decay Reactions
0 o+ stable many

(1.33 1-20) Q
1.805+10 2+ (6.0+1.3) .. 10713 sec ¥ many
294110 2+ ¥ many
3.684+10 0 v DG J.K.OP
3.943+10 (3)* v C,D,EG, JKP
4.3194-10 DG P
4.331-+10 2+ y C,D,G ]J.K
4.350+-10 DG
4.8304+-10 D, G K, P
4.8564-10 D,G K, P
4.970+10 DG P
(5.2404+-11) G
5.2874-10 D,GK,P
5472410 (=5)+ D,GKP
5.6864-10 D,G P
571010 (=5)+ DG P
6.120-+-10 (2,3)+ DG P
6.253 110 (2, 3)* DG P
6.616--10 (£5)+ DG P
6.737 10 DG P
6.8701-10 (=4)- DG P
6.9704-10 DG P
7.055-10.515; 66 levels, see tables 26.2a and b and reactions DG, P
10117 (3%) 1.6 +0.3 keV n F

11.174 2+ 12 +3 keV n F

11.198 2+ 10 +2 keV n F

(11.347) n F

13.05 n A

13.362 3- 2.5-10.5 keV o B

13.507 3- 3.2+0.5 keV o B

{
{
!
t
|
!
i

At E, = 7.8 MeV, p-y coincidence measurements yield the v-decay modes
of four of the lowest 26Mg levels. The 2.94 MeV level decays to #6Mg* = 0 and
1.81 MeV; intensity ratic 1:6; the 3.74 MeV level decays to the same two
states, and the 4.33 MeV level to 26Mg* = 2.94 MeV (Ma 53b; also Al 48a,
Br 55b).

The differential cross section for groups to the low lying states has been
measured at E, = 19 MeV (Pl 60, Pl 61), and E, = 30.4 MeV (Hu 59a).

For resonances, see 27Al. '

D. #Mg(t, p)*Mg 0, = 9945.8+2.7

From magnetic analysis at E, = 5-6 MeV, levels in 26Mg have been observed
up to E, = 9.37 MeV, see tables 26.2a and b; @y = 9.9304-0.012 MeV (Hi 61h).
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E. 2Mg(n, y)%¢Mg Q, = 11097.442.7

The thermal neutron capiure cross section is 280 £90 mb (Hu 58). From the
neutron binding energies of 25Mg, 26Mg, and Mg it follows that all .the.rmal
neutron capture y rays in natural Mg with E, > 7.4 MeV, and those coincident
with these high energy y rays, must be assigned to 2¢Mg. The observed y-ray
energies, intensities, and the proposed assignments are listed in table 25.6.
The decay of the capturing state of 26Mg mostly proceeds by multiple cascade
transitions (Ca 57b, Gr 58¢c, Br 56e, Ma 59c).

F.  %Mg(n, n)25Mg E, =11097.4+2.7
Resonances in the total cross section of samples enriched in 2°Mg have been
found at E, = 20 keV (I, = 1.6+0.3 keV; J* = (3%)), 80 keV (I, =12+3
keV; J» = 2+), 105 keV (I, = 10+2 keV; J= = 2+), and probablyv at 260 keV
(Ne 59¢).
““or non-resonance data, see 2°Mg.

G. *Mg(d, p)2sMg 0, = 6872.742.7

The ground-state Q value has been measured as 8.880-+0.012 MeV (En 52),
8.876+0.012 MeV (Ma 60e), 8.8614-0.012 MeV (Hi 61h).

Proton groups to 26Mg levels with excitation energies up to 8.62 MeV have
been observed at E; ~ 6 MeV (Hi 61h). The excitation energies of the *6Mg
levels below 5.5 MeV, found from magnetic analysis at Eq = 1.8 MeV (En 52),
show a systematic difference of about 25 keV with those reported in Hi 61h.
The excitation energies reported in Ja 6la are in agreement with the values
from Hi 61h for E, < 4 MeV. At higher energies, however, a systematic
difference of ~ 15 keV exists. See also Am 52.

The level energies (Ja 61a, Hi 61h, En 52), the /, values from angular dis-
tribution measurements (Pa 61, Ho 53), and the reduced widths s given in
Ma 60d (computed from the data in Ho 53), are listed in tables 2€.2a and b.
Theory, Sa 58.

Resonances, see 27Al.

H. 2®Na(g-)26Mg 0, = 85004300
See 26N3,
I 26M z(n, n’)26Mg*

Inelastic scattering of 2.56 and 14 MeV neutrons on natural Mg gives a

1.8204-0.015 MeV y ray which must be assigned to Mg (De 60, Da 56c). See
also Le 51a.

For resonances, see 2°Mg.
J. *Mg(p, p')**Mg*

Magnetic analysis at E, = 8 MeV gives levels at 1.834-0.02 and 2.96--0.02
MeV (Ha 52).
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TABLE 26.2a
Levels in 26Mg (MeV +keV) from 2Mg(d, p)**Mg, ¥ Al(t, «)2"Mg, and 24Mg(t, p)28Mg; E, < 7.3 MeV

**Mg(d, p)**Mg PALt, o)*Mg 2Mg(t, p)**Mg /n d. p) (2] +1)8p* ~ 10°
En 52 Ja 6la Hi 61h Hi 61h Ho 53 Pa6l Ho £3, Ma 60d
Eq = 1.8 MeV Eg3 = 5-6 MeV E; = 5-6 MeV E4 = 8 MeV
0 0 0 0 0 (2) 2 40
1.825-15 1.804+12 1.607 1.800 1.803 0+2 0 19, 210
29721410 2935412 2.941 2.938 2.944 0 170
3.5918 3.5712 3.5882
3.969-10 3.941+12 3.945 3.944 3.938 0 0 170
4.321 4.316 4.318
435310 4.344112 4.331 4.332 0 190
4.353 4.348
4.863-11 4.852--12 4.829 4.834 4.828
492411 4.906+12 4.896 4.900 4.892
4.968 4.976 4.966
527011
5.3222-11  5.302412 5.287 5.290 5.285
5.502-11 548712 5474 5.471 5.468 2
5.687 5.684 5.686
5.711 5.709 5.711 2
6.147 11 6.1344:12 6.121 6.120 6.118 0 0 (120)
6.252 6.259 6.249 6
6.617 6.617 6.614 2
6.738 6.740 6.734 (0)
6.866 6.871 6.872 1
6.967 6.971 6.972
7.053 7.058 7.053
7.096 7.092 7.097
7.237 7.241 7.238
7.251 7.252 7.249 } 1
7.273 7.270

ali+-15 keV all+15 keV all+15 keV

a This level has also been observed from 26Mg(d, d’)2®Mg and 2°Mg(d, p)*Mg at E4 = 1§ MeV, Bl 6la.

At three resonant proton energies (E, ~ 5 MeV), ground-state y transitions
have been cbserved from 26Mg* = 1.81, 2.94, (3.94), 4.33, and (4.83) MeV
(Mi 59b), and transitions to the 1.81 MeV state from 26Mg* = 2.94, 3.58, 3.94,
and 4.33 MeV (Mi 59b, Br 60¢). The brar.ching ratio of the decay to the ground
state and first excited state is 11:89 for the 2.94 MeV level and > 3 for the
4.33 MeV level (Mi 59b). Gamma-gamma angular correlations yield / = 2 and
0 for 26Mg* = 2.94 and 3.58 MeV, respectively. The 2.94 — 1.81, 2 — 2+
transition has a quadrupole/dipole amplitude ratis of x = +-0.12 +0.02 (Br 61d).
A resonance fluorcscence experiment yields 7, = (743)x 10-13 sec for
26Mg* = 1.81 MeV (Ra 61a).

For resonances, see #’Al.
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TABLE 26.2b
Levels in 2Mg (MeV +keV) from »Mg(d, p)*Mg, Al(t, «)?*Mg, and 2Mg(t, p)2Mg; Ex > 7.3 MeV
=Mgld, py®Mg  FAlt, o)*Mg  *Mg(t, p)*Mg In(d P) | Al o)*Mg Mgt p)**Mg
) Hi 61h Pa 61 Hi 61h
Eq = 56 MeV E, = 5-6 MeV Eq = 7.8 MeV E, = 5-6 MeV
N |
7.338 7.338 7.341 (1 8.660 8.648
7.352 7.364 8.694 8.694
7.383 7.377 7.383 8.849 8.833
7.414 7.40 7.417 8.889 8.891
7.528 7.531 7.535 1 8.917 8.920
7.668 7.670 7.667 } 9 8.950
7.680 9.031 9.034
T 7.716 7.712 2 9.045
7.761 7.762 7.761 | 9.101 9.102
7.808 7.816 7.807 9.157 9.155
7.842 7.834 9.225 9.224
7.945 7.948 7.940 9.242 9.246
8.020 8.030 8.022 9.294 9.296
8.040 9.366 9.370
8175 8180 (s:}gg.; (1) TAl(t, o) Mg (i 61h)
(8.215) 9.415 9.814 10.213
8.242 8.233 (8.285) (0) 9.461 9.841 10.272
8.388 8.384 8.386 9.528 9.895 10.316
8.451 8.448 8.446 9.564 ¢.y31 10.358
8.494 8.488 8.451 9.615 9.970 10.40
8.524 8.518 8.521 9.674 10.028 10.419
8.565 R.566 8.576 9.707 10.090 10.483
8.617 8.611 8.615 9.760 10.118 10.515
all <15 keV all4-15 keV

K. 26Mg(d, d')2Mg

At E, = 15 MeV a level at 3.614 1-0.020 MeV has been observed in addition
to the levels from 25Mg(d, p)?*Mg reported in En 52. The differential inelastic
scattering cross section for levels up to 5.50 MeV has been measured (Bl 61a).

L. %Mg4heavy ions (14N, 20Ne)

From Coulomb excitation with 16.8 and 18.0 MeV N ions, and 25.8 MeV

20Ne ions the 26Mg(1) mean life has been measured as (5.74-1.4) X 10-13 sec
{(An 61f).

M. 8Al(pT)26Mg Q, = 4014.04+4.9
See 26A],
N. ALy, p)%Mg Qn = —8272.44-2.8

Threshold reported at F, = 8.6140.5 MeV (Di 50). Cross section, Di 50,
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Ha 51b, Ba 57a, Ch 60a. Angular distribution measurements, Da 56d, Mi 57,
Ba 58a.

At E, = 21.240.5 MeV, the cross section shows a maximum with a half
width of 5.44+0.5 MeV (Ha 51b).

Discussion of relative (y, p) and (y, n) cross sections, Mo 55.
. 2Al(n, d)26Mg Q. = —6047.7+2.8

At E, = 14 MeV, deuteron grot s have been observed to the 2¢6Mg ground
state and some known excited states (Ma 58g, Co 59b). A 1.80-+0.03 MeV
y ray has been observed (De 60).

Angular distributions of the deuteron groups to 2¢Mg* = 0, 1.81, and 3.58
MeV yield 7, = 2, 2, and 2(4-0), and reduced widths 6,2 = 0.011, 0.024, and
0.045, respectively (Gl 61).

P. Al a)26Mg 0, = 11540.3+2.8

Alpha-particle groups, corresponding to 26Mg levels with excitation energies
up to 10.515 MeV have been reported, see table 26.2a and b; Q, = 11.541+0.012
MeV (Hi 61h).

Q.  2Si(n, «)26Mg 0, = —35.7+4.0

From the bombardment of a silicon surface barrier counter with E, = 5-8
MeV neutrons, a-particle groups have been observed to the two knc.vn lowest
states in 26Mg. A third group leads to a 26Mg level at £ = 1.33 4-0.02 MeV, not
observed from any other reaction (De 61d).

R. Not reported:

25Mg(t, d)2Mg - 0, = 4839.812.7

. 25Mg(«, SHe)26Mg 0, = — 9479.84+2.7

27A1(d, 3He)25Mg Q= — 2779.24+2.8

28Sj(n, SHe)25Mg Q.= —12135.143.5
REMARKS

Angular dlStI‘lbutIOIl measurements of protons from the “’DMg(d p)%\Ig
reaction limit the spm and parity of the 2.94 and 2.94 MeV levels to 2+ or 3+.
These levels belong to the same isobaric spin triplets as the 3.16 and 4.18 MeV
levels of 26Al, with /= = 2+ and 3+, respectlvel y. The J= = 2+ assignment to
26)Mg* = 2.94 MeV is strengthened by the’ observatlon of a ground-state y
transition.

The Jr=2* a531gnment to 26Mg*(1. 81) found from the unique second-
forbidden character of the 26Al(f+) transition to this lewel (see 26Al, reaction
A (a)), is in accordance with the /7 = 2+ assignment to the analogous level
at 2.07 MeV in 26AL

For a jj-coupling computation of the excitation energy of the first 26Mg
level, see Th 56.
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26A1
(Fig. 26.2, p. 79; table 26.3, p. 80)

A, (a) PAl(B¥)2°Mg 0, = 4014.0£4.9

Measurements of the specific activity of bombarded magnesium samples,
with mass-spectroscopic analysis, yield a half-life of (7.3840.29) X 10% yr
(Ri 58b), (8+2) x 105 yr (Fi 58a), in agreement with earlier less accurate
estimates of the half-life following from the 26Mg(d, n)?¢Al yield (Si 54), the
comparison of the 26Al and 2Na yields from deuteron bombardment of Mg,
and from the same comparison for proton bombardment (Ri 58b).

The B+ branching fraction of the 26Al decay is (84.6 1-1.8)%. The g+ decay
entirely proceeds to 26Mg* = 1.81 MeV (Ri 59). Scintillation-spectrometer
determinations of the A+ end point yield: 1.16040.008 MeV (Fe 58a),
1.174+0.05 MeV (La 55); log ft = 14.17. The unique second forbicden shape
of the 8+ spectrum (La 55, Jo 57, Fi 58a; Fe 58a) determines J» = 2+ for
26Mg* == .81 MeV (J~ = 2+ or 3+ follows from 25Mg(d, p)?®Mg angular distri-
bution measurements), and J* = 5+ for 26A1(0) (/ < 5 and even pari.y follow
from shell model considerations). The energy of the y ray de-exciting
26Mg#(1.81) is 1.764-0.10 MeV (La 55), 1.82 MeV (Ha 55b), 1.8440.01 MeV
(Fe 58a), 1.834-0.03 MeV (Ri 59); this y ray is coincident with positons (Fe 58a).

The electron-capture branching fractionis(15.4 +-1.8) 9, of which (11.4 +-1.9)9,
to 26Mg*(1.81) and (4.04-0.3)9, to 26Mg*(2.94). The EC branch to 26Mg*(1.81)
has log ft = 13.33 (Ri 59; see aiso Ja 61, Fe 58a), and the branch to 26Mg(2.94),
log ft = 13.0.

The 2.94 MeV level mainly (919,) decays to 26Mg*(1.81) by a 1.1240.03
MeV (Ri 59), 1.104-0.05 MeV (Fe 58a) y ray. The 99, direct ground-state
transition has E, = 2.96+0.05 MeV (Ri 59). An observed 0.7 MeV y ray
(Ha 55b, Jo 57, Fe 58a) is instrumental (Fe 58a).

(b} 26AIm(8+)26Mg 0, = 424346

Eight half-life determinztions, ranging from 6.28+0.04 sec to 6.74--0.03
sec, yield a weighted mean 7, = 6.4740.06 sec (Ka 51, Ha 54a, Hu 54b,
Ar 58, CI 58, Mi 58, Mu 58, Ja 60a).

The #* spectrum is simple and the Fermi plot is straight (Ka 55, El 55).
The g+ end »oint is 3.204+0.05 MeV (Ka 55), 3.2140.03 MeV (El 55), 3.2+0.1
MeV (Ha 5{4); log f¢ = 3.3. The f¢ value of this super-aliowed 0+ — 0+ transition
has been used to determine the vector-interaction constant C, (En 54c, Ka 55,
Va 58d; corrections Ge 58a, Du 60).

An upper limit of 0.01%, is given for a potential branch to 26Mg* = 1.81
MeV (Ma 55). ) .



ENERGY LEVELS OF LIGHT NUCLEIL It

P, P =X Y

1938.] 817
1808~ 1883 1898
1832 1832 1
1788~ 1.
1713 1713 :zg;
1838 s%%‘; 283 -7
1.374 =4 R B S — — —_—
1198 1237 g g 3
1188 = 1148 - vesll I ;'334741 2 le3He -a
coen] 10268 V
0929 ff, 1
0.811 g 200
& 687
uw
0436 672@3 [ (y
03183~ _e% 654 3
,.3%6.4
6301 ===
#Mg+p = ==SS25S |
2%Mgs°He-p
| 524 (1]
505 (6002155 S
2gi 215 3 !
Tod
. I ;’H#z Tai 4_! 27§
3' i il [ 50— ESMQOd-ﬂ
ﬁl‘
1 4 i &
2367 - N HrHaR iz o =
1L (2.
2'51 L T
75' ] -
285ied-a ;_L' i N
}
§
. @85s 9 ]? 1 QU ¥a1 22 820 1326~
EC. 40°%, g 25— 1298
v 26
EC, 11.4% Ag 24“053,
B 848,180, Jb?’ﬂoc'
1) 2 a
/
I l ’
0 ‘lo p 4 ’: <QO1%
181 59| fa 100 %; 329
34
&3 -
-%Eﬁ.___
L de-N
=
T - i
-4014 Mg ep-n

2oMg PRt %

Fig. 26.2. Eneigy levels of 28Al,

-él%Qﬁ;L,
2’Alov-n

2641




2641

p. M. ENDT AND C. VAN DER LEUNW

30
TaBLE 26.3
Energy levels of 28Al
£ ; Deca Reactions
(MeV L+ keV) Ju T i y
o 5+; 0 (7.38 +£0.29) x 10° yr g+, EC many
0.229 - 3 0+;1 6.47 +0.06 sec g+ many )
0.4180~ 1.4 3+, 0 (1.2310.95) x 10 sec ¥ B,C,D, K, L, M, N
1.059 + 2 1+; 0 ¥ B,(E, D, 1, L,’M N
1.760 — 3 2+, 0 y B,C, D, M, N
1.852 + 3 (2,3)* y B,C,D,M,N
2072 £ 3 2+ y C,D,G L, M N
(2.69 -=30) 2+;1 y D
2367 = 3 2,3-:0 y B,C,D,M,N
2547 = 4 y B,C,D,L,M,N
2.662 = 4 B,C,M, N
2.740 ~ 5 B,C,M, N
2915 = 5 B.C.M N
3.074 = 5 B,C,M,N
3.159 £ 5 2+; 1 y C,D, M, N
3.405 + O C,M, N
3.507 = 75 C, M, N
3.594 -~ 7 C,M,N
3.675 —10 p C,D,G,M
3.719 - 10 M
3.746 —10 p C,D,M
(3.918 -—15) C,M
3.962 --10 C,M
4.191 =10 3+: 1 y C,D,M
4202 10 C,M
477 10 CM
4.541 =10 C,M
4.595 =10 9+: 1 y C DM
4613 =10 C.M
4.699 =10 CL
4.766 410 C M
4935 +10 C M
5.002 410 : , cM
5126 +10 'y CD.GM
s1a <10 ® ..o
5.238 +10 | W, C.DM
5.390-6.544; 27 levels, see table 26.3 and reactions ¢M
6.605 - 5 3- ” C DM
6.676 — 5 (3) v DM
6.720 + 3 4(+) " CDM
6.778 + 3 y C DM
6.783 1 5 ; C DM
6.797 = 5 y D
8.812 + 5 4 C Dby
6.815 = 5 . e
6.836 = 5 4 >
§.843 = 5 (4 .:, . -
6.849 + 5
L5 14 C,D.M
ST it 42 Je y C.D,M
6 931-8.165; » D,

42 levels, see tables 26.4a and b and reactions

©
!
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B. Na(e, n)2°Al 0, = —29714.5

The angle cut-off of neutrons at the E, := 349243 keV resonance yields
Qo = —2969+4 keV (Wi 60). The threshold for slow neutrons, Q = —2.9 0.2
MeV, and for g+ emission, § = —3.2 MeV, indicate that the 0.23 MeV level
is a p* emitter. Thresholds for slow neutrons, and the energies of neutron
groups indicate 26Al levels at 0.3, 1.0, 1.4, 1.8, 2.5, and 2.9 MeV, all £0.2 MeV
(Do 56).

See 27Al for rasonances.

C. #Mg(3He, p)2¢Al 0, = 5914 +5

Magnetic analysis at E(®He) = 5.8 MeV yields the excitation energy of
about 70 levels, see table 26.5; Q, = 5.928 +0.015 MeV. A level at 2.09 MeV
(see reaction D) has not been found (Hi 59b).

D. 25Mg(p, y)%8Al Q, = 630145

Resonances observed in the y and/or g+ yield and the resonance strengths
as found from the thick target y-ray yields are listed in tables 26.4a and 26.4b
(enriched targets: Pr 61, Ba 59b, Ku 59a, Wa 59a, Bi 58a, Va 58d, Gr 56e,
Hu 55, K1 54; also Ny 60, Ka 55, Ta 54b; natural Mg targets: An 59b; also
Sm 57, Ta 46, Cu 39). The branching of the y decay to the 26Al ground state
and first excited state varies from resonance to resonance with corre.ponding
large variation of the §*/y ratio; no f$* emission has been observed at the
436 and 956 keV resonances. The excitation energies of the corresponding
26A] levels (tables 26.4) have been calculated using the weighted mean values
of the resonance energies. The resonances of which the y decay has been analyzed
are indicated (with references) in the last cclumn of the tables 26.4. Prominent
modes of decay of both resonance levels and lower lying states of ¢Al are given
in fig. 26.2. Strong direct transitions to the 26Al ground state have been ob-
served at the 436, 1026, 1046, 1086, 1150, 1163, 1374, 1589, 1652, and 1724
keV resonances (K1 54, Bi 58a, Mu 60, Pr 61). The first level at 0.23 MeV is fed
directly at the 929 keV resonance only (Gr 56e).

The existence of several levels proposed to explain the decay spectra of
26A] resonance levels (K1 54, Gr 56e, Br 56i, Bi 58a, Mu 60), has been confirmed
in the experiments listed in table 26.5 (Br 59a, Hi 59b, Ta 60b). The proposed
doublet character of the 2.07 MeV level (Gr 56e), however, has not been
confirmed. It has been shown that this doublet character is not strictly necessary
to explain the observed y-ray spectra. An alternate solution could be: direct
transitions to 26Al* = 5.196 +0.025, 5.27 4-0.03, and 5.606 +-0.025 MeV at the
811 and 956 keV resonances (Ba 60b). In the excitation range of the proposed
levels at 2.32 MeV (decaying to the ground state, Gr 56e) and 2.39 MeV (not.
decaying to the ground state, Bi 58a), o.ly one level has been found: 26Al%=:
2.367 MeV (see table 26.5).
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TABLE 26.4b
Resonances in #Mg-+-p (E, > 980 keV)
E, (keV) 26A1% Relative ['c References
An 59D Bab9b  Drol  (MeV) intensity®(keV) 4 D' eca
y y-cecay

(985 +1 ) 986 -3 987  7.248 18 38 2= yp, b, d, e, 1
1026 -1 1029n 1028 7.287 » g, f
1042.6 +6.6 1045 +3 1046 7.304 22 ¥y b, d, £
1070 +3 7.330 b
1084 +2 1085 +3 1086  7.343 18 (2.4, 1.7) (2,2~ ¥ Po b, d, f
1104.74+1.3 1100 +3 1105 7.362 v d, £
1136.1+1.0 1137h 1138 7.393 v d, £
1148 -3 1148 43 1150 7.405 23 1.9 1~ Y Pe a, f
1163 +2 11660 1166 7.419 " af
(1184 +3) 1185h 7.439 )P d
11952007 1196 =3 1197  7.450 17 2 Py d4f

12080 1207 7.462 oY d, f
1236.9-+0.8 1241 -3 1240 7.491 25 2 Po d, f
1283.4+0.6 1288 +3 1285 7.537 20 v d, f
1303.94-0.5 1310 -3 7.555 35 o a
(1352 +3) (7.601) ”
13735425 1377 =3 1377 7.622 48 v D a, t

1432 L5 7.678 9 y

1531 -4 1527 7.771 10 Y P da,f

1573 +4 7.814 42 ¥

1592 +5 1589  7.831 24 P, T

1638 --4 1634 7.874 32 ypipe &f

1652 -4 1652 7.889 1 ay d, f

1701 7.936 7 t

1713 44 1717 7.946 100 Jpips 1

1724 +4 7.959 100 Y P d

1748 413 7.082 40 7D a

1768 14 8.001 90 ypip: O

1832 L5 8.063 130 P p: @

1898 +35 8.126 600 YP1p: 9

1938 -5 8.165 1200 o} d

& Resonances in the yield of capture y rays or §+ activity are indicated by y; resonances for
elastic scattering by p,, and resonances in the vield of the 0.58 and 0.98 MeV 3 -ays by p,
and p,, respectively.

b Ka 55.
¢ Pr 60.
d Bi 58a.
¢ Ny 60.
t Pré6l.
g Ba 59b.

3 Bi 58a; these resonances have not been reported in Ba 59t.

Some y-ray energies, measured with an accuracy comparable to that of the
level differences from other reactions have been used in calculating the excita-
tion energies given in table 26.3: E, = 4184-2 keV and 82746 keV for t..e
transitions (2) — (0) and (3) — (1), respectively (weighted mean of En 54c,

Ka 55, Mu 60).
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Most of the spins of 25Al excited states, as given in fig. 26.2 and table 26.:";,
Lave been found from y-ray angular distribution measurements (Gr 5.6e, Mu 60).
Spin and parity assignments to 26Al* = 1.06 and 2.37 MeV, pro?)ably J? = 1+
and (2,3)-, respectively, from intensity considerations. Isobaric-spin assign-
ments from comparison with the 26Mg level scheme. The odd parity resonances
predominantly decay either to T = 0 or to T = 1 levels, in accordance with
the EJ isobaric spin selection rule for self-conjugate nuclei, 4. = +1{(Gr 56e).

rom delayed y—y coincidence mzasurements the half-life of 26A1* = 0.42 MeV
has been determined as 7, = (1.2340.05) % 10-? sec (Go 60f).

E.  25)g(p, n)?%Al Qn = —50444-6 E,=63014+5
Resonances have been observed at E = 5.47, 5.80, 6.02, 6.31, and 6.49

MeV. They might, however, also be assigned to 26Mg(p, n)2%Al= (Bl 51).
See 25A] for threshold measurements.

F.  #Mg(p, p)**Mg E,=t301+5

The differential cross section for elastic scattering, measured. at three
resonances, yields the J» vaiues and widths given in table 26 4b {Pr 60).

Inelastic proton scattering to 25Mg* = 0.58 and 0.98 MeV, observed by
v-ray cetection, suows 15 resonances in the range E, = 1.184-2.0 MeV; cee
table 2t 4F (Bi 58a). At the 1185 keV resonance, the decay proceeds by at
least 999, through the 25Mg(p, p’)2*Mg reaction to 23Mg*(0.58), but pcsitons
have also been observed (Ka 55).

In the range £, = 1.5-3.0 MeV, the inelastic scattering cross section shows
more than 20 resonances (not tabulated). For E, > 2.3 MeV, several resonances

fr inelastic scattering to 25Mg* == 1.61 and 1.96 MeV have been fourd (Go 56).
For non-resonance data, see 25Mg.

. 25)Mg(d, n)26Al O, = 4076 +5
Observed, Sw 50.
For resonances, see 27Al.
H. 28Mg(p, n)2eAl Q, = —4796.7+4.9
26Mg(p, n)2¢Alm @, = —5026 -+6

A slow-neutron threshold has been observed at Ep = 5.2004+0.010 MeV
(also: 5.2040.01 MeV, Sc 54b), corresponding tc¢ Q = —5.0064+0.010 MeV.

The threshold corresponding to the 28Al ground state has not been found (Ki55a)
Resonances, see 27Al,

I 268j(pr)20A] Qn = 505080
See 265,
J. #Alfy, n)2Al Qp = —13069+5

The threshold for neutron emission has been measured as 12.98+-0.08 MeV
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(Ch 58), 12.7540.20 MeV (Sh 51a). The threshold for production of 2¢Alm
activity as 13.26 4-0.07 MeV (Ge 60a; see also Mc 49, Ha 54a).

Excitation curves have been measured up to E, = 85 MeV (Ba 61a, Pr 6la,
Ch 60a, Fe 58, Mi 59, Ea 54a, En 54a; also Mo 55, theory). Neutron groups
have been observed at E, = 24 and 30 MeV (Co 59d). Neutron angular distri-
bution, Ku 59b.

K. 27Al(p, d)2Al 0, = —10844 15

At E, = 18 MeV, the angular distribution of deuterons proceeding to one
or more of the three lowest 26Al states, corresponds to /, = 2 (Re 56, alsc Se 56).
Deuteron energy spectra at various angles at E, = 23 MeV, Co 59.

L. 2Al(d, t)26Al Q. = —6811+5

At E; = 20 MeV, the angular distributions of partly resolved triton groups
yield the /, values listed in table 26.5 (V1 59; see also Go 60e).

M.  2Al(He, )26Al 0, = 750845

Magnetic analysis at E(3He) = 5.8 MeV yields seventy 26Al levels, listed in
table 26.5; Qp = 7.523+0.015 MeV. The 2.09 MeV level (Ka 55, Gr 56e) has
not been found; if the members of the 2.07-2.09 MeV doublet are equally
excited the spacing would have to be less than 4 keV (Hi 59b).

At E(®He) = 5.2 MeV, angular distribution measurements yield ¢, values
for the ground state and nine lowest excited states (see table 26.5);
Qo = 7.51940.015 MeV (Ta 60Db).

N.  2Si(d, «)26Al Qn = 1420.744.2

Measurements at several deuteron energies in the renge E; = 5.5-7.5 MeV,
yield the excitation energies of 16 levels, see table 25.5; Q, = 1.428 4-0.004
Me'V (see also Ma 60e, O, = 1.4104-0.012 MeV). The angular distributions of
the groups leading to 26Al1(0), (1), and (2) were obtained at E; = 7.03 MeV'.
At this energy the total yield of the isobaric-spin forbidden reaction leading
to “8Al(1) is 109, of the yield to 26Al{0). The second T = 1 level could not be
obszarved; the group to the 2.07 MeV level is strong (Br 59a).

For resonances, see 30P,

0. Not reported:

2Mg(a, d)2°Al 0, = —12438.9£5.0
25Mg(3He, d)26Al Q.= 808 +5
25Mg(e, t)26Al Q, = —13512 45
26Mg(3He, t)26A1 0, = — 4032.2+4.9
28Gi(n, t)26Al 0, = —16167.3+4.3
28Si(p, 3He)28Al 0, = —16931.8+4.2

29Gi(p, a)28Al Q, = — 4832 +5
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the super-allowed g+ transition to 26Al1(0.23) (log ft < 3.7) yields J= = (0,1)+
for the 1.06 MeV level. De-excitation of this level to the J* = 0+, 0.23 MeV
level then uniquely determines /= = 1+ for 26Al* = 1.06 MeV.

B. Mg(3He, n)26Si Q. = 80480

At E(®He) == 5.52 MeV, three neutron groups have been observed, corres-
ponding to @y = 0.08+0.08 MeV, and to 26Si* = 1.7840.06 and 2.794-0.08
MeV. The angular distribution is peaked in the forward direction for the
neutron groups to 26Si* = 0 and 1.78 MeV, and is isotropic for the group to
265i* = 2.79 MeV (Aj 60).

\\
\1

279

178

26 ¢ : 24Mg+>He-n
Si 21s
% 2myc?

1059 1* —B; <50°%

By >50%
0418 3
0229 ' __OF

= -505
2%l

Fig. 26.3. Energy levels of 2651,

C. Not reported:
28Si(p, t)285i 0, = —22000 80

REMARKS

The close correspondence of the excitation energies of 265i* = 1.78and 2.79
MeV with those of the lowest two levels of the mirror nucleus 26Mg (1.81 and
2.94 MeV) suggests a J* = 2+ assignment to both levels (Aj 60).
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27Mg
(Fig. 271, p. 88; table 27.1, p. 89)
On = 2617.94+4.0

. 27l\1 - 27‘,\1
: e Tk 43, Sa 53, Da 53, Lo 53

The weighted mean half-life is 9.46 +0.02 min (

Po 59). 6
145
0'tc»'t
=
6 } 7 Lmj
e = 1 —_—
Q.30 p ©. _ Y 2
437 _ 1626 orter
26[\/ig +N 1 %g
p
T
| 4212
388 26\ g+d-p
376378 32—t \
| 342 347 348 =, !
311
194
169 \
0984 \ , ”
65 ]
[ 121 5
27
Mg 946 m L
Pz 31%; 1502 1 W
—— B; 69%,; 1754 1
1013 3/2*
T . -1.835
T 2Alsn- p
b s -2318 2600 | f

27 2 :
A Al+t-"He 4213
E‘F”OSi-»n —a%

Fig. 27.1. Energy levels of "Mg.
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A 589, (see, however, below) branch, end point 1.754+0.011 MeV, proceeds
to 27A1(0.842); the energy of the coincident y riy has been measured as
83448 keV; iog ft = 4.75. A 429, branch, end point 1.59210.022 MeV,
to 27Al1(1.013), is coincident with a 101547 keV y ray; log ft = 4.87 (Da 54a;
see also Ma b54a).

The branching ratio reported above, is inconsistent with two independent
measurements of the relative intensities of the 842 and 1015 keV y rays, 70:30
(Ly 56, Mo 61). A 175415 keV y ray has been observed (relative intensity

TasLE 27.1

Energy levels of #?Mg

E
(MeV ,—i’:‘keV) J* yor I’ Decay Reactions

0 4+ 9.46 -0.02 min B-
0.984L 5 (2, $)
1.6924-10 (2. 3)*+
1.936+10
3.1091+10
3.423410
3.470+10
3.484+10 3+
3.555+ 10 % 3)-
3.157+10 8, 3
3.7824.10
3.8804-10
4.1464-10
4.3944+10
4.549+10
4.763+10
4.8164-10 4, 4
4.9824+10
5.017+10 3 3)~
5.169-6.643; 17 levels, see table 27.2 and reaction
6.7124+10 i~ > 75 keV A
6.807-7.031: 6 levels, see table 27.2 and reaction
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0.66%,), indicating a 2.2%, decay of the 1.013 MeV level to the 0.842 MeV level
in 27Al (Ly 56; see also 27Al). These y ray measurements imply a (69-£2)% f-
branch to 27Al(1) and a (31 4-2) %, branch to 27Al(2).

A reported ;.- branch to the #Al ground state (Da 53) has later been shown
to be absent (Da 54a, Ma 54a, Ko 54a).

Calculation of the matrix elements of :he observed - transitions, Fe 55.
B. 25Mg(t, p)¥Mg 0, = 9052.1:-4.0

By magnetic analysis at E, = 5-6 MeV, levels in 2?Mg have been observed
up to E, = 7.03 MeV, see table 27.2; @ = 9.045 +0.012 MeV (Hi 61h).
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C. 2Mg(n, y)*"Mg 0, = 6437.11+3.1

The thermal neutron capture cross section is 2745 mb
cross section at higher E, see Hu 38.

Gamma rays from thermal neutron captur
925.4. The *"Mg capturing state decays to “Mg*

Gr 58c). .
At E, = 14.5 MeV, the 0.85--0.01 and 1.0140.02 MeV p rays of 27Al have

(Hu 58). For the

e in natural Mg are listed in table
= 9 and 0.98 MeV (Ca 57b,

TaBLE 27.2

Levels in 27Mg from the 28Mg(d, p)*’Mg and 25Mg(t, p)?"Mg reactions

Mg(d, p)”Mg  **Mg(t, p)"Mg L@ p) ‘ . **Mg(t, p)*"Mg
Hi 61h T “H . el (2] +1)6," x 10%8 Hi 61h
Ho 15 a :
- — - Hi 58 Pa 61 E; = 5~
Eq = 3-8 Ey=56 . _g 89 18MeV ‘(MeV)G

(MeV) (MeV)
0 0 0 0 0 45 417 (5.169) 6846
0.982b 0.981 2 2 2 48 43 | 5.292 6.612
1.694 1.690 9 26 | 5.365 6.978
1.u39 1.934 ‘ 5.405 7.007
3.108 3.112 \ 5.618 7.051
3.420 3.426 5.742
3.470 3.471 \ 5.762
3.485 3.483 )0 0 40 b L 5817
3.356 3.554 1 1 140 65 5.922
3.736 3.758 . . 6.005
3.782 3,782 2 2(+0) 90 55 6.074¢
3.879 3.880 » 6.122
1.147 4.145 2 6 6.152
1.391 4.308 6.306
£.5348 4.550 6.327
4.759 4.767 6.499
1817 4.816 (1) 1 2} 6.643
1.082 4.982 6.712
5.017 5.016 1 1.3 6.807

all = 10 keV | all 4 15 keV

& The Hi 38 angular distribution measuremnents have been analyzed in Ma 60d. The relative reduced

b Also 0.987:£0.006 MeV (En 52), 0.978-:0.012 MeV (Ja 6la)
¢ With 7, = 2, 8,2 = 0.026 (Pa 62). '

been observed from bombardment of natural Me, indicat; 26N
(De 60). g, indicating capture in 28Mg

D. )y )26)
Mg(n, n)*Mg E, = 6437.1+3.1

A resonance has been found at E. a 300 k
n ot eV; r 5 e Jm — L~ [ .
For non-resonance data, see 26Mg > TokeV; J7 = 4~ (Ne 5%)

wi{dths given in Pa 61 have been normalized by making the average value of the widths at the 0,
0.98, and 3.47+3.48 MeV states equal to that in Hi 58, Ma 60d.
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E. 28Mg(d, p)¥Mg O = 4212.343.1

The ground state Q0 value has been measured as Q, = 4.207 +-0.006 MeV
(En 52), 4.2154-0.010 MeV (Ma 60e), 4.2134+0.012 MeV (Hi 61h).

Magnetic analysis at Eq = 5-6 Me'/, yields 19 proton groups; see table
27.2 (Hi 61h). See also Am 52.

Angular distribution analysis yields the /, values and reduced widths listed
in table 27.2 (Pa 61, Hi 58; also Ho 53). For a theoretical discussion of the
reduced widths given in Hi 58 and Ho 53, see Ma 60d.

Discussion of the ratio of stripping to compound. nucleus formation, Ne 56.

F. %Al(n, p)*Mg O, = —1835.3+4.0

At neutron energies of about 14 MeV, proton groups have been observed
to 2Mg* = 0 and 1.66 MeV (Ja 60); to 0, 1.0, 1.6, 2.1, 2.8, and 3.5 MeV (Ov 59),
and to 0, 1.9, 1.6, 3.5, 5.7, and 7.0 MeV (Ha 57a). The angular distributions of
these groups have been measured (Ha 57a, Ov 59). See also G1 61, Ha 61, Na 61,
St 60a, Ma 58g, Co 59c, Co 58e, Co 57d, Br 57e, Al 57a.

For cross section and resonances, see 28Al.

G. PAl(t, ®*He)*"Mg Qn = —2599.84+4.0
Observed at E, = 6.5 MeV (Po 52b).
H. 3Si(n, «)*"Mg 0, = —4213+5

Cross section at E, = 14.5 MeV, Pa 53.
I.  Not reported:

26Mg(t, d)>"Mg On = 179.4+3.1

26Mg(«, 3He)*'Mg Qn = —14140.143.1

23Si(n, 3He) Mz Q, = —14175.84+4.9
REMARKS

For a theoretical discussion of the 27Mg level scheme in terms of the Nilsson
model, Bi 60.

27Al
(Fig. 27.2, p. 94; table 27.3, p. 92)
A.  ®Na(x, n)26Al 0, = —29714+5 E, = 10098.0--2.3

Resonances have been observed at E, = 349243 keV (I" << 1 keV), 3536,
3583, 3607, 3655, 3787, and 3832 keV, all 5 keV, corresponding to 2’Al levels
at 13.073, 13.110, 13.150, 13.171, 12.212, 13.224, and 13.362 MeV (Wi 60). See
also An 60c. '

For Q value and 26Al levels, see 26Al.

B. 2Na(x, p)2Mg Q, = 1825.7+2.7 E, = 10098.0+2.3

Partially resolved resonances in the 1.81 MeV y-ray yield, observed in the
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TAaeLE 27.3

Energy levels of #7Al

Ex Ja
(MeV L keV)

Tm

Decay

Reactions

0
7.8424
1.013
2.212
2.731
2.976
3.000
3.674
3.951
4.052
4.403
4.504
4.576
4.805
5.149
5.240
5.410
5.424
5.481
5.543
5.659
5.745
5.821
5.951
6.074
6.154
6.264
6.527
6.596
6.764
6.812
6.989
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TaBLE 27.3 (Continued)

E

(MeV :{’:‘ keV) J® Tm Decay Reactions
13110 + 6 n A

13.160 + 6 np  AB

13.171 4 6 n A

13.212 + 6 n A

13.32¢ + 6 n A

13362 + 6 n A

13.5 P F

(18.07) n D

E, = 1.8-3.7T MeV range, correspond to 27Al* = 11.75, 11.91, 12.07, 12.23, 12.27,
12.34, 12.46, 12.68, 12.71, 12.78, 12.84, 12.87, 12.99, 13.07, and 13.14 MeV

(Te 54).
For non-resonance information, see 26Mg.
C. i4Mg(x, p)¥Al QOn= —15945+1.1

At E, = 8.4 MeV, proton groups have been observed to 27Al* = (, 0.85 +0.04,
1.064-0.04, 2.17+0.04, and 2.64+0.10 MeV (Gr 47; see also Br 55b).
For resonances, see 28S;.

D. 25Mg(d, n)26Al Q, = 4076 +5 , = 171451422
25Mg(d, p)26Mg On = 8872.74+27 E, =17145.1+22
A resonance at E, = 0.96540.015 MeV has been observed from natural
Mg target bombardments. Assignment to 25Mg yields 27Al* = 18.07 MeV
(Al 48a). Assignment to 2¢Mg, however, seems more probabie.
For non-resonance data, see 26Al and 26Mg.

E. 2Mg(p, y)¥Al Q, = 8272.442.8

Resonances in the y-ray yield are listed in table 27.4 (enriched targets:
Ru 54a, Hu 55, Ba 59b, Ku 59a, Wa 59a: natural Mg targets: An 59b; see
also Sm 54). The corresponding 27Al excitation energies have been computed
using the weighted mean values of the resonant proton energies. In the range
Ep = 0.8-2.36 MeV, 35 resonances (not tabulated) have been observed (Al 57).

The decay scheme of the 338, 454, 661, and 719 keV resonances is given in
fig 27.2. Measurements of the y-ray spectra, angular distributions, and y—y
coincidences yield the strenghts of these resonances, the spin of the resonance
levels (table 27.4), and of the following lower levels: 2’Al* = 0.842 MeV,
J=1%;2212 MeV, [ =(3); 2.731 MeV, J = §; 2.976 and/or 3.000 MeV, J = §;
3.674 MeV, J = 1; 4.052 MeV, J = }. The energies of the y rays de-exciting
27A1(1) and (2), are 84046 keV, and 1012 4-8 keV, respectively (Va 56d).

The 648 keV resonance decays to 27Al(0) and, indirectly, to 27Al(1); J* = (})
{No 6la). At the 809 keV resonance, angular distribution measurements of
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TABLE 27.4

Resonances in 26Mg(p, LN

Inten-ity
(relativ>)

Ep® AL In r,r,r Ep® 277]#

(keV) (MeV) (eV) (keV) (MeV)
292.3.. 0.7¢,d 8.554 12510400 94757
338.3~ 0.1b.c.def 8598  3-LI 04 L0.1m 12894450 9514
4535— 0.1b e, die,t 8709 }(9)! 1.4 L0.3m 14174400 9637
647.5+ 0.8D 8.896  i()k K 145241, b 9,671
661.1+ 0.4D. ¢, d,1 8909 A+! 0.7 L02m 1554 4-4h 9.769
71854+ 1.2¢1 8965  §(+))  0.21+0.05m | 158814h 9.803
809.0+ 0.4b.c.t 9.051 3l 1 . 16151 4h 9.828
838.8+ 0.50. ¢t 9.080 1637 14h 9.849
954 +10f 9.191 | 1725140 9.933
989 -+ Th & 9.225  (])+& | 173544n 9.943
1015 -+10! 9.250 1759 L 4h 9.960
1056 -10f 9.289 | 1786 L 5h 9.992
1172 +10f 9.401 | 18231 5h 10.028
I 1882 5h 10.085

| 190050 10.102

10
70
140
70
140

d.0)
110
50
95
a5
190
110
145
135
180

(An 59a, Ku 59a, Wa 59a, Hu 55) are in excellent agreement.

b An 59a.
¢ Ku 59a.
d Wa 59a.
e Hu 55.
f Ru 54a.
g Al 57.
h Ba 59b.
i

2 Weighted mean values. For E| < 840 keV the energies from iour precisiorn measurcrments

The odd parity follows from the E1 character of the ¢ ray de-exciting the 338 keV resonance
to #Al(1), as determined by a polarization measurement (Hu 56).

} Parity assignments based on intensity considerations only (Va 58a).

k No 61a; the y-ray yield is about 109, of that at the 661 keV resonance.

1 Sm 59; Pyu =<0.15 eV, resonance absorption measurement.

m Va 56d.

the transitions to #7Al(0) and (2) give J = 2 for the resonance level (Sm 59).

Angular distribution measurements at some urspecified resonances yvield
J =4 for #¥°Al(2), and very probably, J = 1 for ?7Al(1). The 2.731 Me\ level
mainly (> 909,) decays to #7Al(2). Angular correlations m¢asured at the 989
keV resonance are in agreement with J* = I+ or §+ for tl.e resonance level
and J* = 3+ for the 2.731 MeV level. The {* assignment to ‘he resonance is
favoured because no direct transitions to 27Al(1) and (2) have been observed;
their intensity is at most 3%, of the ground-state transition (Al 57).

F. (a) **Mg(p, p')**Mg
(b) *=Mg(p, n)2*Al"

(a) At E, = 2.9 and 3.8 MeV, resonances have been observed i the yield of
the 1.81 MeV y ray, and at E, = 4.4, 4.95 and 5.45 MeV in the yizld of the

1.13 and 1.81 MeV y rays (Mi 59b).

QOn = —5026+6

= 8272.4+2.3

= 8172.4+2.8
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For non-resonance data, see “6Mg.
(b} Resonances at E, = 5.47, 5.80, 6.02, 6.31, and 6.49 MeV, observed from

the *Mg(p, n)23Al reaction, might also be assigned to the 2®Mg(p, n)?¢Alm

reaction (Bl 51).
For threstold measurements, see 26Al.

G. *Mg(d, n)’Al Q, = 6047.7+2.8

Nuclear emulsion work at E, = 1.47 MeV gives 27Al levels at 0.88, 1.92,
2.75, 3.65, 4.33, 5.32, and 5.81 MeV, all +0.07 MeV (Sw 50). At E,= 1.0 and
6.0 MeV, levels have been found at 1.0, 2.3, 2.9, 6.8, 8.2, 9.5, and 10.0 MeV.
Angular distribution measurements yield /, =0 and 1 for the 6.8 and 8.2 MeV
levels. respectively (Tr 56).

H. ¥Mg(f-)¥Al Q,, = 2617.94+4.0
See 2'Mg.
I, 2Al(y, )?7Al

Resorance absorption raeasurements yield a meanlife r,,= (4.11%3) X 10-1sec
for ¥Al* = 1.013 MeV (Va 60a; see, however, reaction L, Me 60b), and
T, = 3.5 X 10-% g,/g, sec for ¥Al¥ = £.21 MeV, where g, and g, "we the sta-
tistical weights of the ground state and the 2.21 MeV level (Bo 61).

J.  27Al(y, p)2Mg 0, = — 8272.4+2.8
27A1(y, n)26Al 0, = —13069 45

The total absorption cross sction in the range E, = 10-30 MeV does not
show a resonance fine structure. The peak cross section, at E, = 20 MeV, is
larger than the sum of the (y, n) and (y, p) cross sections (Zi 60; see also Mi 59).
No resonance structure has been found at E, = 20-20.5 MeV {Ca 60).

K. 27Al(n, n")ZAL

Gamma-ray energies and intensities from inelastis neutron scattering have
been measured by scintillation counter. The weighted mean values of the
reported y-ray energies are E, = 0.166+0.003, 0.84240.005, 1.02140.006,
1.7274-0.015, and 2.2094-0.007 MeV (IDa 56¢c, Ro 55a, Ho 59a, De 60, Mi 59c,
Pa 58b, Cr 56a, Gr 55d, Ki 54, Sc 54d; see also As 61, Mo 56c, Ra 55, Pa 55,
Ga 53a). Tae three first mentioned y rays are ground-state transitions since
the prnduction thresholds are equal t¢ the y-ray energies (Ki 54). The 0.166
and 1.73 MeV gammas correspond to the 1.01 - 0.84 and 2.73 — 1.01 MeV
transitions, respectively. Gamma rays »f 1.19 MeV (Sc 54d, De 30), 1.33 MeV
(De 60), 1.40 MeV (Mo 56c), and 1.91 MeV (Ro 55a) have not been found in
other experiments. At higher neutron energies y rays of 2.72 MeV (Mo 56c)

indﬁfiﬂ £0.08 MeV (Gr 55d) have been reported. See also Ra 55a, An 60d,
As 61,
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Cross section for inelastic scattering, Hu 58, Ma 57, Ma 58f, To 59. Elastic
scattering angular distribution, Li 55a, Be 56, Do 56a, La 57b, Na 57, Be 58b,
Co 58b, Hi 58a, An 59a, St 59, St 59¢, Yu 59, Lo 60.

For resonances, see 28Al.

L. #ZAlp, p)¥Al

Levels derived from the observation of proton groups are listed in table
27.5 (Do 53, Br b54b, Va 57d, De 59a; also Sh 51, Re 52, St 52, Ba 52).

Elastic scattering angul: distribution, Wi 41, Rl 50, Bu 51, Ba 52, Gu 52,
Da 54, Hi 55, Da 56a, Ge 56a, Ki 56a, Sh 56, Wa 37, Gr 59, Ho 61a, Jo 61b.
Ta 61a; theory, Gl 57, Me 57a. Angular dependence of the polarization of elas-
tically scattered protons, Wa 59, Sa 60a, Ho 61a, Ya 60a, Ro 61c. Inelastic proton
angular distributions at £y = 5 MeV, De 5231, and at 6.6 MeV, Va 61a.

TaBLE 27.5
Levels of 37Al (MeV +keV) from the #7Al(p, p’)??Al and 2°Si(d, «)?Al reactions

®.p)*  @P)* @) @PpYd  (pp)e @2 | (@p)° (d e
0.842--3 0842 084342 0.8454 5 0.840+¢  0.837--16 5425  5.419
1.013+3 1013 1.014+ 7 101044  1.007+13 = 5.491
220524 2213 (d, )¢ 2216410  2.219+4 221 £30 | 5.5.. 5537
27274 2,732 2729 27736412 273646 274 L£20 | 5.659
29754 2.977 2.971 2.980--6 5.745
2.898-4  3.001 2992115  3.002-+:6 [ 5.821  .820
3.677  3.663 5951 5.953
3.954  3.940 Call -6 $.074
4.054  4.044 6.154
4.403 f; 6.264
4.505  4.499 : 6.527
4.576 6 596
4.807 6.764
5.150  5.145 | 6.812
5.242  b5.232 | 6.989
5.410 ' all+ 12

all+6 allt12 i

& Va 57d; E, = 2—-4 MeV; magn. anal.

b Br 54b; £, = 5.6-8.4 MeV; magn. anal.

¢ Do 53; E, = 2.3 MeV; electrost. anal.

@ Ra 58; E, = 2.4-4.4 MeV; y energies, lens spactrom.
€ De 59a; E, = 5 MeV; magn. anal.

f Va 52; Eq = 1.8-2.0 MeV; magn. anal.

g Br 3%a; E4 = 7.0 MeV; magn. anal.

Direct interaction analysis applied to the results in Va 61a, yields / = 2 for
transitions to the 0.84, 1.01, 2.74, and 3.00 MeV statec, and [ = 3 for transitions
to the 2.21 MeV state. See also Ty 58, Gu 54.

The yield of the 0.84 and 1.01 MeV y rays from inelastic proton scattering
shows 23 resonances in the range E = 1.7-2.8 MeV; see 28i. Angular distribu-
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tion measurements at 15 resonances yield J = § for 27A1(1) and J > % for
2741(2). Proton-gamma coincidence experiments indicate that the 1.01 MeV
level also de-excites via a 0.170+-0.007 MeV p ray to the 0.84 MeV level;
intensity (2.4--1.0)% (Al 60b). Angular distribution and linear polarization
measurements of the 1.01 MeV y ray, at the E; = 1.74 and 2.13 MeV resonances
vield the E2/M1 amplitude mixing ratio x = —0.3240.14 or —1.140.5
(Mc 61a).

Doppler corrected energies of the ground-state transitions from 27A1* = (.84,
1.01, 2.21. (2.73), and 2.9843.00 MeV, and the E, = 1.722+0.010 MeV
27A1(4) - (2) transition, yield the excitation energies listed in table 27.5, column 4.
Measurement of the internal conversion coefficients yields E2 for the (1) — (0)
transition, M1 for the (2) — (0) transition, and favours M1 for (4) —(2),and
E1 for (3) — (0) (Ra 58).

Self absorption and resonance scattering studies yield partial widths I
for the ground-state y transitions from #Al(2): I'y = (3.94:1.6) X 10-* &V, and
from 27A1(3): Iy == (g,/g,) (2.4--0.3) x 10-2 eV, where g; and g, are the statis-
tical weights of 27Al(0) and (3), respectively. The angular dictributicn of the
2.21 MeV radiation, and the observed partial width rule out J = } and
J7 = i~ assignments to 2Al(3). This level branches for less than 29%, to 27Al(1)
and/or (2). Comparison of the width of the 1.01 MeV level with its partial E2

width (see reaction P) yields an E2/M1 intensity ratio x2 =: 0.14-0.05 (Me 60D,
Ra 61a).

For resonances, see 28Sj,
M. #Ald, d')¥7Al

Inelasticaﬂy scattered deuterons to 27Al* = (.84, 1.C1, 2.21, 2.73 MeV, and
the 2.95/3.00 MeV doublet have been observed at various deuteron energies
between 5 and 15 MeV (ii 56b, Ha 56c, Gr 49, Ho 49, Ke 51, En 54b). The

angular momentum transfer / = 2 connected with the transitions to 27Al*

= 2.21, 2.73, and 2.98/3.00 MeV, determines the parity of these levels as even
(Hi 56b). See also Ha 36¢c, Do 60, El 60.

Elastic scattering angular distribution, Sl 59, Ci 60, Ci 60a, Ta 60e, Go 61,
Ba 614, Ig 61.
N.  27Al(°He, ®He)27Al

Elastic scattering angular distribution at E (*He) = 31 MeV, Ig 60; 29 MeV,
Gr 6:a; .5 MeV, Pa 6la.

0. .l(w, «')¥Al

Elastic scattering angular distributions, Bl 55a, Ig 56, Bl 56a, Ga 58, Ko 6la.
Inelastic scattering has been observed to the first two 27Al levels (unresolved)
at £, = 19 MeV, to 27Al* = 2.69, 4.80, and 6.87 MeV at E, = 30 MeV (Cr 60a)
2nd 43 MeV (Yn 60), and to ¥Al* = (0.841.01), 2.21, and (2.7: 43.00) MeV at
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E, = 22 MeV (Be 61c). Inelastic scattering angula. distributions at E, = 40.2
MeV, Ig 57.

Alpha-gamma coincidence experiments at E, = 22 MeV, establish a strong
3.0 — 2.21 MeV transition. This result is in accordance with the suggestion
that one of the 3.0 MeV states and the 2.21 MeV state are the /7 = 3*and i+
members of a K* = 2+ rotational band on the ground state. Ground-state
transitions have been observed from #?Al* = 1.01, 2.21, 2.73, and 2.98 and/or
3.00 MeV. The 2.73 MeV level mainly decays to 27Al(2); a 109, transition to
27Al(1) is not excluded (Be 61c).

P. 27Al4-heavy ions (4N, 180, 20Ne, 22Ne)

Coulomb excitation with heavyions at E(14N) =16.3 MeV, E(180) = 18.2 MeV,
E(*°Ne) = 23.1 MeV, E(%2Ne) — 5.2 MeV, yields partial mean lives
7,(E2) = (3.241.0) X 10-11 sec and (1.3 40.4) x 10-1! sec for *’Al* = 0.84 and
1.01 MeV, respectively (Al 59b). Also Go 60d: tm(E2) = 5.3 X 10-11 sec and
2.4x 10-11 sec, respectively.

Q. #Si(p+)2Al Q,, = 481548
See 27S].
R. %#Si(y, p)¥Al Q. = —11580.6+3.3

Cross section for 28 and 32 MeV bremsstrahlung, Jo 55, Cu 59; also Mo 55a,
Sh 61b. No activity with a half-life in the usec or misec range has tcen found
from the bombardment of natural silicon with 22 MeV bremsstrahlung (Ve 56a).

S.  2Si(d, «)?"Al Q, = 6012.0+5.6

Magnetic analysis of a-particle groups yields 27Al levels listed in table 27.5
(Va 52, Br 59a); Q, = 5.9944-0.011 MeV (Va 52),5.994 +0.012 MeV (Ma 60e).
T. 3%Si(p, «)>"Al Qn = —2377.6+4.1

Magnetic analysis at E, = 8.0 and 8.6 MeV yields @y = —2.366+0.010
MeV (Wh 60).

U. Not reported:

25Mg(t, n)’Al 0, = 10887.5+2.3
25Mg(3He, p)>’Al 0, = 11651.9+2.3
25Mg (e, d)27Al 0, = — 6700.5+2.2
26Mg(3He, d)2’Al 0. = 2779.2+2.8
26Mg(x, t)27Al 0, = —11540.3+2.8
28Gj(n, d)27Al 0, = — 9355.94+3.3
28Gi(d, 3He)27Al 0, = — 6087.5+3.3
28Gi(t, )27Al 0, = 8232.1+3.4
29Gi(n, t)27A1 0, = —11576.0+3.6
29Si(p, 3He)?’Al 0, = —12340.5+3.5
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nal collective model, with a prolate distortion for Al gives a
ive description of many of the properties of the low lying levels

g7 . . . , ) o =
of T4 1 the exception of the excitation encrgices. The 0.84, 1.61, and 2.73
MY levels, with ]_,; — %‘,' 5 and ‘l‘i»%’ rcgp(gctivcly, are the lowest three

: 2f the K= == 1+ rotational band derived from the s, shell model
- 2.21 MeV level is a likely candidate for the second member of the

E* = - ro1aticnal band based on the 27Al ground state; the required J= == i~

zssizmment nowever. conflicts with some of the experimental data (Al 60b-.
¢ ‘2 the 2.21 MeV level follows from angular distribution measure-

7 = ; ¥z 332 . Even parity for the 2.21 MeV level follows from the angular

momsniom transier in inelastic deuteron scattering (Hi 56b', and from the
= . cmzracier of the 275i(BF) decay to ¥Al* = 2.21 MeV. The strong
£2% » transition, observed from inelastic a-particle scattering, is
= with the suggestion that one of the 3.0 MeV states aud the 2.21

; ¥ * assignment to the 2.21 MeV level would explain the
STzl Traziiing i< 2%) to #Al(1) and (2) (Me 60b). See alsc Bi 60.

27Si

(Fig. 27.3, p. 101; table 27.6, p. 102)

A T my 0, = 481548

:zhted mean value of the half-life measurements, which are in rather
ment, 18 7, = 4.1940.05 sec (Su 53, Hu 54, C158, Wa 60a, Ku37a, Mi 38,
~ decay proceeding to the 27Al ground state, with end point
MeV (Ba 40, Bo 51, Hu 54, Wa ¢ 0a: see also Va 60f), is super-allowed
51, determining J7 = 3+ for 278j(0). A 109, branch, with end point
) MeV" proceeding to 2A1* = 2.21 McV has been reported {Va 60f};
- intensity of the 2.21 MeV y ray leads to a branching of (6+-3)°, (Pa 61d).
1= inter sty, however, would give log ft - 3.5 " |

Theintensity of potential branches to AN or (2)

o
ael
|4

is less than 0.29; (Ta 60c).
B. Mgz, n)¥Si Qu - TIO3 18

Ly 1]
. = 15 MeV (£ 1),

o
o
4
“I
x
Q.
o
=
Iy
I
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C.  *Al(p, n)¥'Si Q, = —559848

Recent measurements of the threshold give E, = 5.7924-0.01¢ MeV (Ki 55a),
5.798+0.008 MeV (Ma 55c), 5.800+0.008 MeV (Br 59f); the weighted average
yields @y = —5.590+0.(05 MeV.

2.2
I (413) _ _ _ _ _ _ _ _ _
l 380
4 354 j
28¢ ;.3
Si+"He-a
287 91
265
217
32
In
Q!%___—..LL‘L):_" -
078 L
5/20] ; ez e
27¢ ¢
Si a19s
-2mg c?
-
BT 6%;145 |
By <02% 95 |
/ By <02% L
2212 @Y Bs 94°%, 382
" = -560 -719
I f27 :
I; Al+p-n‘ 24Mg+a-n
/ -14.
08421032 28Si+p-d i

-17.18

Py —1
{"BSia-y-n Y

5/2'- 4.82

27A|

Fig. 27.3. Energy levels of *5i,

Angular distribution at E, = 23 MeV, Co 55b; at E, = 14 MeV, Hi 601.
Cross section, Ta 58, Al 61b. See also Ad 61.
For resonances, see 28Si.
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TABLE 27.6

Energy levels of 'Si

L

; Decay Reactions
(MeV -+ keV) J* i y

o3
o
o
3]
i

0 s+ 4.192-0.05 sec B*

0.782--10 3+

0.9584-10 (2, 3)*

2.165-10

2.651 +10

2.8664-10

2.908 10

3.540-£10

3.800+15

(4.13 ~20)

e L R R R R

D.  2Si(y, n)¥Si Qn = —1717949
The threshold has been determined as 16.8+0.4 MeV (Mc 49) and 16.94-0.2
MeV (Su 53). Cross section, Ka 54. See also Wa 48, Mo 55a (theorv). No activity

in the usec or msec range has been observed from bombardment of natural
silicon with 22 MeV bremsstrahlung (Ve 56a).

E. %Si(p, d)*'Si O, = —1495449
Cross section, Se 56.
F. %Gi(3He, «)*'Si Qp = 339949

At E(®He) = 5.7 and 5.9 MeV, a-particle groups have been observed to the
nine excited states listed in table 25.7; Q, = 3.405-+-0.015 MeV (Hi 59a). At
E(3He) = 9.16 MeV the angular distributions of the groups to 2'Si* = 0, 0.78,
and 0.96 MeV yield /, = 2, 0, and 2, respectively (Hi 60c).

G.  Not reported:

25Mg(°He, n)2?'Si 0, = 605448
21A1(3He, t)2°Si Q, = — 4834+8
28Si(d, t)2Si Q, = —10921+9
20Si(p, t)27Si O = —17174 48

28Mg
(Fig. 28.1, p. 103; table 28.1, p. 104)
A, Mg(B-)®BAl Q, = 183745

The weighted mean of six half-life determinations is 21.434-0.16 hr (Sh 54d,
Li 53a, Ma 53a, Jo 53, Iw 53, Wa 53).

The f- spectrum is simple and has the allowed shape (Ma 53a, Ol 54). The
end point as measured by Al absorption is 0.404+-0.06 MeV (Sh 54d), 0.3 MeV
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(Jo 53), 0.39--0.05 MeV (Wa 53); magnetic spectrometer determinations give:
0.418+0.010 MeV (Ma 53a) and 0.4594-0.002 MeV (Ol 54). Log ft = 4.4.

The energies and intensities (in photons per disintegration) of observed Y 1ays
are listed in table 28.2. The y rays y,, ys, and y, are coincident with y1; and y,

I
671.676 T
642652 654660 = 646
B *Mgst-p
565570

5:17 518 526
487
455

386401

147

O#

137, o 1e"B; 100%;044 28Mg 214 h

003 A 7{ Ny 1837

Fig. 28.1. Energy levels of #Mg.

with y;. The delay between y, and y, is quite small (7, < 2 X 10-° sec). The
conversion coefficient of y,, ax = 0.032+0.066, confirms the M1 character of
71 (Sh 544).

Gamma-ray energy and coincidence measurements indicate that the g-
decay proceeds to the 1.37 MeV level in # Al, which in turn decays through
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=ni% = 0T zmd 6.03 MeV. The isobaric-spin selection rule, excluding

G~ 2- transitions, determines J7 == 1+ for 28Al¥ = 1.37 MeV.
i ;_r~ #A] ground state and J7 == 27 for 2A1* = 0.03 MeV,

Hiies J* == O+ and 2+ for the 0.97 MeV leve’ to explain
-t this level and the observed y-ray brarching from

TasLe 28.1

Energy levels of #Mg

el E e i= Ty Decay Reactions
R i ’
¢ - 21.43--0.16 br b6 A B

jzelse R vl o=l ve e vilv Riuelex Jve v livs Bl o~ R ev it i u oo B el s

TABLE 28.2

Gamma rays from 28Mg(f-)20A1

SLau _ Was53 Iw 53 Probable
a _’i v Helin E, (MeV)  Rel. int. E., (MeV) assignment
N Y Y Ny .96 0.0322 (~ 0.70) 2Al(1) — (0)
" ;:f; :2:: ?.3‘1; 0.391+0.005  BAl4) — (2)
985G —6, 0. 3¢ 28 '
oy 1.316 ~ 6.0l 0.70 ?g; 28 :;t;‘ - ::;
f:’. n{ijp, ;;"Z 22"5 ¢
; fgit, pBMg O = 645947
At £, = 6.5 MeV, prot s 2 bes . . .
* '+ = B0 alel, proton groups have bezn observed to the levels listed in
tz2ole 281 (Hi 6ih.
€.  Not reported:

05, THe#M g

Qn = —16285

+7
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8A]
(Fig. 28.2, p. 106; table 28.3, p. 107)

A, Al(5-)28Si 0, = 4639.5 4.2

The half-life is 2.28+0.02 min (weighted mean of Ba 53a, Ek 43, Co 56,
Va 58f).

The §- spectrum is simple v.ith allowed shape; end point 2.865+40.010 MeV
(Mo 52), 2.878+0.014 MeV (O1 54). Log ft = 4.9. See also Va 58f. Each -
particle is followed by one y quantum. Determinations of the y-ray energy
with lowest stated error: 1.78240.010 (Mo 52), 1.769+0.010 MeV (Sh 54d).
References to less accurate determinations of half-life, end point, and y-ray
energy, En 54a, Na 54a. See also Ma 54a.

Resonance fluorescence yields 7, = (7.342.2) x 10-13 sec for 285i(1) (Of 59).
For comparison with other measurements, see table 28.17.

B. Mg(x, p)®Al 0, = —1201.5+3.9

At E, = 8.41 MeV, proton groups have been observed to 2Al* = 1.00-+0.04,
1.57+0.04, 2.184-0.04, 2.5440.06, and 2.96-+9.06 MeV; O, = —1.29-0.04
MeV (Gr 57).

For resonances, see 29Si.

C.  Al(n, y)2Al 0, = T723.7+3.4

The thermal neutron absorption cross section is 230 +5 mb {(Ha 53). For the
cross section at higher E, see Hu 58, Be 58e, Ko 58d, Ve 59.

A resonance in the 28A] yield has been found at £, = 40 keV, and many more
partly resolved rescnances in the range E, = 0.1-4.0 MeV (see Hu 58). Com-
parison of (n, ) and (d, p) yields and reduced widths, Gr 58b, Bo &9a.

Thermal neutron capture y rays are listed in table 28.4. The last column gives
the 28Al levels between which the transitions possibly occur The strong
7.7244-0.006 MeV y ray represents the ground-state transition. Its great interi-
sity is a notable exception to the rule that only E1 ground-state trans:tions are
intense (Ki 52b). It is impossible to fit the y rays uniquely into the complicated
28A] level scheme. From the 27Al(d, p)28Al reaction, odd parity has been assign-
ed to 28Al* = 3.46, 3.59, 3.88, 4.03, 4.69, 4.77, 4.85, 4.91, and 5.14 MeV; sec
table 28.6. All but the two weakest y rays in the energy rangc from 2.61 to
5.14 MeV can be explained as E1 transitions to and from eight of these nine
levels (En 56). The two remaining p rays (E, = 4.43 and 3.30 MeV) could
form a. cascade through 28A1* = 3.29 MeV. Another odd parity stute at 5.45 MeV
(Ne 56b) could be used to explain an E, = 2.28 and 5.45 MeV cascade.
The y rays with energies of 5.21 MeV and higher, and with intensities above
1.5%, could be explained as transitions from the capturing staze to known
low lying 28Al levels.



28 Al

106

2 00
PL Gl

P. M. ENDT AND C. VAN DER LEUN

0.445 —
£3o ANCES 27
2724 F—cﬁgsj ° oe 3 ELS FROM “Al+n
i - J. - a3 O A .
/N F e e
: ( 20
403 412 42? { o2
388 390394 48
: 367 ] )
—'5‘92353.46 : o T
320 =2 ! : 5
2086301310 ; ¢
056 : , 2 ¥gi+d-a
25 2592 : 2
(¢]
l 21472200 2281 ! 2
. 1 0
! -
| 1837 o*
1466 T B : | @3%2:0) " Bpyg 141
A66 | p :
ZAl+t-d 72 * BB o ik
0974 1017 : 13 08 3oy p.0— H 100%; 0.44
: : 178 18.2
[ | ——-\J\ 84
ooz | RN
28 °
772 2l AI 208
; o’y € m
i' gy 100%;287 -1202 L
; 25Mg*d.-p ’r
| -1940
% 31P+n-a
| 25 =3.657
1 01-4640 l ?8Si+n-pV
28 ¢
Si T

Fig. 28.2. Energy levels

of

Ol

BAL



28AL

ENERGY LEVELS OF LIGHT NUCLEIL III 107
TaBLE 28.3
Energy levels of 28Al
Ey .
(MeV +keV) J= (7} Decay Reactions
0 3+ 2.284-0.02 min g~ many
0.03124-0.4 2+ (2.2 4+0.2) x 10~® sec y B,C,F,G HIK
0.974 14 (0+, 2+) Y B,C.F,HI1
1.017 +4 (2, 3)+ B, F, G 1
1.375 +4 1+ y C,F,GH,I
1.632 44 (2, 3+ B,C F1I
2.147 14 (2, )+ Y B,C FG,1
2.209 -4 (=5)t B, FG
2.281 44 (£5)+ y C,F, G
2493 4 (2, 3)+ BCFG
2,592 -4 (=5)* B, F
2.667 14 (=5)* F, G
2,988 L5 B, F
3.011 Lé (=5)+ ‘B, F
3.102 (£5)* ' F
3.204 (2, 3)+ ¥ C, F
3.247 (2, 3)*+ F
3.461 (=4)~ ¥ C, F
3.537 F
3.591 (£4)- y C, F
3.669 (2, 3)* F
3.704 (2, 3)* F
3.878 (S4)- v C, F
3.900 F
3.035 (2, 3+ F
4.030 ¥ C, F
4.115 (£5)+ F
4.243 (2, 3)* F
$.315 (=5)* F
4.383 F
1.466 F
4.518 F
4.595 F
4.685 (=4)~ Y C F
4.741 (<5)+ F
4.767 (=4)- y C, F
4.845 (=4)- F
4.906 (=4)~ Y C,F
4.928 F
4.999 (<5)+ F
5.019 (2, 3)+ F
5.138 (=4 5 C,F
3.168-7.700; 57 levels, see table 28.6 and reaction F
7.730 14 n D, F
7.757-8.153; 65 levels, see table 28.5 and reaction D
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TABLE 28.4
Gamma rays from 2’Al(n, y)*8Al
~ -;{—i 5:Ki 53¢, Ba 58c¢ Gr 57cd En 56, Gr 58¢
- E Ey a signment?
(MeV keV) I, (MeVikev) T Assign
7.724— 6 20 7.730+-15 24 C~0
7.34 +40 ).45
6.98 —40 0.5
6.77 20 0.8 6.76 +20 1.7 C - 0.97
6.61 --30 0.23
6.50 =30 0.3
€.33 =20 0.9 6.35 +20 2.3 C —~133
6.22 =30 0.3
6.13 =20 1.5 6.13 +20 3 C—~>1.63
6.01 50 0.44
5.89 =40 0.5 (5.88 +30) 0.8
3.78 =30 0.8
5.60 =20 1.2 C—>215
5.41 --30 1.2 5.45 =30 1.6 (C — 2 28) (5.45 = 0)
532 =30 0.55
5.21 =20 1.5 C— 245
5.140--15 3.9 5.14 -0
4.94 50 0.8 491 +20 24 491 -0
4.79 =20 4.3 4.730 15 8 4.77 -0
4.66 —-50 2.5 4.66 20 5 4.69 >0
4.45 +20 1.4 + 42 --20 1 C - 3.29
4.29 20 4.3 4£260—15 6.1 C —> 3.46
4.16 —20 3 413 +20 6 C—-39
4.06 40 2 403 -- 0
3.88 L20 4.4 3.88 =20 6 C—->?238—->0
(3.30 --30) 1.3
3.62 420 2.5 3.600+15 4.5 3.59-.0
3.46 =20 1.5 3.470L15 5.2 346- 0
3.29 20 2 (3.32 --30) 0.6 39 -.0
3.02 =50 10 3.04 -L10 5.1 C—469
2.960--15 8 C — 4.77
2.84 +30 4.6 2.82 120 ~ 2 C —> 4.91
Br 56e¢ 2.61 =10 3 C—5.14
2.26 —30 14 228 +10 5.1 (2.28 — 0) (C — 5.45)
212 L20 3 215 -0
0.97 =30 10 0.97 — 0.03

& Intensity in gammas per 100 captures.

> The capturing state is indicated by C; excitation energies are in MeV; 0 generally stands for
ground state or 0.03 MeV level.

Magnetic pair spectrometer.

Magnetic Cor .pton spectrometer.

¢ Two-cryst-| scintillation spectrometer.

(4
a4

Delayed coincidences yield a half-life 7, = (2.34+0.2) X 10-° sec for
BAI* = 0.03 MeV (Du 61).

The circular polarization of the 7.72 MeV y ray produced by capture of
polarized thermal neutrons has been measured (Ve 61)
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D. %Al(n, n)¥Al E, = 7723.7+£3.4

Sixty-six resonances in the total cross section for E; = 1-450 keV have been
observed in a high resolution experiment; see table 28.5 for energies, spins,
and widths (Hi 59; see also Hu 58, Bl 58b, Go 58a, Cr 57, To 55a). Cross section
at higher energies, Hu 58, Mc 60b, Pe 60. Theory, Lu 61.

For non-resonance data, see 27Al.

E. 2Al(n, p)¥Mg 0, = —1835.344.0 E, = 7723.743.4

In the energy range E, = 3-7.5 MeV, several resonances have been observed

TABLE 28.5

Resonances in the 27Al4-n total cross section?

E, 287+ r, . ] E, 28] I, ; J
(keV)  (MeV) (keV) n (keV) (MeV)  (keV) n
560  17.729 0.._b 1b I 250.5 7.965 3 2 0
35 7.757 1.7 0 3 i 257 7.972 5 1 1
84 7.805 5 1 1 | 266 7.981 1.5 2 0
86.6 7.807 2.4 0 3 L271 7.986 1.5 2 0
89 7.810 2 1 1 L 278 7.993 5 0 5
91.5 7.812 4 0 2 L e84 7.998 2.5 1 1
120 7.839 ] 1 2 | 288 8.002 3 1 2
140 7.859 5 1 1 L 202 8.006 1.5 2 1
143.3 7.862 2.5 0 3 | 204.5 8.008 2 1 2
149 7.867 : 1 2 | 300 8.013 1 1 2
152 7.870 F 1 1 : 305.5 8.018 2 1 2
158 7.876 4 1 4 | 309 8.022 2 1 2
163 7.881 2 1 1 i 3118 8.024 4 0 3
166.5 7.885 1.8 1 1 | 3165 8.029 1.5 2 0
169 7.887 2.5 2 0 329.5 8.041 1.5 2 0
172 7.890 2 1 1 342 8.053 1.5 2 0
175.5 ~.893 3 2 0 ! 349.5 8.061 1.5 2 0
179 7.897 2 1 1| 366 8077 5 1 1
182 7.899 2 2 0 ¥ {1 8.081 2 2 1
185.5 7.903 2.5 2 0 L 374 8.085 3.5 1 2
190.5 7.908 3 e 0 L 3848 8.096 4 ) 2
195 7.912 2 2 0 L 4045 8.114 - 2 1
204 7.921 v 1 2 | 4075 8.117 2 2 1
209 7.926 1.8 1 1 o411 8.120 2 2 3
212 7.929 2 1 2 C 416.5 8.125 3.5 1 3
217 7.934 1.5 1 2 420.5 8.129 1.5 2 3
223 7.939 3 1 2 | 423 8.132 1.5 2 )
229 7.945 2 1 1 L 426 8.135 2.5 2 2
233 7.948 2 1 1 | 433 8.141 4 1 4
237.5 7.953 1.5 1 1 437.5 8.146 1.5 2 2
240.5 7.956 1.5 1 1 439.5 8.148 1.4 2 2
243 7.958 1 9 1 442 8.150 1.5 2 3
245.5 7.960 1.5 1 1 445 8.153 1.5 2 3

a The parameters Iy, I, and [ are probable values, obtained as best fit to the data (Hi 59).
b Go 58a.
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(Hu 58; see also Cu 61). Cross section in the range E, = 12-21 MeV, Ma 60b,
Ke 59b, Hu 59, St 60a, De 60a, Kh 59a, Po 59, Al 61, Ka 61, Mu 61, Po 61.
For non-resonance data, see #Mg.

F.  2Al(d, p)=Al 0, = 5499.0-+3.4

The ground-state Q value is 5.511 +0.005 MeV (Ma 60e), 5.502 +0.010 MeV
(Bu 56), 5.494 4-0.008 MeV (En 52a, En 54b).

One hundred 28Al levels have been observed in a region of excitation up to
the neutron threshold (table 2¢.6). See also Kr 55, Be 55. For a comparison of
(d, p) and (n, p) energy spectrz, see Bl 57a.

Results of angular distribution measurements are also given in table 28.6.
See also Ne 56a, Ha 61a. Theory, Sa 58, Bo 5%9a, Ma 60d.

The ground-state donblet has the (d,, s,) configuration. For equal reduced
widths the intensity ratio should be 1.4; experiment yields 1.95 (table 28.6),
En 54b, En 54, En 56.

A 31.441.0 keV y ray has been observed by proportional counter and
scintillation spectrometer (Sm 51). With a recoil method th: mean life of
28A1(1) has been measured as (3.04-0.5) X 10-? sec (Se 56a).

The proton polarization of the unresolved groups leading to ?8Al(9) and (1)
has been measured at E, = 15 McV (Is 61a).

G. 2Al(t, d) 28Al 0, = 1466.1+3.4

Angular distributions of deuteron groups to nine 28Al levels have been
observed at E, = 5.5 MeV. The /, values and peak cross sections are listed in
table 28.7 (De 61D).

H. 28Mg(p-)28Al Q.= 183745
See 28Mg.
I.  2Si(n, p)28Al Q, = —3856.9+4.2

For cross section, see Hu 58, Ke 59, Al 61. Protc1 groups, Co 59¢, De 61d,
Bl 57a (theory). Angular distribution measurements, Ha 61, Co 8lc.

For resonances, see 2%S;.
J. 2Si(y, p)*Al O, = —12334.61+-4.4

The cross section has a maximum at E./ = 20.5 MeV with a half-width of
7.9 MeV (Ka 54).
K. 395i(d, «)28Al O, = 3121.4+4.3

At Eq = 1.8 MeV, magnetic analysis yields Q, = 3.120 +1.010 MeV (St 51).
An ac-.partlcle group leading to 28Al(1) has been observed at several deuteron
energles up to £, = 2.0 MeV (En 54b).
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L. 3P(n, o)®Al 0, = —1940.1+3.8

Cross section at E, = 3-5 MeV, Cu 6la; at E, = 14 MeV, Pa 83, and at
12.4-17.8 MeV, Ke 59b, Ga 61.

TaBLE 28.6

Levels in 28Al from the 27Al(d, p)?®Al reaction

BAL* (MeV 4 keV) Iy (2] +1)0p2 x 10
Bu 562 Ja 6la En 56, En 56a,En57db Ti 61c¢ Ma 60d4d Ti 61¢
(] 0 0 0 150 160
0.0312 0.032 0 0 80 83
0.973 0.976

1.017 1.018 240 24+(0) 130, 16 114, (14)
1.372 1.378 2 2 17
1.633 1.632 0 2--(0) 24, (3.4)
2.143 2.152 0 0 50 5
2.207 2.212 2 2 40 39
2.279 2.284 2 2 110 89
2.490 2.496 0+(2) 0 10 6.3
2.589 2.596 2 36
2.663 2.672 2 2 110 160
2.988 2.988

3.011 all+5 keV 2 2 8
3.102 2 2 11
3.294 0+(2) 0 5 6.1
3.347 0 0 4 5.2
3.461 14-(8) 1 80 57
3.5637

3.561 1+(3) 1 130

3.669 0 0 2

3.704 0 0 8

3.878 1 (1) 30

3.900 (2)

3.9%5 042 0

4.030 (3) (2 or 8}

4.115 2 (2 or 3)

4.243 0 0 4

4.315 2 (2 or 3) 30

4.383 (3)

4.466 (2) (1L or?2)

4.518 (0)

4.595 (0) (1 or 2)

4.685 1 1 150

4.741 2

4.767 1+(3) 1 120

4.845 i

4.908 1 1 80

4,928

4.999 2 (2)

5.019 0

5.138 1 80
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TABLE 28.6 (Continued)
Levels (E4 1n MeV) in 28Al above Ey = 5.1 MeV (Bu 56)8

5.168 5.596 6.027 6.569 6.970 7.444
5.179 5.746 6.067 6.591 7.025 7.460
5.181 5.766 6.073 6.626 7.090 7.505
5.289 5.802 6.163 6.657 7.121 7.596
5.331 5.867 6.201 6.719 7.149 7.652
5.346 5.909 6.247 6.760 7.180 7.66¢
5.377 5.931 6.322 6.835 7.247 7.700
5.405 5.960 6.424 6.856 7.274 7.731
5.445 5.989 6.446 6.896 7.345

5.525 6.012 6.485 6.934 7.408

a The error is 0.5 keV for the 31.2 keV level, and then ranges from 5 keV for the 0.973 MeV level
to 16 keV for the highest levels. The corresponding Q values all have 10 keV errors.

b 4, = 6.0 MeV. Angular distributions cover the # = 5°-60° region. Possible /) = 3 distributions
or admixtures are uncertain because of this limited angular rangs.

¢ FEq = 7.8 MeV; preliminary results.

9 The absolute reduced widths tabulated in Ma 60d have been obtained by normalizing the rela-
tive widths given in En 56, En 56a, En 57d, with the aid of the absolute widths of three 28Al .
levels given in Ho 53e.

TABLE 28.7

Levels in %Al from 27Al(t, d)8Al (De 61b)

Ey . Differential cross section (mb/sr}
(MeV) n at c.m. angle shown

0 0 13.6(12°)

0.030 0 8.7(129)

1.020 2 1.7(33°)

1.370 2 2.7(33°)

2.138 0 2.0(12°)

2.203 2 0.7(23°)

2.279 2 1.1(16°)

2.489 0 0.3(16°)

2.664 2 1.1(179)

M. Not reported:

26Mg(t, n)28Al QOn = T513.744.2
26Mg(3He, p)28Al O, = 8278.24+-4.2
26Mg(a, d)28Al Qn = —10074.214.2
27A1(, 3He)?8Al 0, = —12853.5+3.4
283j(t, *He)28Al Q= — 46214449
29Gi(1, d)28A1 On = —10109.94-4.4
29Gj(d, 3He)2eAl On = — 6841.514.4
295 (t, o)28A1 On = T478.144.4
30‘31(n, t)28A] Qu = —14466.51-4.3
°Si(p, *He)*Al Qn = —15231.044.3
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REMARKS

A discussion of the 28Al levels up to 2.3 MeV in terms of the rotational moclel
has been given in Sh 56a. Herein it is assumed that the 1d, orbits make no
significant contribution. The observed reduced widths, however, indicate that
such an assumption is unjustified (Ma 60d).

Theoretical discussion of the ground-state doublet, In 53, Bi 60a, Ba 6lc,
Pa 61b.

288
(Fig. 28.3, p. 116; table 28.8, p. 114)
A.  (a) 12C(180, y)28Si Qn = 16754.64+-2.9

(b) 12C(160, 160)12C
The yield of these reactions has been measured up to E(160) = 36 MeV.
The elastic scaitering yield follows Mott scattering up to E(160) = 22 MeV.

Some, not very pronounced, resonance structure is observed at higher energies
in both reactions (Al 60c, Br 60h).

B. MN(UN, »)%5i 0, = 27218.2+£2.9

One resonance has been cobserved at E(“N) = 15.0 MeV, corresponding
to 28Si* = 34.7 MeV (Al 60c).

C. Mg(x, y)®Si 0. = 9986.1-3.3

Resonances observed in this reaction for E, < 3.25 MeV are given in table 28.9.
Spin and parity determinations are from y-ray angular distribution and
y—y angular correlation measurements. Most resenances above E, = 2.2 MeV
(except for the resonarces at E, = 2.38 and 2.57 MeV) correspond to resonances
in the 27Al(p, «)#Mg and/or 27Al(p, y)?Si reactions (see tables 28.11 and 28.12).
The 28Si excitation energies found from the 2Mg(«, )28Si reaction are 11-19 keV
higher. Apparently, all strong resonances have j* = 2+ or 4+; they decay by
pure or at least relatively strong E2 transitions (S 60a, Sm 61a).

D. (a) #Mg(«, p)¥’Al Q, = —1594.5+1.1 E, = 9986.1--3.3
(b) 2Mg(e, o)**Mg E, = 9986.1--3.3
The yieid of these reactions has been measured in the region £, = 3.1-4.0 MeV'.
Data on observed resonances are given in table 28.10. The spin and parity
assignments follow {rom the observed ratio of maximum &nd minimum («, «)
cross section to Ruthierford cross section (& = 164°). On the average, the
observed 2851 excitaiion energies are &~ 20 keV high; from a comparison of
#Mg(x, p)?Al and 27Al(p, «)2*Mg (Sh 51) resonarce energies, a () value of
1.6134+0.010 MeV is found for the latter reaction. The 22Mg(x, p)27Al yields are
proportional to those at corresponding 2’Al(p, «)2*Mg resonances as required by
the principle of detailed balancing (Ka 52).
For non-resonance information from these reactions, see #?Al, 22Mg.
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TaBLE 28.8
Energy levels of 285i

Ex JEAVA tpor I Decay Reactions
(MeV +keV) » 4
0__ 0+ stable many
1.772 & 5 2+ (6.041.1) x 10-13 sec Y many v
4614+ 6 4+ Z f(lé QT
49754 6 0 ) )
6272 6 3+ " F,].K QT
6.880- 8 9 F, ], K Q
6.889+ 8 ’% Ii, ]: K
7.3821 8 (1%, 2+) v F. K Q
7415 8 2+ y 1}?{,1{, 0
7798+ 8 2, 3)*
7.932- 8 ( 2+) ¥ F, ] K
8.2604- 8 ], K
8.428 -+ 8 (1%, 2+) . F, ], K
8.411-1 8 5 ; K
8.543+ 8 -
8.587L 8 3+ y F, K T
8.902--10 K, T
8.941--10 E
9.167 10
9.314 10 B)T =1 ¥ F X T
9.379--10 3+ T =1 y F,J,K, T
9.41 14 K
9.491-:10 (1%, 2+) y ¥, K
9.700-+-10 K
9.7624-10 (1%, 2+) y .F, K
9.932--20 <
10.180-20 K
10.273 420 K
10.308 -+ 20 K
10.375-+20 p }: K
10.60 50 y F
10071 +20 (14 T =1) v F
10.91 20 (1%, 24 y c
11.13 =20 » 5
11.29 -10 1- Y C,N. O
11.40 =20 » F
11.51 -+10 2+ v c
11.58 2-10 3- v C
11.65 10 2+ v C
11.66 +10 2+ p C
11.78 10 ‘ c
11.797 - 3 v F
11.864 - 3 Y -
11.895-- 3 4+ ; C.F
11971 & ¢ 4+ g ¢ F
12.007 - 4 ” F
12.018-- 6 ” c
12.067 - 3 2+ - C B
12.069-- 3 (14) » F
12.171-- 3

'S

1\.
>
2
vy

-
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TABLE 28.8 (Continued)

E, x T .
(MeV +keV) J™ Tmor I’ Decay Reactions
12.1794 7 1- Y C
12,1904 3 3- y C,F1
12.212+ 3 2 P F
12.234 + 3 (3, )+ y C,F
12.2854 3 2+ v, C F I
12.290+ 3 3+ y F
12.296 - 3 2+ Y C F
12.313-- 3 2+ v F
12.320+ 3 4+ y F
12.326+ 3 1+ 9.0+ 0.8 eV y F
12434+ 4 2+ Y, o C,F1I
12.469-- 3 4+ Y, o C,F I
12,484 1 3 3- 340 +110 eV Vv, o F, I
12.536-- 3 3+ 80 L 40 eV ¥ F

2.546-- 3 4+ Y, & CF1I
12.568 -+ 3 Y F
12.630 - 3 v F
12.638-- 3 v F
12.658-- 3 800 L 80 eV o F
12.710-- 3 5 ¥
12.721-- 3 2+ 710 +130 eV 7, P % C,D F I
12.736 4+ 3 6.3+ 04keV v F
12749~ 3 v, % F, I
12.796 -+ 3 Y, o F,
12.8094- 4 o+ Y P % D F 1
12.8494- 3 4+ 2, o F, I
12.8604- 3 Y ¥
12.804 - 3 v r
12.8954- 3 2+ ~ 1.1 keV O 4 D 1
12.911-- 3 700 - 50 eV y F
12918~ 3 (2+, 3-) 200 L 70 eV v, P, D F I
12.97 o+ p, D
13.04-13.25; 7 levels, sec table 28.10 and reaction D
13.26-14.26; 15 levels, see reaction H

For higher levels, see reactions B, F,GHIO

E. 2Mg(e, n)28Si Q, = 2655.44-3.4
See Na 53a, Cs 61.
F. 27Al(p, »)®Si 0, = 11580.6+3.3

Precision measurements (0.29; or better) of resonance energies are given in
Br 47a (E, = 500-1400 keV), Hu 53 (E, < 600 keV), Ku 59a (E >< 800 keV),
An 59 (E, = 500-1400 keV), Da 60b (six selected resonances in the
E_ = 600-1300 keV region). Selected “‘best’ values are presented in table 28.11.
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Fig. 28.3. Energy ! vels of 2Si: for y decay see also fig. 28.4.
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TABLE 28.9
Levels in #Si from the 2*Mg(«, )*8Si reaction (Sm 60a, Sm 6Ja)
. E, (keV) of a (E2/M1)
(MeVEi“ keV) (M?V) corresponding (2 +(1e)‘v1_;gry/r Taily, ampl. /7
27Al+p resonance ratio for y,
1.534+3 11.301 0.11 2.5 1-
1.7914-4 11.521 0.065 <005 —32 05 2
1.871+4 11.590 0.05 < 0.95 3-
1.956-+-4 11.663 0.075 0.5 2+
1.971 +-4 11.675 0.30 < 0.08 0.534-0.05 2
2.100+5 11.786 0.045 < 6.05
2.241 45 11.907 326 0.025
2.329+-5 11.982 405 0.05
238445 12.029 0.035
2.442+5 12.079 504 0.40 6 2+
2.5724-6 12.191° 0.09 1-
2.586--6 12.202 632 0.18 < 0.10 3-
2.641--6 12.250 {678) 0.38 < 0.05 4+
2.698-1-6 12.299 731 0.05 < 0.15 0.60--0.05 2
2,711 -6 12.309 (742) 0.035 < 0.20
2.876--6 12.451 884 1.25 10 2+
2.916--6 12.486 922 2.0 < 0.07 1
3.008--7 12.564 1001 0.68 < 0.05 4+
3.213 -7 12.740 1183 5.3 3 2+

& If the I', /I, ratio is indicated, the radiation width in column four istaken equal to r,-r.,.
At the E, = 2.24 and 2.33 MeV resonances, however, the main decay proceeds to the 4.61
MeV 285i level; at the 2.38 MeV resonance it proceeds to the 6.88-6.89 MeV doublet; only
those transitions are included in I',. At the 2.57 MeV resonance, y, is obscured by a strong
cascade through a new 10.91+0.02 MeV level; y, and this cascade are included in I...

TaBLE 28.10

Resonances in the 2*Mg(x, p)?’Al and 22Mg(«, «)2*Mg reactions {Ka 52)

E, 285i* Reaction
(MeV) (MeV) {a, p) (o, &)
3.214 12.741 ves yes
3.31 12.82 weak yes
3.420 12.917 yes yes
3.448 12.941 yes
3.502 12.988 yes yes
3.58 13.06 ves
3.658 13.11 weak
3.660 13.123 yes
3.737 13.189 weak
3.758 13.20 weak
3.80 13.24 yes
3.827 13.266 ves yes

0+
{double ?)

(double)

a Ectimated from published yield curve.
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The Br 47a values are low compared to An 59, by an amount increasing from
2.5 keV at Ep, = 600 keV to 7.5 keV at E, = 1400 keV. The values in Ku 59a
agree well with those in Hu 53 (except at the 442 keV resonance where the
difference is 7.7 keV), and very well with those in An 59. The values in Da 60b
agree very well with those in An 59 if the calibration energy in An 59 is changed
from 990.8 keV to 992.0 keV (see below). See also An 57.

The strong and narrow rescnance at 992 keV is particularly suited for gen-
erator energy calibrations. The weighted mean of five precision measurements
i5 992.04-0.5 keV (Ma 61d). Recent measurements yield 992.2 0.5 keV (Be 611),
991.864-0.10 keV (Ry 61), in good agreement with the Ma 61d average.

The spin and panty assignments in table 28.11 are all from y-ray spectra,
y-ray angular distribution, and y-y angular correlation measurements. The
parity of the 654 keV resonance has been determined as odd by a y-ray polariza-
tion measurement (Hu 56). For the y spectrum at the E; = 992 keV resonance
see Go 57; also Ha 55, Br 59b, An 61d.

At the E, = 504 and 773 keV resonances y-ray resonant absorption measure-
ments have been performed. The measured widths of the ground-state transi-
tions are =< 0.35 eV (Sm £9) and 5.2+0.5 eV (Sm 58) respectively; the recent
increase in the (p, ) yield values (No 61b) should also increase these numbers.

The y-ray branching of fifteen 28Si lower levels and of sixteen resonance
levels is given in fig. 28.4. The data mairly are from En 60 and Ok 60, in good
agreement with data in Ru 54.

At the 1117 keV resonance, the y decay occurs (intensity > 609%,) to new
2851 levels at 10.604-0.05, 11.134-0.02, and 11.404-0.02 MeV (No 60). From the
y decay at the 742 keV resonance a new level has been found at 10.71-+0.02
MeV (En 60).

From y-ray angular distribution and y—y angular correlation measurements
some J* values of lower levels have be:zn determined. To the levels at 4.61
MeV, the doublet at 6.88 MeV, and the 8.59 MeV level, J* = 4(*), (2% or 4+),
and 3+ were assigned, respectively (Ok 60). The 4+ and 3+ assignments to the
4.61 and 8.59 MeV levels, respectively, are also given in Va 6lc. In En 60,
He 61, the 4+ assignment to the 4.61 MeV level is confirmed, and 3+, 2+, 2+,
and 2~ is assigned to the levels at 6.27, 7.42, 7.93, and 9.38 MeV, respect-
ively.

Seventeen (p, ) resonances in the Ep = 1.4-2.6 MeV region are given in P140.
‘\ y-ray yield ctrve up to E, = 4.1 MeV is given in Sh 51; resonance energies
10? 64 resonances in the E, = 1.4-4.1 MeV region have been computed from
this curve (Al 50, En 54a). See also Go 54, Pa 54, Ma 57a. The yields of y, and
1 have also been measured in the E, = 5-7.T MeV region. They show broad
lt\)dl;t\/’p(r((;):%l;l)m?[% res;)lnancels a; E, = (6.1), 6.'63, 6.87 (strong), 7.20, and (77)
Go 61y in tile ; _eiyg 1\;:‘?/ ra s0 been rfleasured in the £, = 4.0-10.4 MeV region
\ , ! egion (Ga 61b), and in the 7.5-14.7 MeV region (Ki 61)

.
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TaBLE 28.11
Levels in 28Si from 27Al(p, ¥)%8Si

Ep2 285 I 2]+ l)PpI’y |re -

(keV) (MeV) eV’ (eV) J:
224.54-0.7 11.797 0.00094
204.1-+-0.4 11.864 0.0042 (4)1
326.0--0.4 11.895 0.028 4(-)d, i
4049104 11.971 0.15 4-a, 1, i
442 44 12.007 ~0.04
504.5+-0.3 12.067 < 200 0.95 2+e, 1,8
306.5--0.3 12.069 < 170 0.95 (1+)e. 8
612.4--1.0 12.171 < 1000 0.11 4+e
632.3--0.3 12.190 < 60 5.4 3-ef,i
654.3 0.3 12.212 < 60 3.2 2+e, (2)f
677.6-1.0 12.234 < 1000 1.0 3+e. f
730.6--0.3 12.285 < 160 4.0 2+e
735.6--0.3 12.290 < 90 4.3 3+e
741.7--0.7 12.296 < 1000 0.4 2+e
759.4 0.3 12.313 < 60 3.5 2+e
766.3-0.3 12.320 < 80 4.1 4+e
772.8--0.3 12.326 9.05 0.8} 10.2+3.0 1+e
884 1.2 12.434 < 1000 1.0
921.7 +-0.3 12.469 < 190 4.3
936.3 . 0.3 12.484 340 110 4
992.0 --0.5 12.536 80 - 40 40 3+h
1001.5 ..0.5 12.546 < 1000 1.0
1023.9 -0.3 12.568 < 240 9
1088.6- 0.3 12.630 < 110 1.0
1096.4 - 0.5 12.638 < 1000 1.0
1117.2 0.3 12.658 800 -- 80 6.5
1170.6 0.4 12.710 < 250 2
1182.6-:-0.4 12.721 710 4-130 4.7+-1.5
1198.0 -0.6 12.736 6300 -+-400 9
1211.6 0.4 12.749 < 210 10
1260.7--0.4 12.796 < 200 10
1274 2.2 12.809 < 1000 1.0
1315.2-04 12.849 < 160 10
1326.6 0.4 12.860 < 160 10
1362.0 -0.4 12.894 < 120 10
1363.2-0.4 12.895 ~ 1100 ~0.2
1379.6 -0.4 12911 700 -+ 50 65
1386.7 —0.4 12.918 290 - 70 50

& Weighted average of values in Hu 53 and Ku 5%a for E;, < 500 keV; An 59 for £, > 500 keV’,
except for £, = 992 keV (Ma 61d, see text), and E; = 1363 keV (An 61a). For An 59 energy
calibration, see text.

b All widths from An 59, except for the resonances at 773 keV (Sm 58), 991 keV (see Ma 61d),
and 1363 keV (An 6la).

¢ For E, = 224, 294, 326, and 405 keV absolute yields given in Ok 60; for £, = 442 keV
relative vields in Ta 46, Br 47a, matched to 1.9 eV for the 5044506 keV resonances; for
E),, = 500-800 keV relative yields in En 60, matched to absolute yield at E, = 773 keV given
in Sm 58 and rece: 'y corrected in No 61b; for Ej, > 800 keV from relative yields in No 61
matched to 10.2 e\ t E, = 773 keV, except for the absolute yield at E|, = 1183 keV in No61b.

d Ok 60. ¢ En 60, ..e 61. f Ru 54. g Sm 60. h Go 57. i Va 6lc.

I The recent correction (No 61b) to the Sm 58 yield measurement should also increase this number.
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Fig. 28.4. Gamma-ray branchings of 28Si levels. The data are from En 60, except for the branching

at the 4.97 MeV level (Co 61d), the mixing ratio of the 6.27 - 1.77 MeV transition (Br 61d), and

the branching of the four resonances in the Ep = 225-405 keV region (Ok 60).
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In the latter work indications are found for giant resonance peaks at Ep = 8.75
and 10.13 MeV. Observation of giant resonance splitting, also in Ok 60b.

G. ¥Al(p, n)¥'Si Q. = —B598+8 E, = 11580.643.3

Sharp resonances in the neutron yield have been observed up to several MeV
above the threshold (Br 59f, Go 61b). Broad resonances in the 27Si activity
yield were found at E, = 6.17 and 6.37 MeV (Bl 51).

For threshold determinations, see 27Si.

H. 2Al(p, p))¥Al E, = 11580.6--3.3

Yield curves for elastic scattering in the E, = 1.4-4.1 MeV region, and for
inelastic scattering to the 27A10.84 and 1.01 MeV levelsin the £ = 2.3-2.6 MeV
region are given in Sh 51.

The 1(90°)/1(0°) yield ratio of the 0.84 and 1.01 MeV y rays has been measured
at the £, = 1.74, 1.77, 1.82, 1.94, 1.99, 2.13, 2.34, 2.39. 2.43, 2.47, 2.51, 2.56,
2.60, 2.70, and 2.78 MeV resonances (Al 60b). See also Me 60c. For non-resonance
information, see 27Al.

I.  27Al(p, «)Mg 0, = 15945-1.1 E, = 11580.6+3.3

Yields measured in the E, = 500-1400 keV region are given in table 28.1z.
The spin assignments in An 6la are from a-particle angular distribution
measurements. See also Ru 53 for the E, = 500-800 keV region. Yield curves
for the E, = 0.6-4.1 MeV region, both for «, and for «;, are given in Sh 1.
Yield curves up to E, = 12 MeV, Ad 61a.

For non-resonance data, see 2Mg.

TasLE 28.12

Levels in 285i from the 27Al(p, e&,)2*Mg reaction

E

28Gj*

@J+1) Il /I’

p (eV) J®
(keV) (MeV) Ku 60g An 6la An 6la
504 12.067 0.8
632 12.190 2.6
731 12.285 5.9
884 12.434 10
922 12.469 1
936 12.484 65 3-

1001 12.546 2.4

1183 12.721 940 2+
1212 12.749 4.4

1261 12.796 1.7

1274 12.809 3.4

1315 12.849 35 4+
1363 12.895 1640 (2+, 3)
1387 12.918 206 (2+, 3-)
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J.  ¥Ald, n)®8Si Q, = 9365.943.3

Results from angular distribntion measurements are given in table 28.13.

At E, = 4.6 MeV, the following y-ray energies have been measured with a
magnetic pair spectrometer: E, = 6.940.1, 7.414-0.05, 7.68 4-0.05. 7.94-£0.03,
£.3110.03, 8.78 +-0.03, 9.11+0.03, 9.49--0.07, 9.914+0.07, and 10.8+0.2 MeV.
The assignment to the 27Al(d, n)2Si reaction is not certain (Be 55). See also
Ek 60.

‘LABLE 28.13

Levels in 28Si from the #7Al(d, n)28Si reaction

ésa'i* 8 b eJ+ l)opa b Lo 2]+ l)gpne
(MeV) Ip % 103 D relative
0 2 39 2 1

1.77 0 6 0 0.37
6.27 0 0.35
6.88 }0 } 1 0.30
6.89

7.93 0 28 0 0.36
8.26

8.33 }0 o

8.54

8.59

9.31 =
9.38 }0 310 }0 1.25

a Excitation energies are from table 28.8. The identification of neutron groups given in Ca 53
may be in doubt. See also Ru 56.

b Ca 55, Ma 60d; Eq — 9.0 MeV; neutron detection with a triple ionization chamber.

¢ Ru 57, Ma 60d; Eq = 2.2 and 6.0 MeV; neutron detection with nuclear emulsions. More groups

have been observerd, which had eitter bad statistics, or could not be fitted with any lp valuein

stripping analvsis.

K. 27Al(*He, d)2Si Q, = 6087.5+3.3

Results from angular distribution measurements are given in table 28.14.
This reaction has provided the most complete survey of 28Si levels below
E, = 10.4 MeV.

L. 27Al(e, t)25i Qn = —8232.14-3.4

The differential cross section has been measured for groups f, and ¢, at

E, = 43 MeV (Wa 57a, Go 60a, Go 60e).

M. 28A](p-)28Si O, = 4639.51-4.2
See 28A],
N, Sy, y)28Si

Discret_e y rays have been observed in the scattered radiation from Si
samples irradiated with betatron or linear accelerator bremsstrahlung; see
table 28.15. The threshold determination (To 60) proves that the two y rays
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TABLE 28.14
Levels in 26Si from the ?7Al(%He, d)28Si reaction
Hi 6042 Fo 60P
E (i) , (2] +1)8,* E,(®Si) ,

MeV +keV) p x 103 (MeV +-keV) b
4.617 (datum) 2 15 4.617 (datum)
4.975+- 8 4.979-+15

6.276+ 8 1] 21 6.272--15 0
6.880+ 8 2o0r3 6.8804-15 3
6.880-- 8 or 243

7.3824- 8 7.392--15

74154+ 8

7.798+ 8 0 26 7.807+15 3
7932+ § 0 24 7.948-+15

8.260+ 8 (2 or 3)

8.328. 8

8411+ 8 (3) (14)

8.545 1 8 weak

8.587+ 8 0 140

8.902--10

5.941--10

0.167 =10 weak

9.314 10 0 220¢

9.379 10 0 ale

9.41 14

9.491 =10 (2 or 3)

9.700--10 (3) (22)

9.762--10 2) (13)

09.932--20
10.180 :-20

10.273 -20

10.308--20

10.375--20

8 E(3He = 5.7 and 9.2 MeV; magnetic analysis.

b E(®He) = 5.2 MeV; magnetic analysis.

¢ Comparison with reduced widths observed in the 27Al(d, p)28Al reaction makes it probable that
the 9.31 and 9.38 MeV states are the 7, = 0, T = 1 analogs of the Al ground-state doublet,
with [ = 3+ and 2+, respectively.

TABLE 28.15

Nuclear fluorescence radiation from the 28Si(y, ¢)28Si reaction

Bu 61c Se 60 To 60
E.’,o (MeV) 11.2 4+ 0.05¢ 11.2 11.40-0.068
Ey. (MeV) 9.4
I‘:,o (eV) 115 300 <9 -+0.9¢
I".),l (eV) 65 --300
I (V) 330 470V

2 From a threshold determination.

b From self-absorption measurements.

< From self-absorption measurements, assuming I, = I

4 The 5, angular distribution is consistent with dipole radiation.
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are transitions to 25i(0) and (1) from an 11.3 MeV 25i level. Energy, spin, and
branching ratio suggest that the level can be identified with the 11.29 MeV 1-
state observed from the 24Mg(x, )28Si reaction (table 28.9). For this level, see
also reaction O.

With the same method the mean life of Si(1) has been measured as
1.3 X 10-12 sec (Bo 61); the results from different methods are compared in
table 28.17.

For other (y, y) work see also 28Al, reaction A, and 28Si, reaction F.

O.  28Si(e, €')%5i1

From a measurement of the differential cross section for inelastic scat-
tering of 187 MeV electrons the mean life of 28Si(1) has been determined as
(64+1.5) X 10-1% sec (He 56); see table 28.17 for comparison with other
measurements.

At E, = 40 MeV the spectra of inelastically scattered electrons at ¢ = 132°
and 160° show a peak corresponding to E, = 11.6 MeV, and a broad peak corre-
sponding to the giant resonance at E, = 20 MeV. The 11.6 MeV level has

= 1030231 eV (for E1 excitation) or 471! eV (for M1 excitation) (Ba 60g).
For this level, see also reaction N.

P.  28Si(n, n)*Si
Theonly v ray from inelastic reutron scattering (E, up to 3.9 MeV) on natural

Si, which can be assigned to 28Si has an energy of E, = 1.7840.02 MeV

(Ro 55a, An 60d, Li 61). For the theory of inelastic neutron scattering on ?8Si,
sere Ma 59f.

Elastic scattering, La 61.
For resonances, see 2%Si.

Q. *Si(p, p')®Si

Levels in %8Sj observed by magnetic analysis of inelastically scattered protons
are given in table 28.16. See also Ty 58.

The y decay of the levels at 4.61, 4.97, and 6.27 MeV mainly occurs through
#85i(1), except for a (84-4)% 6.27 — 4.61 MeV branch (Co 61d, see tig. 25.4).

TABLE 28.16

Levels in 28Si from the 28Si(p, p’}28Si reaction
Reference: Br 54b Wh 60a Co 61b
B E, (MeV): 5.6-8.4 7.5-8.6 10.0-12.3
E, (MeV -+keV): 1.777410 1.7754+-6 1.7614- 9
4.614 4+ 6 4.602--16
4.9754-6 4.9604-17
6.2704-G 6.242 421
6.8674-23
7.359425

7.390 424
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From y-y angular correlation measurements spin« are determined as J = 4, 0,
and 3, respectively. The 6.27 — 1.77 MeV 3 — 2+ decay has a quadrupole/dipole
amplitude ratio of x = —0.144-0.07 (Br 60e, Go 60c, Br 61d).

Differential cross sections for elastic and inelastic scattering have been
measured at many proton energies in the E, = 2.2-14.2 MeV range, Co 57a,
Gr 58a, Ok 58, Ya 58a, Od 59, Od 60, Ta 61. The p’—y (E, = 1.77 MeV) angular
correlation (Bo 60e, Ha 60b, Ta 61), and the polarization of elastically scattered
protons (So 58) have also been measured. For theoretical remarks, see Me 57a,
Ma 591. See also Sh 58, Wa 60c.

For resonances, see 2P
R. 2Si(d, d’)®Si

For the differential cross section of 8.9 MeV deuterons, see Hi 57b. For
theoretical remarks, El 60.
S.  28Sj+ heavy ions (14N, 160, 20Ne)

From heavy ion Coulomb excitation the mean life of 28Si(1) has been measured
as 9.4 X 10-13 sec (Go 60d), and (5+2) X 10-1% sec (An 60). For a comparison
with the results from other methods, see table 28.17.

TABLE 28.17

Mean life determinations of 28Si* = 1.77 MeV

1\Iethod 7 Tm(10-12 sec) Reference

e scatt. cross section 6 +1.5 He 56
res. flurrescence 7.3+22 Oof 59
Coul. e w«cit. (1N, 20Ne) 5 =2 An 60
Coul. excit. (1°0) 9.4 Go 60d
res. fluorescence 13 Bo 61

T. ®BP(8+)2Si 0, = 138004300

See 28P,
U.  2Si(y, n)2Si 0, = —8477.743.4
For threshold and cross section, see Sh 51a, Ka 54.
V. 31P(p, )%Si 0, = 1916.8+2.8

The ground-state Q value has been measured as 1.909::-0.010 MeV (Va 52a),
1.911+0.005 MeV (Va 56), and 1.90940.010 MeV (En 57a). Levels in}*ti
have been observed at 1.771 4-0.008 and 4.6174-0.008 MeV (En 57a).

For resonances, see 32S,

W. Not reported:

26Mg(3He. 1n)%Si 0., 12135.1:3.5
205i(p, d)28Si 0, = — 6253.0£3.4

I
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23i(d, t)28Si Q, = — 2220.14+3.4
29G;(3He, )28Si 0, = 12099.5+3.4
30Si(p, t)28Si Q, = —10609.6 +4.5

REMARKS

For a computation of the excitation energy of 2%Si(1) from those of the
lowest three 29Si states, see La 57a.

28p
(Not illustrated; see fig. 28.3, p. 116)

A.  P(g+)®Si 0, = 138004300

The half-life, averaged from two measurements (Gl 55, Br 54a) in good mutual
agreement, is 0.285+40.007 sec.

The p+ decay is complicated. The highest energy branch proceeds to *Si(1)
with an end point of 10.64+0.4 MeV, intensity (47+15)%, log ft = 4.9. No
delayed o particles have been found (Gl 55). Observed y rays are given in table
28.18. Mcst of the high energy y rays cannot be fitted uniquely. Some of the g+
decay might occur to the 9.31-9.38 MeV doublet in 28Si, which is then de-
excited through 28Si(1). The super-allowed character of such a g+ transition
(log ft == 3.4-3.7) would be in accordance with the 7 = 1 assignment to this
doublet (Bo 55, Wi 56a, Hi 60d).

B.  2Si(p, n)2P 0, = —14580+300

From 2P yield measurements the threshold has been determined at

TaBLE 28.18
Gamma rays fiom the 28P(f+)28Si decay

Gl 55 Br 54a Probable transition in 28Si
E., (MeV) Rel. int. E, (MeV) ({£x in MeV)
1.79--0.02 0.75 1.78--0.04 1.77 - 0
(2.6 =0.2) 2.67-0.08 4.61 - 1.77
(3.01--0.07)
(4.264-0.12)
4.44-0.05 0.10 4.63--0.10 6.27 — 1.77
(4.93 £0.08) 4.89--0.09
(5.164+0.12)
(5.46--0.10)
6.14--0.10 0.10
6.70--0.12 0.10 6.65--0.11 8.59 — 1.77
7.04--0.08 0.10 7.104+0.12 8.90 — 1.77
7594015 0.05 (7.44--0.14) 9.31 — 1.77

(7.73:0.14)
(8.12::0.21)
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', = 15.64+0.3 MeV (Gl 55), 15.44-0.5 MeV (Br 54a). For the cross section at
E, = 18 and 32 MeV, see Ta 58.

C. Not reported:

285i(3He, t)%8P Qn = —138204+300
29A]
(Fig. 29.1, p. 128; table 29.1, p. 127)
A, BAl(p-)®SI Q, = 368047

Measurements of the half-life yield an average of 6.524-0.05 min (He 39,
Se 49; see also En 54a).

The - decay proceeds to 22Si(1) and (3) which levels in turn de-excite by y
transitions to 29Si(0) ; a 29Si(3) — (1) y transition hasnot been observed ( < 11%y).
The intensity of a potential 2.03 MeV y ray, 2°Si(2) — (0), is lzss than 2%
(Ro 55, Br 57, Na 54c, Se 49). The energies and relative intensities of tne £~
branches and y rays are listed in table 29.2. Log ft = 4.2, > 6.6, and 4.9 for
transitions to 29Si(1), (2), and (3), respectively (Br 57).

TABLE 29.1
Energy levels of 29A1

Ey

(Me‘-\/) J= T} Decay Reactions
0 o+ 6.52--0.05 min i A, B CDE
1.402 C
1.762 B, C
2.334 C
2.875 C
3.071 C
3.191 C
3.434 C
3.584 (=9~ C
3.646-6.840; 33 levels, see table 29.3 and reaction C
TABLE 29.2
The 20A1(§-)?°Si decay
Reference Eg (MeV) Eg, (MeV) E} . (MeV) o _L,: 7 A(Mbl)‘ o
Se 49 2.5; 709, 1.4; 30% 1.25-0.2 235105
Na 54¢ 1.554-0.1 1.31-:-0.05 2.42-+0.05
Ro 55 1.28; (89 +3.4)% 2.43; (9.4+2.1)",
Br 57 1.28; 93.89, 2.43; (6.2-:20.6)%,
B.  2Mg(x, p)2Al Q. = —2862+6

At E, = 8 MeV, proton groups have teea observed to 29A1(0) and to a level
at 1.694+0.10 MeV; Q, = —2.9040.04 MeV (Gr 57; see also Br 55b).
For resonances, see 39Si.
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Fig. 29.1. Energy levels of 2°Al.

0. = 8678+6

Forty-two proton groups have been observed by magnetic analysis at

E= C.).5 MeV and at five different angles; Q, = 8.678 4-0.006 MeV. The excitation
encrgies of the levels are listed in table 29.3. Angular distribution analysis
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TaBLE 29.3

Energy levels (E, in MeV) in #¥Al from 27Al(t, p)2°Al (Ja 60b)

1.402 3.584 4.411 5.190 5.869 6.469
1.762 3.646 4.6462 5.267 5.916 6.517
2.334 3.676 4.716 5.395 6.002 6.588
2.875 3.941 4.846 5.424 6.063 6.674
3.071 3.993 4.9392 5.5612 6.152 6.753
3.191 4. 164 5.024 5.654 6.358 6.840
3.434 4.228 5.154 5.732 6.412

& Possibly double.

yields L = 0 for the group to 2°Al(0), thus = = $+ for 2°Al(0), and L = 2 for
the group to 2°Al* = 3.584 MeV, thus even parity for this level (Ja 60b).

D.  2Si(n, p)*°Al 0, = —2898+7
Cross section, Pa 53.

E. 3Si(y, p)2*Al 0, = —135124+7
Cross section, Ka 54, Hi 47.

F.  Not reported:

29Gj(t, SHe)2°Al 0, = — 366247
30Sj(n, d)2Al 0. = —11287+7
30Si(d, 3He)20Al 0. = — 801947
30Si(t, o)20Al Q.=  6301+7
31P(n, SHe)2?Al 0, = —13080+6

29Si

(Fig. 29.2, p. 130; table 29.4, p. 131)

A.  25Mg(, p)28Al 0, = —1201.5:3.9 E, =- 11133.143.7

Resonances in the yield of 28Al activity have been found at =, = 5.4, 6.1,
and 6.9 MeV (Ch 37, Me 37, Fa 35).
For proton groups, see 28Al.

B.  26Mg(e, n)28Si Q, = 35.7-4.0

Analysis of y-ray spectra at E, =: 4.5-5.56 MeV yields ground-state transi-
tions from 29Si(1), (2), and (3). The 3.07 MeV level decays to 2Si(2) and (1);
intensity ratio as measured by sum-coincidence method, 25:70, with a ground-
state transition < 5%, indicating f= = 3+ for the 3.07 MeV level. The 3.62
MeV level decays to 2Si(2) (Li 58a).

At E, = 4.5-5.0 MeV, n—y angular correlation measurements yield E2/M1
amplitude ratios of the ground-state transitions from #Si(1), (x = + 0.25+0.05
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‘TABLE 29.4

Energy levels of 295i
— 5 : —— o
(MeV +-keV) Jr I Decay Reactions

0 3+ stable many
1.2774 3+ y many
2.027 + a4 y
2.425 -
3.067 -
3.621+
4.078
4.736 4
4.836 -
4.893 +-
4931
5.249
5.279 -
6.649 4
5.809 -
5.944 +
6.104 +
6.195 4
6.379
6.420 +
6.491 -
6.520 +-
6.612 4
6.695 -
6.712+
6.781 +
6.906 -
6.919 4
7.0174
7.058-8.526; 27 levels, see table 2.6 and reaction
8.539 +
8.556 +
8.601 +
8.609 -
(8.644 -
8.669 4
8.760 1
8.814
8.848 -
8.860 +
8.908
8.936 -
(9.013 +
9.040 -
9.053 -
13.91 -
14.77 -~
15.05 -+ 50
15.7 4100 300 keV
16.4
17.1
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TaBLE 29.5

Gamma rays from theiral neutron capture in nztural silicon

E,2 Ib Ec Le Final Probable
(MeV +keV) v (MeV4-keV) 4 nucleus transitiond
10.601 4-11 0.2 10.69 430 0.2 30g§ C—->0
8.468+ 88 2 3.482 -+ 15 1.6 25j C—0
7.79 450 0.8
7.36 4-80 0.7 (7.38 +30) 0.5 30Sj
7.18 430 8 7.22 430 61 295 C—>128
6.88 +30 0.4
6.76 440 1.5 5.7584-20 14 3051 C—>379
6.40 130 11 8.354415 92 08 6.38 -0
6.11 +50 25 6.94 +50 1 2853 C—>243
5.70 +40 1
5.52 +50 ]
3.24 430 0.8 (39S1) 5.25 >0
5.11 440 8 5.113+15 2.3 298i 6.38 — 1.28
4.933 + 5¢ 75 4.930+10 37.4 208i 493 -0
4.60 +-80 2.5
4,20 +30 10 4.30 450) 2
3.976 - 20 4.2 2851 6.38 - 2.43
+ 3.3 ~ 3 305 3.79 - 0§
3.567 4-20 3.2 855 4,93 - 1.28
2.540- 68 69! 3.5471.10 36.5 S C 493
2.65 --30e 11e < ih
2.13 4-30e 1Jde 210 410 12.8 2851 C - 6.38
1.95 4.20 34
> 1.7 v 3 298i (C = 6.71)
> 1.5 ~ 3 *951 (C - 7.02)
1.28 2-10 16 295j 1.28 -0

1.26 --30¢ 14¢

8 Ki 51, unless marked o:herwise.
b Intensity in photons per 100 captures in natural silicon, Ba .38c.

¢ Ad 56a; intensity in photons per 100 captures in natural silicon.

d The capturing state is indicated by C; excitation energies are in MeV.
¢ Br 56e.

! Br 56e reports 49 per 100 captures

2 Ki 53c.

h See Gr 58c.

G.  8Si(d, p)*Si Q. = 6253.043.4

Magnetic analysis at E, = 7.0 MeV and at several angles yields seventy
proton groups, corresponding to levels with excitation energies up to 9.1 MeV
(Br 60d; also Ja 3la), see table 29.6; Q, = 6.2464-0.010 MeV (Va 52),
6.252 + 0.010 MeV 'Te 61). For earlier work at E, = 1.8-4.4 MeV, see Va 52,
Mo 50, Kr 55, Ne 66b. The excitation energies are in excellent agreement with
those found from (d, ¢), (t, d), and (p, p’) reactions.

Angular distributions of the most prominent proton groups yield the /, values
listed in table 29.6 (Ho 53a, Ho 53d, Te 58a, Za 59a, Bl 61b). Discussion of the
reaction mechanism, Ku 60¢e, Bu 61 ; of reduced widths Bl 61b, Ma 60d, Ku 60e,
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TaBLe 29.6
neeg;
Energy levels (MeV .keV) of ®Si from 2°Si(d, p)Si and **Si(p, P )51
Znergy SR = R
o e T T 2/ +1)05° 4 o
(P, p? (. )t (@ p)° Wop)d In (4. P) x 108 (d.p)
e T T 0er b 1 Ko B 42 [ 6.712 8.270
0 .- a ¢ 076 ... 10 ? 27817 9e, 1, LK b 60 ! 6.781 8.331
2788 P 20274 se, 1 20 | 6008 8347
2.027 -4 =. s 2027 4+ - )
‘2.42;7'(‘1 243615 242647 isotropic®: | <_)})-‘-’ ’ gg:s_) g.i?s
2064 -6 3076210 3.070:7 -ze-!l 2z | 7'055‘; 8.4_?’
36206 3635110 362317 3e2  deb) o | Tos8 8'5(‘)'4
4079026 4.0891-15 4.078--8 4.078 isotropic® l . 504
4.'."3:» -8 4937 7.140 8.526
48336 488510 484018 4836 , (;-:g;) gfjao
£301 -6 4907415 480718 1.893 | 7188 5356
so30 6 406310 434y 43l 1eldm 130 7092 8.0l
o34 6 5.252 . 7.523 8.609¢
; aey o 5.282 | 7.622  (8.644)8
546 -7 5.650 | 7.648 8.669
5'\304‘ s 5.812 ‘ 7.693 8.760
Se3T. T AO60 -10 5946 - 5047 20 1m 6 (7.735)8  8.814
Goos T 61610 610538 6d07 12 \ 7.766 8.848
G.Ase 3 ' 6108 3¢ 43 | 7.787 8.860
GA%0 T 6.300 10 638009 g.378¢  lelom 62 | 7.802 8.008
t ’ 6.420 | 7.986 8.986
6482 7 6.495 | 7.905  (9.013)
6515 7 6.522 | 835 0.040%
G600 T 6.614 | 8.159 0.053
6603 3 6.603 | 8.208 all:dkeV
\

all - A keV

23,p, PISE; E, = 7.5 8.0 and 8.6 MeV: Wh 60a.
Bayd, pitsi; Ja Gla.

2R4d, pr3SI; By == L8 Mel. Va 32,

234, PN By = 5 .03 MoV Br ood.

"5:759‘

S

Rl 61b: £4 = 15 MeV': raduced widths in good agreement w ith Ho 33d, Ma 60d.

L
t A $.414 MeV level is not excluded.
£ - % é\f“

B B33, 5y = 143 MeV.

I Hoe 33d: Fd = 8 Me\

}7a aa }, - 35 MeV,

B Te 38 :4\1(‘\.

= 4] m‘u. Eq = 63 MeV

Bo 394, Ca 36a. Fu 5t of /_ values and neutron capture probabilities, Ho 53a,

Ho :)Sd. Al 60d.
Direct ground-state

s+ transitions have been observed from 2°8i* = 1.2%,
and 6.38 MeV (Al 492, Th 54, Go 58). The 2.03 MeV
st entirely {99,532} - o the ground state; at the 2.43 MeV lev el
the gdm;nﬁomte branch is > 40°,. 2ngular correlations of protons and y rays

corresponding to ¥yl and §

2. Ku 60d, Hi 5%, Al 56a. The polarization of

-’9 {;'} -} -i-% 3 g"‘ % Q-\

taval Jecaws alp
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the p, group (Is 61a), and of protons leading to thae p-states at 4.93 and 6.38
MeV (Ju 58) has been measured.

For resonances, see 3P,

H. 28Si(t, d)*Si On = 2220.14+3.4
Angular distributions of deuteron groups to #Si* = 0, 1.271, 3.071, 3.630,

and 4.936 MeV, yield /, = 0, 2, 2, 3, and 1, respectively, in agreement with the
4, values found from reaction C:; peak cross sections, De 61b.

1. 29A1(8-)%9Si 0, = 368047
See 29A1.

J.  *Si(n, n'y)®Si

Gamma rays with E, = 1.28, 2.02, and 2.41 MeV, corresponding to ground-
state transitions from the three lowest excited states have been observed from
inelastic scattering of nevtrons with £, up to 3 MeV (Li 61).

K. 3Si(p, p')®Si

Magnetic analysis at E = 7.3-8.6 MeV, yiclds twenty-two levels in 2°5i;
see table 29.6 (Wh 69a).

Gamma rays of 1.28, 2.03, 11d 2.43 MeV have been observed from inelastic
proton scattering. Angular dis:r:butions of the 2.03 MeV y ray, measured at
E, = 2.798 and 2.931 MeV, yield P, terms, indicating that 5i(2) has - = i+
About 0.5, of the decay of this level proceeds through 29Si(1). Angular distribwu-
tions of the 1.28 MeV y ray at F, = 2.798 and 2.922 MeV are consistent with
the assignment J» =: §+ to S (1) (Br 57). An E2/M1 amplitude mixing ratio
X = +0.21+0.03 or —4.7+0.6 follows from angular distribution and linear
polarization measurements at the E; = 2.80 MeV resonance (Mc 61a).

For resonances, see 39P.

L. 2P(s+)*»Si Qn = 494849
See 29P.
M.  30Sj(y, n)29Si 0, = —10614.34+4.3
Cross section, Ka 54.
N. 3P, «)**Si Q, = 8169.8+3.3

Magnetic analysis at E, = 1.8 MeV yields (/g = 8.17040.020 MeV, and
seven x-particle groups corresponding to 2Si* = 0, 1.274 +0.010, 2.032+0.014,
2.4314+0.015, 3.072-+0.01€, 2.6194-0.017, 4.078 4 0.018, and 4.937 -0.020 MeV
(En 51a). Remeasurement giv>s 0, = £.158+0.0.1 MeV (Va 52a). The excita-
tion energies of the 2°Si levels given above have been corrected accordingly.
See also Be 55.

Angular distribution of grouni-sta:e group, H1 60a.
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0. %5(n, 2)®Si On = 1532‘0,&;3.5.
At E. = 3.7 MeV, « groups have been observed to #5i¥ = 0, 1.28, and 2.03
o n . ?

MeV (Bu 55); @ = 1.840.4 MeV (Mu 58a). The thermal neutron Cross section
is 1.84-1.0 mb (Hu 58). Cross section for E, = 1.4-4.1 MeV, Hu 58, Sc¢ 58

For resonances, see 38S.

136 P

P. Not reported:

27Al(t, n)¥Si Qn = 11576.043.6
27A1(SHe, p)*Si Qn = 12340.543.5
28Si(or, He)S1 Qp = —12099.5 +3.4
30Si(p, d)®Si QO = — 8389.61+4.2
30Sj(d, t)2Si 0, = — 4366.614.2
30Si(*He, a)*Si Qn =  9962.94.4.2
31P(n, t)?%5i Qn = — 9418.14-3.3
31P(p, 3He)**Si Qn = —10182.64-3.3
REMARKS

The 2Si ground state has J* = §* (Ho 63d). Two possible J* values for
several excited states follow from (d, p) engular distributions, Selection of one
of these two values is possible from angular correlation measurements for
WGi* . 1,28, 2.03, 4.93, and 6.93 McV; see reactions B, D, and K. Gamma
branching selects J* == §* for #5i = 3.07 MeV. The level at 2.43 Me\' ha~

= = 3+ since the g+ and p- transitions from the ground states of #P (J~=. 1)
and 2Al (J= = §+), respectively, are both allowed.

There is little doubt that in the 28Si(d, p)*Si reaction the strong I, - 3,
1, and 1 transitions to the levels at 3.62, 4.93, and 6.38 MeV reveal relatively
pure single-particle 1f;, 2p,, and 2p, states, respectively (Ma 60d). The strong
excitation of the 4.93 and 6.38 MeV levels in the Si(n, y)*Si reaction is in
agreement with this assumption.

A good over-all picture of both excitation energies and reduced widths of
2951 levels below 3.5 MeV has been obtained by application of the collective
model. Agreement with the experimental reduced widths cannot be obtained

without taking account of the interaction batween the two 1d; bands (Ma 6ud;
see also Br 57¢, Kh 59).

See also In 53.

»p
(Fig. 29.3, p. 137; table 29.7, p. 138)
N RES Qn = 494849

The weigl.lted mean of four half-life determinations, which are in rather bad
agreement, is 4.23 +0.05 sec (Ja 60a, Wa 60a, Ro 55, Wh 41).
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<

TasLE 29.7

Energy levels of wp

Ey Jn Ty or r Decay Reactiong
(MeV ;f_ke\"') e L e .
0 3+ 4231 0.05 sce Jing A, B, ]3, E,F
1.382+ 5 o+ » ge g-;
1956+ 6 g+ Y o DR
240 +30 B D
3.103+ 5 § ¥ D'
3.47 420
13424 8 i 53 =3 keV 7P B, C
4.765-1-10 3+ 156 1 1.0 keV v P [}.C
4.068-18 < keV p C
3.30 p C
5,53 20 . #25 L60 keV P C
3.7404 9 3~ 126 & 0.7 keV P C
3.9684- 9 3+ 9.5 - L5 keV P C
6.195+10 3= 05 - 6 keV P C
6.329-10 @) & 78 56 keV P ¢
(6.49) P ¢
6.54 P ¢
6.590-1.10 i 200 £20 keV p ¢
6.8364-14 4+ 4.0 4 04 keV P C
6.956 - 14 B+ 120 510 keV P c
T.024 114 3 100 = 8  keV P C
.25 p C
7.362 :-14 P C
T463 1 14 3= 84 - 09 keV P C
7.513 414 h+ T =3 keV P c
7.62 413 3+ 165 258 keV p C
OY B U (s « 2 keV p o
.92 -1h 4+ 4 4 keV P ¢
7.97 :15 4 - 126 25  keV P ¢
8.08 15 §+ 36 410 keV p C
8.20-14.43; 25 levels, see table 29.8b and reaction C

A (98.84+0.4)% f* branch proceeds to »Si(0), with end point 3.945 +0.005
MeV (Ro 55, see also Wa 60a). A (98.5+0.2)%, intensity is given in Lo 61;
log jt = 3.73. Gamma rays of 1.28 and 2.43 MeV have been observed in coin-
cidence with positons. Branching ratios of transitions to 20Si* = 1.28, 2.03,
and 2.43 MeV are (1.094.0.10)%, < 0.06%, and (0.354-0.07) 9, respectively.
Log ft = 4.94, > 5.5, and 4.3, respectively (Lo 61; see also Ro 65).

The 2.43 MeV level of Si mainly decays to 2Si(0). Transitions to MSi(1) and
(2) have an intensity less than 60 and 179 of the ground-state transition,
respectively (Lo 61°,

Longitudinal polar.zation measurement, Pr H8.

Theoretical discussion of i+~ and y-transition probabilities, Go 56b.



»p
BNERGY LEVELS OF LIGHT NUCLIL. It 138

B. %Si(p, 7)“? Qm = 2747 ::9

Proton capture has been observed at the lowe:t three resonances listed in
table 29.8 (Ku 5%a, Va 61, Ok 60a, Ne s0d, Ol 6), Se 60a, Oh 61). Fourteen
resonances observed for E, = 1100-1650 keV from proton bombardment of
natural silicon targets and presumed to be due to the #Si 4 p reaction (Se 60a)
have not been observed in other experiments (Oh 61, Ts 56). Two resonances
are expected in the range of excitation between the lowest two resonances
of table 29.8 from comparison with the 2Si lcvel scheme; see also reac-
tion D. A search for these resonances betweer. 700 and 1200 keV yields
(2J+1)I',I,|I" < 5meV (Ch 61). Two measuremer ts of the decay scheme of the
369 keVresonance level are in excellent agreement (Va 61,0k 60a; also Ol 60);
see fig 29.3. Gamma-ray energies and angular dist-ibutions yield the following
excitation energies (weighted mean values) and spins and parities: 2P* = 0,
1.3804-0.006, 1.9534-0.007, and 3.102 +0.006 MeV’, with J= = 3+, §+ 3+ and
2+, respectively (Ok 60a, Va 61, Ol 60). For E2/M1 mixing ratios, see Ok 60a.

The y decay of the 1652 keV resonance proceeds to 2P(0) (88%,) and to
BP(1) (12%,) (Va 60). Gamma-rav energy and angular distribution measure-
ments yield E, = 4.3414-0.012 MeV, and J* = §- for the resonance level
(Ne 60d, Va 60). The strength of this resonance is limited by the radiaiive
width; I', = 1.85+0.40 eV (Va 80), I, = 1.754 0.35 eV (Ne 60d). The total
width is 17 = 4414 keV (Va 61). 55.24-2 keV (N2 60d), 5548 keV (Vo 59a),
48 keV (Va 58g). 60 keV (Ru 59). The reduced widths listed in table 29.8 are
from Vo 59a; see reaction C,

The 4.765 MeV level, corresponding to the 209) -4 keV resonance, decays
to #*P(0) with a 4.71-0.03 MeV y ray (Va 60, Ne €0d). The resonance strength
P~ T,o= 043008 e\" (Va 61), 0.454+0.20 eV (Ne 60d). The total
width I' & I, == 1523 keV (Va 60), 1814 keV (Vo 59a), 1442 keV (Ne 60d),
13.5 keV (Va 58g), 30 keV (Ru 59), 16.2 keV (Be 61a).

A collective-model discussion of these resuits is given in Va 60.

C.  #Si(p, p')®Si E, = 274749

Differential cross sections for elastic scattering and inelastic scattering to
25j(1) measured at four angles for proton energies between 1.4 and 3.8 MeV,
show seven resonances for elas-ic scattering and four for inelastic scattering.
Analysis of these data yields spins, parities, elastic, and inelastic scattering
widths of seven resonance levels (Vo 59a). Similar work in the range E, = 2-5
MeV yields eleven resonances with spins, parities, and widths (Be 61a). See
table 29.8a. Except for the spin of the 6.33 MeV level, the results given in these
two reports are in good agreement. At the 1.65 and 2.09 MeV resonances the
results agree with those of Va 58g and of reaction B; see also Ru 59. The large
reduced elastic scattering widths of the 4.34 (J* = §-) and 5.53 MeV (J~ = }-)
levels indicate that these levels are single particle 2p, and 2p, levels (Vo 59a,
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TaBrLeE 29.8b

Proton scattering resonances on 285j (Ep > 4.8 MeV)

E, Bpes Ie

L pr WP e
{McV) (MeV) (keV) » 6 (MeV) (MeV) (keV)
4.85¢ 7.43 12+ 3 3 ; 8.77¢ 11.22¢ =~ 100¢
4.92¢ 7.50 7+ 3 0. (2 : 10.25 12.64 30
5.04 7.62 16525 0 ‘ 10.32 12.51 30
517 .74 <2 2, (0) ‘ 10.40 12.79 40
5.35 7.92 145 4 0 10.61 12.99 130
5.41 7.97 125425 1 10.88 13.28 150
3.52 8.084 36 10 2 11.28 13.64 120
5.64 8.20 204 4 2.(0) 11.56 13.91 80
5.71 8.26 40 11.73 14.05 80
5.06 8.49 3610 12.10 14.43 50
5.97 8.5 23 2,(0)
6.08 8.62 10
$.13 R.89 120 < 30 0
6.22 8.76 144& 3 0
$.32 8.85 9+ 3 0
$.36 8.89 33 6 0, (2)
6.44 807 50
.54 9.08 2W: 5 0
6.76 0 28 T2
6.83 034
6.86 0.3% 135 0, (2) ,
603 9.44 0. 5 0 "

all -1 15 keV

A Br 6la; vield measured of p, and py.
b Co 61b; yield measured of p,.

¢ Od 80; yield measured of p,.

4 See also Ok 68, Ya 58a; J™ = §*

¢ See also table 29.8a.

Va 58g, Ne 60d). Magnetic analysis of the proton groups to 28Si(0) and (1) in
the range E, = 4.8-7.0 MeV yields 22 levels in P with excitation energies
from 7.43 to 9.44 MeV, with widths and /; values. See table 29.8b.

Resonances in the yield of the 1.77 MeV y ray from 28Si(1) have been reported
in Co 55a, Wi 56, Ok 58, Od 59, Ne 60d, Od 60, Co 61b; see also Ya 58a. See
tables 29.8a and b for energies and widths. The 3.88 MeV resonance could be
due to 39Si(p, p’y), Ba 61. In the high energy range, E, = 10.0-12.3 MeV, it
is not certain that the compound-nuc’ear process predominates. Peaks could
be due to interference between direct interaction and compound nucleus
formation (Co 61b).

For non-resonance data, see 8Si.

D.  Si(d, n)®P 0, = 52249

Six neutron groups have been observed. For corresponding excitation energies,
I, values from angular distribution measurements, and reduced widths, see
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P

TaBrLE 29.9
Levels in 2P from 28Si(d, n)2*P and #Si(*He, d)*P

E.® ‘ - Ex b gpa d Ege

e
(MeV) (MeV) " x 10° (MeV) Iy
0 0 0 17 0 0
1.36--0.04 1.30 2 9 1.386 4.0.010 2
1.94.10.04 1.92 2 5 1.960--0.010 2)
2.401.0.03 2.5
3.11-0.02 2,90

3.4740.02 3.5

a Ma 60; 2Si(d, m2°P, E4 = 3.4 and 4.0 MeV; excitation cnergies calculated with an assumed
Qp = 0.54 ' .02 MeV (ci. reaction E).

b Ca 57; 3Si(d, n)®P, .4 = 9 MeV.,

¢ Also Gr 55f; 2Si(c, n)2*D,

4 Ca 57, Ma 60d.

e Hi 60c; 5i(3He, 4)2°1°, £(3He) = 9.16 MeV.

table 29.9 (Ma 60, Ma 60d, Ca 57, Gr 55f); Qp = 0.63--0.06 MeV (Ma 60),
0.6+0.1 MeV (Ca 57), 0.29--0.04 MeV (Ma 52).

E.  2Si(®He, d)*P Q. = —27464.9

Magnetic analysis at E, = 9.16 MeV, yields three deuteron groups. For
corresponding excitation energies and /;, valucs, sec table 29.9; @y = —2.731 4
0.012 MeV (Hi 60c).
F.  Si(p, n)*P Q,, = —bH73149

Observed, Wh 41, Ty 54. Sec also Sa b6a.
G. Not reported:

27Al(*He, n)®P @, =  6610+8
2Si(x, t)2P Q, = —17066-+9
29Gi(3He, t\20P Q, = — 496649
31P(p, t)2P Q. = —15149+8
32S(p, «)2P Q.= — 419948
30A]
(Not illustrated; see fig. 30.1, p. 144)
A, 30A](B-)%0S; Qm = 72904250

A 3.27 £0.20 sec activity from fast neutron bombardment of natural silicon
has been assigned to 3°Al. Gamma rays with energies of 2.264-0.03 MeV
(rel. int. 100) and 3.524-0.03 MeV (rel. int. 644+6) have been observed. The
end point of the - spectrum is 5.0. +0.25 MeV; the intensity of a potential
hranch with a 7.29 MeV end point is < 2%, Nuclear mass systematics make it
rrobable that the observed end point corresponds to a - transition to 39Sj(1).
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From the known y branching of 39Si(2) (see 3°Si) und from the observed y

intensities, the relative intensities of 8- branches to 3°Si(1) and (2) are computed
as ~ 16% and ~ 84%,, yielding log f? values of 5.2 and 3.9, respectively (Ro 61).

B. 39Si(n, p)30Al Q,, = —65104-250
See reaction A.

C.  Not reported:
305i(t, SHe)30Al On = —72704-250
3084
(FFig. 30.1, p. 144; table 30.1, p. 145)
A, 2Mg(a, p)PAl Q, = —28624+6 E, = 10649.9=4.5

With RaC’ « particles and natural Mg targets, resonances in the 2°Al vield
have been observed at E, = 5.3 and 6.0 MeV (Me 37).
For proton groups, sec 39Si,

B.  ¥Al(e, p)*osi Q. = 23776 +4.1

At £, = 8 MeV, nuclear emulsion work yields the ten levels listed in table
30.2; Qg = 2.38 40.03 MeV (Ha 56e). At E, = 10.4, 13.7, and 14.7 MeV, the
same ten levels have been found, plus groups to 30Si* = 5.70, 7.76, 8.44, 8.80,
9.38, (9.70), 9.96, 10.60, and 11.06 MeV, all +0.08-0.10 MeV (Ro €0c). At
E, == 22 MeV, Al absorption measurements yield levels at 5.61, 7.35, 8.37,
9.43, 10.04, and 11.03 MeV (Br 49).

Magnetic analysis at E_ = b MeV yields the excitation energies of four levels
with small errors. Some of ‘hese vaiues, however, are in disagreement with
other accurate measurements; @, = 2.3734.0.008 MeV (De 59a; table 30.2).
Sce also Hu #9a, Sw 61.

Angular distributions of the p, and p, groups, Vo 57a (E, = 8 MeV), Ko 61
(E, = 22 MeV), Hu 59a (E, = 30.4 MeV), Sw 61 (theory). Angular distribution
of ppat E, = 19 MeV, Pl 61. Much of the older work on this reaction has been
Jdone with radioactive a-particle sources; for a summary, see En 54a.

Proton-gamma coincidence measurements yield ground-state y transitions
from 30Si* = 2.23 and (3.51+3.77+3.79) MeV. One of the levels at 4.8 MeV
is probably de-excited (with a 1.284-0.06 Mc\" » ray) through the 3.51 MeV
level, and for less than 159 through 30Si(1) (Al51, La 51). See also Be 48, Br 55b.

For resonances, see 31P.

C.  =8Sij(t, p)3°Si Q. = 10609.6 +-4.5
Levels found from magnetic analysis at E, = 5.97 MeV are listed in table
30.2; Qp = 10.586-0.015 MeV (Hi 61g).
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TasLE 30.1

Energy levels of 305

(hrievlzkev) Jz Decay Reactions
0 0+ stable
2.232 - 2+
3.607+ 24
3.767+
3.786
4.808 -
4.826 -
5.222 4-
5.274-4-10
5.3664- 7
5480+ 7
56114 7
5.948 410
6496+ 5
6.528 4-10
6.6304- 5
6.735L 5
6.860 10
6.908 110
6.9934-10
7.0394-10
7.070+10
7.216 410
7.2484-10 ,
7.435 10 B, C
7.497-10.760 32 levels, see table 30.2 and reactions B, C, I
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D.  Si(n, y)%Si 0, = 10614.314.3

The thermal neutron absorption cross section is 0.284+0.09 b (Hu 58).

Thermal neutron capture y rays are listed in table 29.5. The assignments to
the %Si(n, )3%Si reaction are uncertain, except for the 10.599-+0.011 MeV
ground-state transition (Ki 53c, Ad 56a).
E. 28i(d, p)3%Si Q. = 8389.64-4.2

Magnetic analysis at E; = 2.1 MeV (Va 52) and 7.0 MeV (Br 60d) yields the
levels listed in table 30.2; Q, = 8.38840.013 MeV" (Va 52), £.413--0.010 MeV
(Ma 60e). The excitation energies of the three lowest levels are reported as
2.249, 3.520, and 3.790 MeV, all +-12 keV (Ja 61a). For Al-absorption work at
£,y = 3.7 MeV, see Mo 50.

Angular distributions of the groups to 3°Si(0) and (1), yield /, = 0 and 2,
and 0,2 = 0.29 and 0.19, respectively (Su 59b, as corrected in Su 60).
F. 30A](8-)30Si Q, = 72904250

See 30Al.
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TaBLE

Levels in S {in MeV =keV) from the reactions #?Al(z, pj*Si,
®3jit, p}¥Si, PSi(d, p)**Si, and *Si{p, p’)**Si

a b ¢ a e ! a f

0 @ 0 0 0 7.800 510

2282 22320 2258- 6 2232.6  22389:20 7.899.:-10

3500 35220 3518~ T 3493-6 351516 8.094 410 8-?93

3.769 o (3.765 - 8) 8.1451-10 8.143

3788 33040 gogg. 9 3785-.6  3.756-20 8197210

4513 4.503.-6 8.279-- 10

$.323 8320 453 10 4.R2T 8.319.:10

3225 (53.220-7) 8.430:10

3274 3.29.-20 . 8.539:-10

3367 53657 8.584 :-10 8571

3483 352 30 34TT -7 (5497 1 15) 8.632 .10

J¢p2 SEM T (3.622215) 8.661 10

S48 308 - 40 D 8.720 £ 20

6362 6404 8.785 - 10 8.500

6528 632 30 8.881--10 $.890

6632 6.630 . 802710

§.T3u 6.734 8.950 - 20 (8.947)

R $.021 210

R 09.002 =10 9 ons

g.u993 9,120 =20

T 3w 0152 =10

SOt T 30 9.241 10 0 246

T 9.206 210

T Igs 9,338 . 10

T A3 TIS 5 9.306 410

T a0 T g0 9.418: 20

B V-'M (7613 0457110

T GG 7.633 9 590
AL I kel ali =5 keV ' 10.560

all -3 keV

§ bl 6lg: Bk, piS — B = 39T MoV magn. anal

* Ha e TAL g, p ¥ — £, = 3 Mol nuoel. emulsions,
P De ac Yale p ¥ - B, = 3 MeV magn. anal.
LNR g WSup, WS~ E5 = T3 2.0, 8.6 MeV: magn. anal.
V3 3T WS E oo — B o= 21 MeV magn. anal.

i
B gk WSS, 0 By - By o= TOX MeV magn. anad

G, ¥Sin nneS

The vield of 2.23 MeV » rays from natural Si targets has been measured up
o £, = 3.0 MeV (Li 61,
H.  WSip, p

\53: =n¢ analvsts at E) = 7.5, 8.0, and 86 MeV, vields the levels listed in
table 30.2; a level at 5 175 MeV (Va 52) has not been observed (Wh 60a).
Anguar distribution measurements of the 2.23 MeV 3 ray yield J* = 2+
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for 39Si(1) (Br 60e, Ba 61). Gamma rays of 1.27 and 1.55 MeV have been observed
in coincidence with the 2.23 MeV 3 ray. A direct ground-state transition has
been observed from the 3.51 MeV level, intensity (46 4-5)9,, but not from the
3.78 MeV doublet (Br 60b, Go 61a). Gamma-gamma angular correlations and
angular distributions give J* = 2+ for 3%Si(2), and J = 0 for one of the compo-
nents of the 3.78 MeV doublet. The E2/M1 amplitude ratio of the 39Si(2} — (1)

transition amounts tox == —0.18-0.05, Br 60e, Go 60c, Br 61d. See also Ok 58.
For resonances, see 3P,

I.  30p(g+)3esi 0, = 424810
See 30P,
J. 3Py, p)¥si O = —T7286.244.0

Energy spectrum and angular distribution of photoprotons from phosphorus
irradiated with 32 MeV bremsstrahlung, Cu 59,
K. 3P(n, d)*si Qu = —5061.5+-4.0

The angular distribriion of the deuteron group to 3°Si(0) yields /, =0
(Ve 60a, Co 60a, Ha 58a - 6,2 = 0,012 and @, = —5.240.2 MeV. Groups to
305i* == 2,23 and (3.5 4-3.0 MeV have been eobserved (Ve 60a).

See also Za 61,
L. 38(n, x)%si Q, = 35037 4.9

Cross section, Mu H8a.

M. Not reported:

1Si(t, d)*si O, = 1356.6 4.2

®Si(x, IHe)20Si O = — 9962.9 £4.2

3P(d, 3He)%08i O = — 1793.1 14.0

3P(t, 2)29Si Q.= 125265 :4.0

3S(n, 3He)*Si 0, = — 8430.9:+4.1
REMARKS

Collective model interpretation of 3°Si, Su 60. Prediction of a (d;)? level with
Jr=0tat E, ~ 2 MeV, La 58a.

wp
(Fig. 30.2, p. 148; table 30.3, p. 149)
A, 30p(p+)3es; Q, = 424810

The half-life is 2.554-0.02 min (weighted mean of Ko 54a, Mi 55, Ar 58,
Cl 58; see aiso Ba 52a, St 53b, Gr 56, En 54a).

A magnetic spectrometer determination of the g+ end point of the main
branch to 39Si(0), yields 3.24 4-0.04 MeV (Gr 56), in good agreement with values
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Fig. 30.2. Energy levels of %p: for p decay see fig. 30.3.
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TasrLe 30.3

Energy levels in %P

(MeVl:»;ke\") JurT 7} Decay Reactions
0 1+; 0 2.55:£0.02 min 8+ many
0.684 - 3 0+; 1 y B, E LK N
0.705 .+ 3 1+;0 v B, EG KN
1.451--10 2+ v B, E, G N
197210 3+ Y E G N
2538410 (2, 3)* ” E, N
2723410 2+ ¥ E, N
2,839+ 10 » E, N
2.937 +10 241 ¥y E, N
3.018 - 10 1+ v E, N
3.734 110 N
3.836.. 10 N
3.026 410 N
4.141 210 N
4.181:-10 RASES | by E, N
4.230 . 10 N
4.2006 10 N
4342210 N
4.421 410 N
4,601 110 R Y E.N
4.625--10
4.734 410
4.020 =10

5.024 +10
$5.200 : 10
(5.283 : 10)
5.412 1 10
3.504 - 10
5.508 110

SRS ReN No IV AVAY AVAYV AV X AV AV AV AV A«

5.700 .10

5.790 10

5.900-7.253; 11 levels, see table 30.4 and reaction

8.11-8.48; 13 levels, see table 30.4 and reaction

14.8 P
15.3 P
15.7 P

of 3.314+0.07 MeV (Hu 54a; scintillation spectrometer) and 3.23 +-0.07 MeV
(Ko 54a; Al absorption). Log ft = 4.84.

Although absence of y rays in the 3P decay is reported in St 53b, Ko 54a,
and Gr 56, later a 2.24 MeV y ray has been observed with 0.5%, intensity
(Mo 56d); log ft = 4.9. This uniquely fixes J* = 1+ for 30P(0), since 3°Si(1) has
J® =2+,

B. 2Al(e, n)3P Q, = —26063+9
At E, = 3-6 MeV, neutron groups have been observed to 30P* = 0, 0.70 4-0.03,
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and 1.45-0.02 MeV; 0y = —2.6720.03 MeV {Ba5%a), = ~2.662.10.005 MeV

(W5 605, See also Ya 60. Pe £8
For resonances, see 3P,

. da ®Sild, 2,25Al Q. = 1420.7+4.2 E, = 1183759
b ®Sald, p)®Si 0, = 6253.04-3.4 i, = 1183749

Lirong resomance structure in the az-particle and proton yicld has been

between 17.1 and 21.9 MeV (Br 5%a, Ku 60e). At lower encrgies, the resonant
character of the id, p) reaction indicates P levels at 14.8, 15.3, and 15.7 MeV’
INe 58b; see also Co 57b).

For non-resonance data, see *¥Al and 8,

. *5ii%He, pi¥P Q, = 634429
Cbserved, Po 52b, Po 33.

E. ®5ip, %P 0, = 5584 +10

With targets enriched in #5i, the assignment to the #Si(p, y)3°P reaction
was establiched of the resonances listed in table 30.4, with corresponding 3°P
excitation energics, spins, parities, isobaric spins, and resonance strengths
iBa 00f, Oh 60, Ku 5%, St 59d, Va 58a, Gr 57a, Ts 56, Mi 55, Ta 46; see also
s Nira, Se 55,

The y-ray energies measured at the four lowest resonances lead t0 Qg =5.57
.63 MeV {Va 58a). Resalts of the analysis of y-ray spectra, y-y coincidences,
and angular distributions at the four lowest resonances (Va 58a), and at the six
lowest resonances (Ba 60f), are in excellent agreement. See also Mi 55, Si 59d.
Branching ratios of the resonance states and lower lying levels, and spins,
panties, and isobaric spins found from this work are summarized in fig. 30.3
iBa 60f). The 1307.5 keV" resonance de-excites predominantly to 30P* = 0.68
MeV'; the 1331.5 keV resonance to 3°P(0) (Oh 61). The doublet character of the
700 keV level was demonstrated by measurement of y-ray energies: 686 -4
and 6366 keV at the 415 and 730 keV resonances, and 703+6 and 705 +5
kel” at the 326 and 698 keV resonances {Va 58a). In Si 59d E, = 690+5 keV
is reported at E, = 415, 730, and 917 keV, and E, = 70845 keV at E = 693
kel'; see also Si 594, Angular distribution measurements yield J* = 0+ and 1-
for the 684 and 705 keV levels, respectively; the first is the 7 = 1 analogue of
745110y (Va 58a, Si 59d, Ba 60f).

At the four lowest resonances some evidence is found for the operation
of an El isobaric spin selection rule (Va 58a). Descriptior of this nucleus in
terms of a strong coupling version of the unificd model is probably difficult
(Ba 60f;.
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TaBLE 30.4

Resonances in #Si+p

E, wpe 2/+1) I,Ir.r
(keV) (MeV) JT Decay ¢/ )
326.4 41,28, 4, ¢, 1 5.900 2-8; 1+, 2th y 0.07 +0.028
4153 L1.3a. d,e. } 5.986 1-8; 1-(1+)h y 0.234-0.068; 0.231
697.540.78. ¢ 1 6.258 (3+)1; 2+h y 0.184-0.058; 0.111
730.1-1.28. e 1 6.290 3-2; 3+ (39)b y 0.150.04¢2; 0.111
916.5 0.5, e, 1 6.470 1+ (1) b e
956 --1b. el 6.508 2+h y
1307.5-+3! 6.848 y
1331.54-31 6.871 ¥
1500¢ 7.034 y
1648¢, b 177 y
17257¢ 7.253 y
2014k 8.11 P
2678% 8.17 Pi Ps
2900% 8.19 Pu Ps
2720k 8.21 Ps
2760k 8.23 P
2708k 8.29 Pi Pe
2843k 8.33 P
2876k 8.36 Pi» Pa
2022k 8.41 P:
2034k 8.42 P Pa
2068k 8.44 Pu P2
2082k 8.47 Pi: Py
2005k 8.48 P
& Ku A%,
b Ta 58,
€ (Gr d7a,
4 Ta 46,
® Mi 55.
! Va 58d.
€ Va 58a.
b Ba 60f.
! Br 56h.
k Br 57.
1 Oh 61.
F. Si(p, p)2Si* E, == 5584110

In tie range E, = 2.5-3.0 MeV, resonances in the yield of 1.28, 2.03, and
2.43 MeV y rays have been cobserved ; see table 30.4 (Br 57).
For non-resonance data, see 2°Si.

G. ¥Si(d, n)oP Q, = 3359+10

With enriched 27 targets, groups to 3°P* = 0, 0.75-+0.06, 1.46 +0.06, and
2.004-0.06 MeV have been found at E, = 1.4 MeV; Q, = 3.27--0.04 MeV
(Ma 52; see also Pe 48).
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H. %Si(p, n)3P 0. = —5031+10

Threshold measured at E, = 5.17440.030 MeV, yielding Qp = —5.005+
0.030 MeV (Br 591).
For resonances, see 31P.

. Ep
651 . . gyt — L
) 12) (1) 1) (5) (26) (25)
647 4 | | l . 4 1 Qo17?
S 5 a8 5 2 1a 25
629 [ | . 3 or3c
— Y Y Y
w 1 78 21
626 & A S— 2 o698
% 1 2 3 32 29 27 ? ()
t Pt
599 = 4 { 0418
l 7 68 2 ]
590 + 4 (2) o326
39 6 5
450 \ Tel
418 . 2% Fel
66 34
8 6232 l
.Y 5e 7.9
20 2aa g
254" 3% 3
154243 1 60
197 . 2
404713 95 8
145 ? 2°
0684 9705 L MRS
’.

30P

Fig. 30.3. Gamma-ray branchings of %P states (Ba 601).

I 305(p+)s0p Q. = 5970£110
See 305,
J.  31P(y, n)%pP Qn = —128174.9

Recent threshold measurements give 12.33 40.05 MeV (Ba 57b), 12.50 4 .05

MeV (Ch 58), < 12.39140.026 MeV (Ge 60a), and 12.23-+0.04 MeV (Sa 61).
See also Mc 49, Ka 51a, Sh 51a.

For breaks, see 31P,
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Cross section measurements, see En 54a, Na 54.

K. 3P(p, d)*P 0, = —10092+9

At E, = 18.6 MeV, angular distribution analysis yields /, = 0 for the deu-
teron groups to the ground state and the 700 keV doublet; reduced width
0,2 = 0.013 for the ground state, and 162,_,4-62,_, = 0.012 for the 700 keV
doublet (Be 61b, Ma 60d).

L. 3S(y, d)3P Q, = —18955+9

Threshold reported at E, = 19.154+0.20 MeV {Xa 51a). For yield measure-
ments, see Fo 61, Fe 60, Fa 59, Go 58d, Ri 55, Ka 5lc.

M. 35(n, t)iop Q. = —12697+9
Cross section at E, = 14.6 MeV, Ba 61f.

N.  338(d, a)%P Qn = 489149

Magnetic analysis, at E, = 6.0 and 6.5 MeV and at several angles, vields
Qp = 4.88740.010 MeV, and levels at 3°P* = 0.680+0.010, 0.708--0.008,
1.451, 1,972, 2.538, 2.723, 2.839, 2,937, 3.018, 3.734, 3.836, 3.926, 4.141, 4.181,
4230, 4,296, 4.342, 4.421, 4.501, 4.625, 4.734, 4.929, 5.024, 5.200, (5.233),
H.412, 5.504, 5.598, 5.700, 5.790, all 4.0.010 MeV. The intensity of the group
to the 0.68 MeV level, relative to that to the 0.71 MeV level, at 9 = 130°,
is 0.20 at E; = 6.0 MeV and 0.02 at E, = 6.5 MeV, indicating that the 0.68
MeV level should be identified with the /* = 0+, T = 1 state at 686 keV found
from the ®Si(p, y)}*°P reaction. The violation of the isobaric-spin selection rule
is more pronounced for the higher 7" = 1 levels, presumably at 2,937, 4.181,
and 4.501 MeV. The intensities of the a-jarticle groups to these levels are
about 50%; of neighbouring groups correspo:.ding to 7' = 0 final states (En 58).
See also Le 56b.

In Ja 6la, groups are report~d to 3°P* -= 0.711 +0.008, and 1.4594-0.012
MeV; @, = 4.888 +0.010 MeV (Ma 60e).

0. Not reported:

235j(t, n)3°P Q,= 5579+ 9
Sj(x, d)3OP Q. = -12009+ 9
25j(SHe, d)soP 0., = 91+10
Si(«, t)3P Q. = —14229410
30Sj(3He, t)3°P Q, = — 4266110
31P(d, t)3°P Q,= — 6059+ 9
31P(3He, )3°P Q.= 8260+ 9
325(p, *He)%°P 0, = —13461+ 9

$8S(p, @)3°P Qu

— 15274+ 9
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308
(Not illustrated; see fig. 30.2 p. 148)

A S(BH)IP 0,, = 59704110

The half-life is 1.5 +0.1 sec (Jo 60), 1.354-0.16 sec (Ro 61a). Coincidence
u easu’ »ments indicate that the g+ decay mainly proceeds to 3°P(1). The f*
end p 1t is 4.22 +0.156 MeV (Jo 60), 4.304-0.15 MeV (Ro 61a); the y-ray energy
is 67¢ +8 keV (Jo 60), 677410 keV (Ro 61a); log ft = 3.6.

A B~ branch to 3P(0) has also been observed. The calculated branching
percentage (19%; log ff = 4.7) is not inconsistent with very crude estimates.
No evidence has been found for a transition to 3P*(0.704); << 2569, (Ro 61a).

B.  Si(3He, n)3s Q, = —4104+110
At E(3He) = 3 and 8 MeV, 39S has bren produced (Jo 60, Ro 61a).

C.  Not reported:
25(p, t)305 Q, == — 194504 110

&
(Fig. 31.1, p. 166; table 31.1, p. 156)

A, aSj(g-)ap Q, = 1476.7 4. 4.6

The weighted mean value of the half-life is 167.3 0.4 min (Ci 38, Lu 50,
We 51, De 52, Mo 52a, Gu 68b).

The 8- spectrum is simple and has the allowed shape. The end point has
been measured as 1.4714-0.008 McV (Mo 52a) and 1.486 -0.012 MeV (Wa 52);
log f! = 5.5. A 1.26 MeV y ray (intensity 0.07%,) has been detected by scintil-
lation spectrometer. The corresponding #- transition is allowed (log f# = 5.2),
Ly 54.

The allowed character of the f- branch to 3'P(0) with J* = 1+ yields
J? = 3+ or §+ for 31Si(0), of which the first vaiue is excluded by 3%Si(d, p)3tSi
angular distribution measurements (see reaction C).

Theoretical remarks concerning the 3!'Si decay, Go H6b.

B.  ®Si(t, p)*'Si Qn = 8724 15

By magnetic analysis at E, = 5-6 MeV, levels in 31Si have been observed at
E, = 0.754, 1.692, 2.314, 2.799, 3.141, 3.5634, 3.877, 4.264, 4.386, 4.688, 4.716,
4.9+0, 4.964, 5.272, 5.312, 5.439, 5.694, 5.605, 5.655, 5.675, 5.730, 5.816, 5.868,
5.955, 5.982, 6.068, 6.107, 6.248, 6.340. 6.450, 6.468, 6.676, 6.650, 6.810, 6.874,
all £0.010 MeV; @, = 8.715-4-0.016 MeV (Hi 61g).
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Fig. 31.1. Energy levels of 35i.
C.  3Si(n, y)*Si 0, — 6592.1+3.8

The thermal neutron capture cross section is 110410 mb (Hu 58). For the
cross section at higher E,, see Hu 58, Bo 58b, Ko 58d.

D.  305i(d, p)3'Si Q, = 4367.443.7

By magnetic analysis at deuteron energies up to 2.1 MeV, proton groups
have been found to 31Si* = 0, 0.757 +0.007, 1.69940.007, 2.319, 2.791, 3.140,
3.539, and 4.384¢ MeV, all 4+-0.008 MeV; Q = 4.364+0.007 MeV (Va 52),
4.364 4-0.010 MeV (Ma 60¢). At E, = 7.0 MeV, magnetic analysis yields groups
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Tasii 31.1

Energy levels of 18i

-
Ly

actions

(MeV - keV) Jr 7} Decay Reaction
0 4 157.3 1 0.4 min - ABDEF
0.756 + 6 e B, D, E
1.6974 6 B. D -
23194 5 B.D
2.7914- & B D
3.1394 b B D
3.6364- b B.D
3.8774-10 1

4.264 1-10 iE}

4385+ & B, D
4.688--10 B

4,722 1- 6 3, )

4.940 4-10 B

4.964 4-10 B
5.2724-10 B
5.312--10 13

b5.444 -+ 6 B D
5.604-6.874; 19 levels. see reaction n

to 3Si* = 2,322, 2,788, 3.137, 3.535, 4.386, 4,726, and 5,447 McV, all -+ 0.006
MeV (Br 60d).

Angular distribution analysis of the groaps to MSi(0) and (1) gives [y == 2
and 0, and thus J~ = (3§, §)* and }*, respectively. The reduced widths arce
0,2 = 0.11(J~ = 3+, see reaction A) and 0.06, respectively (Su 59b, as corrected
in Su 60; Ho 53d).

E. 31P(n, p)*Si 0, = —694.1:4-4.6

With D(d, n) neutrons, a 3!Si level at 0.7 MeV has been found; ¢y = —0.97 -~
0.13 MeV (Me 48).

For cross section and resonances, see 32P.

F.  34S(n, «)%'Si Qn = —132646
Cross section, Hu 58.

G. Not reported:

30Sj(t, d)31Si 0, =  334.5.3.7
305 (e, SHe)31Si O = —13985.0-+3.8
31P(t, 3He)%1Si 0, = — 1458.6-£4.6
335(n, 3He)¥Si 0, = ~10481 45
REMARKS

For a collective model interpretation of the 31Si level scheme, sce Su 60.
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np
(Fig. 31.2, p. 158; table 21.2, p. 159)

A, FAl(e, n)3P 0, = —2653+9 p = 9663.8+2.4
Resonances in the P cctivity have been observed at E, = 3.42, 3.58, 3.68,
3.72, 3.76, 3.81, 3.90 (Wi 69), 3.95, 4.53, 4.70, 4.84, 5.12, and 5.3 MeV (Sz 39).
With natural z-particle sources, 13 resonances have been found for E_ = 5.29
to 8.62 MeV (Fu 38). See also En 54a.
For Q value and neutron groups, see 3°P,

B.  #Al(a, p)*Si Qp = 2377.6+4.1 E, = 9663.8+2.4

With natural a-particle sources, resonances have been found at E, = 4.0,
4.44, 4.86, 5.25, 5.75, and 6.6 MeV'; for refer>nces, see En Hia.
For Q value and proton groups, see 39Si.

C.  ¥Sifx p»'P Q, = --1916.8+2.8

At E, = 19 MeV, the angular distributions of the pg, p,, ps groups indicate
! = 0, 2, and 2, respectively (Pl 60, Pl 61). The <ame result has been obtained
at E, == 22 MeV (Ko 61),

D, (a) ¥95i(p, »)¥P QO = T286.2 +4.0
(b) ¥Si(p. p'y)*Si E, = 7286.2+4.0
Capture resonances for E, <2 1 MeV, with strengths, spins, parities, and the
excitation energies of the corresponding *'P levels are listed in table 31.3a. The
resonance enetgics listed are those reported in Ku 5% and Oh 61. Other less
accurate measurements are in good agreement with these values (Ta 46, Ts 56,
Tu 57, Br 58¢c, Ho H3c: see also Se 55, Se 60a). Resonances at £, = 367 keV
(Ta 46),and at E, = 717, 800, and 895 keV (Ts 56) have not been observed in

other work.

Investigation of the y-ray spectra, y—y coincidences (including sum-coinci-
dence measurements), angular distributions, and y-y angular correlations at
the lowest five resonances of table 31.3a (Ho 38c), and at all ten resonances of
this table (Br 58c), yields branching ratios, spins, and parities of the resonances
and lower lying levels. In addition to the levels known from reaction K, levels
at 6.55, 6.43, 6.25 (or 5.26). and (6.05) MeV are necessary to explain the observed
v-ray spectra (Br 58c).

The branching ratios reported in Br 58c aud Ho 58c are in good agreement;
the averages are given in fig. 31.3; the few discrepancies asc mentioned in the
figure caption.

Spins and parities of the resonance levels are listed in table 31.3a. Spin and
parity assignments J* = 1+, §+, 3+, §7, 57, ¢+, and §*, to 3'P* = 0, 1.27, 2.23
3.13, 3.29, 3.51, and 4.18 MeV, respectively, follow from angular distributior
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TaBLE 31.2

Energy levels of 31pP

E

(MeV :; keV) ] Tm or I’ Decay Reactions
0 i+ stable many
1.2654-3 §+ (4.6--2.3) x 10-13 sec » many
223244 3+ ¥ C,D.F ], K
3.133 +4 3+ » D K
3.2924-4 3+ ¥ D, K
3.4144-5 F, K
4.188.15 3+ y D, K
4.2574-5 K
4.430 45 K
4.590-+-5 () by D, K
4.633 45 K
501245 (4 3% v D, K
{6.05) ” D
(6.25) vy D
6.43 ¥ D
8.53 2 D
7.768 4.4 3+ - D
7.886.:-4 N 40 -7 eV o D
7034 L4 g D
8.021 4-4 Bt ol D
8.038 14 T v D
B.003 ¢ 4 B+ P D
8.201 45 av 2 D
821745 p » D
8.236 4.5 >3 » 15}
8.241 3 g ¥ D
8.346-11.381; 107 »- and/or p-emitting levels; see tables 31.3b and ¢
and reaction D
12.58-17.17; 24 n-cmitting levels; see reactions AEI
13.2-15.4; 6 p-cmitting levels; see reaction B

and correlation measurements (Br 58¢c). The assignments reported in Ho 58c,
as far as these are unique, agree with these values; in addition J* = (;) and
(3, 2%) are given for 31P* = 4.59 and 5.01 MeV, respectively. See also Si 59a,
Si 59b. The E2/M1 mixing ratios of the ;> ravs de-exciting the resonance levels
(all with = = +), and of a few lower energy y rays are given in Br 58¢c, Ho 58c.

For protons with E, > 1 MeV, 107 (p, y) and (p, py) resonances have been
found in the proton energy range up to 4.256 MeV', corresponding to 3P levels
up to 11.4 MeV; see tables 31.3b and ¢ (Ba 61, On 61, Sm 61b, Va 61d; see also
Pa 56, Gr 57a, Se 60a). For E, = 3.0-4.3 Me\, inelastic proton scattering to
30Sj(1) is more prominent than the competing proton capture (Ba 61). The y
decay of some resonances up to E, = 1.52 MeV is given in fig. 31.3.
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TaBLE 31.3a
Resonances in 395i(p, y)3'P (Ep = 1000 keV)
Ey® ELY sip# Jn ryr,(iro I r,i
(keV) (keV) (MeV) (meV) (eV) (meV)
498.3--1.0 501 7.768 gre, d 454 4
619.64-1.2 620 7.886 j+e d, e 16104120 404.7 1520--120
669.8+1.0 670 7.934 4+d 32+ 3
759.3+0.9 759 8.021 jrea 244 3
776.44+1.0 776 8.038 et 1824 196 140+ 40
834.2-1.3 835.5 8.093 gte
945 8.201 are, 8
0961.5 8217 = §°
982 8.236 = §°
09¥6.5 8.241 je
all+3
3 Ku 3%
b Oh 61
¢ Br 38c.
4 Ho 38c.

© Angular distribution measurements (Br 58c, Ho 58¢c) yield J7 = }&+; the partial widths as
found from resonance absorption measurements make even parity most probable (Sm b58a).
! A + polarization measurement indicates that the ground-state transition is predominantly X2

{Su 60c¢).
¢ Spir assignment from angular distribution measurement; parity from y polarization (Tu §7).
b Ho 58c; obtained by standardizing on the value I'yI" /I" = 16104120 meV for the 620 keV

resonance (Sm 58a).
! Sm 38a, Sm 59; resonance absorption measurements,

Spins and parities of resonance levels, and the methods of investigation, are
listed in tables 31.3b and c. Angular correlation measurements give }J* = §+
and §* for 31P(2) and (1), respectively. The 2.23 MeV level predominantly
(> 97%,) decays to the ground state (Li 59, Pa 56).

E. 30Si(p, n)3P Qp = —b5031+10 E, = 7286.24+4.0

The cross section above the threshold shows resonance structure (Br 59f).
For threshold, see 3°P,

F.  30Si(d, n)*'p 0., = 5061.5+4.0
At E; = 1.4 MeV, neutron groups have been observed to 31P* = ¢, 0.33,
1.19, 2.22, and 3.41 MeV, all 1-0.04 MeV, Ma 52. See also Pe 48.
5. Si(g-)Hp O = 1476.744.6
See 3151,
H. 9P(, ;o

Resonance fluorescence measurements yield v, = (4.64-2.3) x 10-13 sec for
31P(1) (Bo 60f).
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TaeLe 3:.3b
Resonances in 3Si(p, y)3P (1000 keV < E,, < 1825 keV)

E,8 Eyb E,* Eyd 3p= Relative n
(keV) (keV) (keV) (keV) (MeV)  intensityd
1103 1094 1096 8.346 0.7 jd
1186 1179.5 1177 1178 8.426 0.2 g(")“
1212 1209.5 1204 1205 8.453 0.7 s(+)a, d
1294 1290.5 1292 8.536 0.1 i+8
1304 1300 8.544 3+a
1307 1302 1302 1302 8.546 0.3 (3)8
1328 1324.5 1322 1326 8.567 2.5 2% d
1339 8.578 38
1397 1394.5 1387 1393 8.633 2.1 38, d
1406 1403 1296 1402 8.642 2.5 8 d
1483 all--3 1476 1482 8.719 2.3 $+8, d
1492 1487 1491 8.728 1.7 48
1516 1507 ‘ c1p 8.751 1.9 $+a
1524 j1516 8.759 (3, 3)o @
ali4-3 1591 1599 8.830 0.3

1657 1665 8.893 0.4

1665 1672 8.901 0.6

1693 1697 8.926 1.3 gre

1768 1774 9.000 >0

1806 1811 9.037 1.1 )

s3(+) £
9.046 1.} } 2

1815 1820

& Sm 6lb; /7 assignments from y-ray angular distributions and -y angular correlations.
b Oh 61.

¢ Ba 61; a qualitative indication of the 3 decay at most resonances is also given.

4 Va 61d; J* assignments from p-ray angular distributions.

¢ Li 59,

£ Pa 56,

I.  31P(y, n)3°P Q, = —1231749

Breaks in the 3°P yield curve, not corresponding to known levels in 39P,
have been observed at E, = 12.58 +-0.07, 12.75 +0.08, 12.90-+0.08, 13.18 4-0.10,
and 13.38+0.10 MeV (Ba 57b), and at 12.37, 12.47, 12.68, 12.78, 12.83, 12.98,
13.18, and 13.32 MeV, all +0.04 MeV (Sa 61). For a possible correspondence
of these breaks with strong 3°Si(n, p)3°P resonances, see Sa 61. The 31P excited
state, corresponding to a break at about 12.39 MeV has a width I" ~ 80 keV
(Ge 60a).

For cross section and threshold measurements, see 2°P.

J.  3P(n, n")3'P

At several neutron energies between 2.45 and 3.5 MeV, y rays have been
observed from the first two excited states in 3'P, with E, = 1.266+0.011 and
2.234-0.03 MeV (weighted average of Mi 59c, Bo 53a, Cr 56a). See also Sc 54d,
An 60d. No y rays have been observed at E, = 1.2 MeV (Va 56a). From
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TasLg 31.3c
Resonances in the 39Si+p y-ray yield (Ep > 1826 kev)s

1

D Eyc¢ Rei. sipe
Epb Ey® Rel. nps Ep p _
(keV) (keY) int.¢ (MeV) (keV) (keV) int.c (MeV)
1828 1835 2.2 9.059 2311 2313 1.2 g.gﬁg
1874 1881 4.0 9.103 2350 2355 1. 563
1888 9.117 § 2362 1.0 9.570
1892 1898 1.0 9.121 2378 1.1 © 585
1917 1925 1.4 9.145 2390 2394 0.5 ? 601
1939 1945 0.7 9.165 2510 2506 3.1 6,713
1970 19774 0.4 9.196 | 2545 2.0 9.751
1990 1907 0.3 9.216 | 2652 2550 5.5 9.755
2004 2011 1.2 9.220 | 2554 1.5 9.768
2019 2024 0.9 0.243 | iz«)g :; ?.;s:g
2057 9.280 . 261 . y.812
2087 2093 0.5 9.309 | 2616 2615 1.0 9.3‘1,3

2125 0.4 9.340 | 2620 1.1 9.822
2129 2136 1.0 9.350 | 2630 i.l 9.831
2183 2187 60 9.400 | 2633 2635 2.6 9.835

2193 12 9.406 2647 . g.gég
2214 2217 1.0 9.430 w 2660 . .

’ 222;: 2.2 9.438 ; 2668 2665 1.0 0.866
2300 2305 1.9 0.5156 | 2701 4.0 9.871
Ep  spe | Ey  ope Jab | e e | Ep o mee
(keV) (MeV) | (keV)  (MeV) (keV)  (MeV) | (keV)  (MeV)
2730 9.028 . ::154 10338 (3= §Y) | 3?32 :g-zgg | ‘:ﬁfg : :ggg
2753 9.950 3204  10.387 36 JI6 0 3e2 .07
_sm:g 10.0:;:3 3223 10.405 ﬁ 3634 10.803 l 3980 ' 137
2856  10.050 3267  10.477 s= | 3667 10835 . 4012 11168
2883  10.076 3307  10.i86 1= 1 8677 10844 | 4055 11210
2901 10.093 | 3328 10.502 8= 3689 10.856 ! 4000 11.044
2910 10102 3343 10.526 (3, i)~ 3714 10.880 ! 4110 11.263
2926 10,117 3434 10.609 g | 3740 10.905 | 4121 11.974
2052 10.143 3433 10.627 (37 | 8772 10936 4143 11205
3006  10.195 3467  10.641 a= 3820 10983 4172 11.323
3022 10.011 3500  10.673 (. ‘!g - ! 3846 11.008 % 4184  11.335

. 8325 10.697 (3, %)~ | 3869  11.030 | 4202  11.354
‘ ) | |
i

d

4232 11.381

Below E,, = 2.5 MeV all resonances are from 308i(p, 3)3!P; above E}, = 3.0 MeV the 3Si(p, p'y)*°Si,
E, = 2.23 MeV y ray is predominant.

Ba 61; J= assignments from angular distributions of the inelastic scattering 2.23 MeV y ray.
A qualitative indication is given of the y decay of some resonances below E, = 2.4 MeV.

Va 6id.

In Va 61d E; = 1987 keV is given for this resonance; examination of the yield curves in Ba 61
and Va 61d makes Ey == 1977 keV more probable.

coincidence measurements it is concluded that 3'P(2) has a 409, ground-state
transition (Bo 58a); see, however, reaction D.

Elastic scattering angular distributions, La 57b.
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P
Fig. 31.3. Gamma decay of 3P levels. The branchings of all levels below £x = 8.3 MeV uare
average values from Br 68c and Ho 58c, except for the following annotated transitions: 8 ~ 39,
(Br 58¢c); b > 859, to 1.27 MeV level (Ho 58¢c); ¢ de-excitation to 2.23 MeV level only (Br 58c);
4 this branch proceeds to the 3.41 MeV level (Br 5€c).; € de-excitation to 3.41 MeV level in Br 58c.
The mixing ratio of the 1.27 MeV y ray is from Mc 61a; the 4.78 — 3.13 MeV transition is from
Wa 60d. Branchings of levels above Ex = 8.3 MeV are from Va 61d.
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For cross section, see Hu 58, Ri 60, Cu 60b.
For resonances, see 33§,
K. SiP(p, p)MP

Levels found from this reaction are listed in table 31.4 (En 57a, Va 57a).In
addition to y ravs observed from the 3%Si(p, 3P reaction, an intense 1.65 MeV
+ ray has been observed, corresponding to a 4.78 — 3.13 MeV transition
\\\ a 60d).

From angular distribution and linear polarization measurements of the
E. = 1.26 MeV y ray, at the E, = 2.70 and 2.87 MeV resonances, the E2/M1
famphmde mixing ratio has been determined as x = —0.25+0.15 or +-6+4
{Mc 6la). For elastic scattering differential cross-section measurements, see
K1 38%a; for calculations, Me 57a.

For resonances, see 338,

Tasre 31.4
Levels in 3P from 3:P(p, p')a‘P

Egs ELb , E,®
MeV - ke\) MeV —ke\) ; (\Ie\ 4 ke\'\
1964 4 1.267 ‘ 4.257
2.230- & 2234 4.430
3.134 - @ 3.14: i 4.500
32023 3.2u3 : 4.633
3414 4.784
3.505 ‘ 5.012
4.188 ; all =&

all -3

& Vadla, £y = 3 u: and 4 62 \Ie - '
P Eadta E, = T o4 Mel
L_ ;‘Rlp{&k’bxeu 20xe‘§81p
By Coulomb excitation at E(3*Ne) = 28 MeV" the partial mean life for E2
emission of ¥P{1) has been determined as 1, (E2) = (4.821.4) x 10-12 sec
{An 6lel

SIS, 98 ~— 453 0
AL Sap O, = 3450417
See IS
N 323, pi9IP Op = —3R862.6=1.6
vross section, Jo 33, Ri 33, Mo 33a, Go 56¢, Cu & 59, Fo 61.
‘1‘ s;g\r ‘. I:Bi 3 " — AL
QO >, 43P Uy = —6637.8 1.7
P

Daferential cross section Ha 5%, Angular distribution of ground-state group
yelode [ 2 T B N T N
Vields /. = 0:Co 80a' and 6.7 = Q011 (Ve 60a). See also Za 61,

S e w152 ' 19975
?. %‘AW‘ Az P Qm == ""hqgl.{) j‘:?.g
{noss ection for 32 MeV bremsstrahlung, Er 57,
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Q. Not reported:
20Gj(t, n)31P Qn = 94181433
295i(3He, p)3'P 0, = 10182.6+3.3
20Si(er, d)31P Qn = — 8169.8+3.3
30Si(3He, d)31P Q=  1793.1+4.0
30S (e, t)31P Q. = —12526.5+4.0
325(d, 3He)®1P Qp = — 3369.4+1.6
32G(t, o)31P Qu = 10950.14+1.7
335( t)31p O, = — 9022.843.1
335(p, 3He)31P QOn = — 9787.243.1
S( «)31P Q.=  8565.24+3.1
1S(p, «)31P Q, = — 630.9+3.3

REMARKS

A possible interpretation of the 31P level scheme in terms of the unified
model is discussed in Br 59. With oblate deformation a reasonable inte1 pretation
of the spins and positions of the first six excited states can be obtained. The
branching ratios and E2/M1 mixing ratios predicted by the Nilsson wave
functions which would be required by this interpretation are at variance with
experimental values (Br 59). Also, Th 60a. For a discussion of the energy level
spacing, see Gr 61b.

There is a striking resemblance between the properties and decay of the
low lying levels in 3'P and *Si (Ho 58c).

3ng
(Fig. 31.4, p. 166; table 31.5, p. 166)
A, 3§(pH)3IP 0, = 5450417

The weighted mean of seven half-life determinations is 2.6140.03 sec
(Ha 52a, Hu 54, CI 58, Mi 58, Ja 60a, Li 60a, Wa 60a).

The decay mainly (999;) proceeds to 3'P(0); end point 4.50+0.10 MeV
(Hu 54), 4.39+0.03 MeV (Wa 60a). See also Wh 41, El 41. The transition is
super-allowed (log ft = 3.7), giving J* = }* for 31S.

A (1.140.1)9%, branch to 31P(1) has been found by detection of the 1.27 MeV
y ray (Ta 60c); log ft = 5.0.

B.  #Si(x, n)31S 0, - —8149417
Threshold, see Ne 61.
C. 31P(p, n)31S Q, = —6232L17

At E, = 17.2 MeV, neutron groups have been observed to 315* = 0, 1.15+
0.15, 2.2840.20, 3.3540.20, 4.51+0.15, 5.9440.30, and 6.41--0.20 MeV;
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Fig. 31.4 Energy levels of 31S.

TasrLe 31.5
Energy levels of 31§

(Mﬁe!;f') J? T} Decay Reactions
0 3~ 2.61 +0.03 sec g+ A,B,C, D
1.1520.15 c
2.98.0.20 p
3.35+0.20 C
£51:0.15 c
5.941.0.30 c
6.41+-0.20 c

Qp = —6.06-0.20 MeV (Ru 56b). The threshold, at 6.456 +0.020 MeV, yields
Qy = --6.253--0.020 MeV (Br 59).

(.oss section at E; = 18 and 32 MeV, Ta 58.
D, 325(y, n)31S 0, = —15095+17

The threshold has been measured as 15.0 +0.1 MeV (Ha 52a; also Mc 49.
Be 47). Cross section, Fe 60, Fa 59, Mo 55a ; for references to older work, En 54a,



E. Not reported:
29Si(3He, n)31S
31P(3He, t)SlS
325(p, d)31S
325(d, t)31S
325(3He, )31S
35(p, t)%1S

A, %Si(g-)22p

ENERGY LEVELS OF LIGHT NUCLEL III

Qn= 3951+17
Qn = — 5468+17
Q, = —12870+17
On = — 8837+17
On=  B5433+17

0, = —15254 +17

3283

(Fig. 32.1, p. 167)

O, = 219415

3Lg, 328§

167

Radioactive 32Si has been produced from the reaction 37Cl(p, « 2p)32Si at
E, = 340 MeV. From the measured activity and estimated reaction cross

e i
. 3'sien
lo198:37Z _—
57617@;““575’0":‘
J (540) =220
528 d0) o=
mam______
194
B; 100% R A 01
_0.322 1+ P 32 o’
2p Si ~ 400y

Fig. 32.1. Energyv levels of 325i.

€

|

m__T

30Sist-p

section, a half-life is calculated between 100 and 710 years. The 8- spectrum
end point is a 100 keV. There are no y rays (Li 53a). See also Li 53. Log ft
between 8.0 and 8.8, which is even higher than for 32P.



1gj, 32p

168 P. M. ENDT AND C. VAN DER LEUN

B.  31Si(n, )i Q, = 9194415 .
Neutron capture in 31Si in a high-flux reactor has alsQ produced 32Si. Frf)m

the yield, the half-life (in years) is computed as 600 tmEles the.cross sectu?n

(in barns) (Tu 54). Observation of 325i produced by cosmic rays 1s reported in

La b9a.

C.  39Si(t, p)%si Qn = 7304115

From magnetic anulysis at E, = 5-6 MeV, levels in 32Si have been observed
at 1.941, 4.981, 5.212, 5.279, (5.105), 5.499, 5.763, 5.782, 5.949, 6.186, 6.375,
all £0.010 MeV; Q, = 7.304 4-0.015 MeV (Hi 61g).

D. Not reported:
S (n, SHe)%Si Q, = 12708415

np
(Fig. 32.2, p. 169; table 32.1, p. 170)

A, P(R-)Rs 0, = 1708.4 +2.0

The weighted mean of nine half-life determinations is 14.32:4:0.02 days
(Ro 59, Gu H8b, An 57a, Lo 53, Si 61, K1 18, Mu 10, Ca 38, Si 36).

Determinations of the g- end point by magnetic spectrometer, collected in
table 32.2, arc in good agreement and yield an average of L7088 40,0014 MV,
The average g- energy per disintegration is 694-1 25 keV (Br 53b), 693 < 22
keV {8h 57b). No discrete y rays have been observed (La 54, Go b4b). The
value (log ft = 7.9) is very large for an allowed transition (Po 56, An b4a, Je b2,
Si 46); this can be explained by /-forbiddenness. Small deviations from the
allowed shape have been reported (Pe 57, Da 58, Jo 58a, Br 60§, Ni 61) and
theoretically discussed (Ca H7a. Ib 58, Ku 59¢, Ge 60). The effect of “weak
magnetism’ is discussed i Be 58d.,

Measurements of the degree of longitudinal polarization are in agreement
with the predicted value —v'c (Sp 61, U1 61, Cu 60a, Sp 60a, Ke 59¢, Mi 59a,
Bo 58, Ge 58b, Fr 57; see also De 57b, Du 57). For recently reported energy
dependence of the polarization and 'or small deviations from the —pjc value,
see Sp 61, Bi 60b, Ga 61a.

The internal bremsstrahlung spectrum is in agreement with theory (Su 39,
Pe 59a, Re 57, Mi 54a, Go 54b: En b4a for references to older work); disagree-
ment, however, has been found especially at higher energies (Li 55, Su 59,
Ko 60). Theory, Le 57a. Circular polarization of internal bremsstrahlung,
Ga dla, Bo 8,

For internal pair formation, see Mc 54, We 54, Mi 56, Gr 56b, Hu 56a; for

effects involving the atomic electron clond, Ch 54, Ch Hba, Re 55, Re 57, Su 59,
Du é1a.
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TaBLe 32.1
Energy levels of sap

Ey Jn ryor I Decay  Reactions
(MeV 4-keV)
0 1+ 14.324: 0.02 days B- many
- ¢ 10-9 sec Y D, G, 1
0.07704- .5 2+ <3 X . DG
0.516 -+ 3 (0, H* D G
1.150 + 3 1+ 4 p
1.321 4+ 3 (<~ G
1.51 420 p
1754 + 4
2177 L 4 (0, )+ v >
2.924 + 4 7 P
2.666 - 4 ()t G
2.74% 4 4 (=8)* G
3.005 - 4 (L o
3.147 + b (<3)* D G
3.264 + 4 2- 4 G-
3.323 4+ 4 (<o)
3447 4+ 5 g D, G
3.798 4 6 G
3.800 + 6 G
3.004 . 6 G
4.010 - 6 G
4.038 4 5 (<)~ " D, G
4.158 6 G
4.209 - G (0, G
4.280 + 6 G
4.316 4 6 . G
4.412 - 6 (<2)- » DG
4.560-6.85; 32 levels, sce table $2.4 and reactions DG
8.000 -- 3 1+ 1.140.2 keV n B
Tanre 32.2
Magnetic spectrometer determinations of the 32P(3-)39S end point
" FEndpoint " End point int
Reference n(?{e%?)m Reference I'n(ie};))m Reference En(;i e}:;))m
Ly 37 1690430 | Ag 50 1718410 |  Wo b4 1714 48
La 39a 1720 +10 Wa 50 1708+ 8 An 54a 1712 48
Wi 41a 175020 Sh 5lc 16954 5 Po 56 171244
Si 46 1712+ 8 Je 52 1704 4- 8 Po 57 171142
La 49 1689410 Mo 52a 1697410 Da 58 1705 4-4
B. #Si(«, p)32P O, = —2457.84-4.0
At £, = 16 MeV, 32P has been produced from this reaction (Ki 39a).
¢ »Si(He, p)*P Qu = 7505.11£4.5

Kadioactive **P has been found from this reaction at E(3He) = 13 and 21
MeV (Po 52b, Po 53).
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TasLE 32.3

Gamma rays from thermal neutron capture in phosphbrus

E. @ E, ¢ Probable tranpsition
(MeV - keV) Ibs QieVikev)  Ir©® in 32pt
7.94 30 0.3 C—0
7.85--50 0.9 C —0.08
7.624.30 1
7.42430 4 C ->0.52
6.76 30 14 6.79 20 10 C - 1.15¢
6.33--30 0.6 6.34 — 0
6.14--30 0.9
6.02-- 40 1 5.96 30 1 6.09 — 0.08
5.87 +30 0.6 5.82 0
5.71-30 3 5.73 +20 3.3 C 218
5.57 +30 1.2 5.53 — 0
5.41.-30 1 (5.41 -+30) 08 . 5370
5.27 430 5.5 5.30 +£30 3 5.82 — 0.52
4,92 -30 3 4.90 20 2 4.90 0
4.68--30 17 4.660-+15 10 C — 3.26¢
4.49--30 3 4.44 £30 1.3 C 345
4.38--30 8 434 =20 4 441 - 0.08
4.20-30 5 4.16 +30 2 537 — 1.15
3.02.-30 16 3.900 +-15 14 C > 4.04
3.55.- 30 16 2510 =15 8 4.04 - 0.52; C — 4.41
3.28 =40 8 3.27 +20 3.8 3.26 -» 0€
3.04 - 40 5 3.05 120 2.7 C > 4.90
BT TEE 2.93 120 2.2 345> 0.52
(MeV - keV) ’ (MeV +keV) 2.87 +20 3.4 4.04 —> 1.15
e e 2.60 -L20 3.6 C - 5.37
246 120 2.7 C — 5.53
2.0 - 30 41 (2.18 > 0)e; 2.22 - 0.08¢
2.10 +30 i3 C - 5.82; 3.26 » 115
1.95 +20 4.5
1.72 =20 5
1.60 20 3 C >6.34
1.13 -30 14 1.07 +20 1.07 20 20 1.15 — 0.08¢; (3.26 — 2.18)e
(0.93 --30) 8
0.64-20 1.15 - 0.52¢
0.51 20 28 0.51 =20 0.52 - 0°
0.43 +20 70
0.08 +10 0.08 — 0€

& Ki 52; magnetic pair spectroiaeter.

b Ki 52, as corrected in Ba 58c.

¢ Gr 58c; magnetic Compton spectrometer.

4 Br 5%e; two-crystal scintillation spectrometer.

¢ Ma 59c; assignments based on coincidence experiments.

! Gr 58¢c; the capturing state is indicated by C; excitation energies are in MeV. The transit'ons marked
€ are confirmed by coincidence experiments.

2 Intensities in gamma quanta per 100 captures.
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D. 31P(n, y)32P Qn = 7936.84-2.5
The thermal neutron capture cross section is 190410 mb (Hu 58). Capture
gamma rays are listed in table 32.3, with the observed intensities and the levels
between which they probably occur (Ki 52, Br 56e, Ba 58c¢, Gr 58c, Ma 59c).
Most of these y rays can be regarded as transitions between known levels in
32P. The intensities, however, of the y rays feeding and de-exciting a level, may
differ appreciably, indicating that the decay scheme may be more complicated.
The results of coincidence measurements are also indicated in table 32.3.
The mean life of 32P(1) is less than 4 x 10-8 sec. This is consistent with the
conclusion that the 0.08 MeV y ray is mainly M1 (Ma 59c).
Gamma-gamma angular correlation measurements yield J* = 1+ and 2- for
2Pp* = 1.15 and 3.26 MeV, respectively (Ma 59c).
For a comparison of the (n, y) and (d, p) yields, see Gr 58b, Bo H9a.
E. 3.P(n, n)"P E, = 7936.84+2.5
A resonance has been observed at F, = 15842 keV, with J=11=0,
and I, = 1.14-0.2 keV (Hu 58; also Pa 55b). Partly resolved resonances for

E, = 0.1-0.8 MeV, Ha b3b; for E, = 1.9-5.0 McV, Ri 51, Cu 60b.
For non-resonance information, see 31P,

I, 31P(n, p)s1si O == 06941 +4.6 F, = 7936.8--2.5
Several unresolved resonances have been observed in the range E, == 1.9-5.0
MeV (Ri 51, Ni 52, Cu 60).
For cross section and angular distribution, see Hu 58, Al 61, Ha 61.
Measurements of () value, sce 318,

G. 1P, p)%p O = HT12.04-2.4

Levels in 3P found by magnetic analysis are listed in table 32.4 (Pi 60, Da 57,
Va 52b, Ho 61) together with the /, values (Ho 61, Pa 58, Te 58a, Da 57, Te 56b,
Bl 53) and the reduced widths (Ho 61, see also Ma 60d), deduced from the
angular distributions of the proton groups. Several of the groups to higher
excited states consist of unresolved components (Pi 60). The grouna-state Q
vaiuc has been measured as Q, = 5.709--0.010 MeV (Pi 60), 5.704 4+0.008 MeV
(Va 52b).

The relative intensities of the groups to 32P(1) and (0) are expected to be in
the ratio 2/+1, or 1.67, for | = 2and 1, respectively (En 54). The experimen-
tally determined ratios at E, = 6.0 MeV are: 1.61 at 30°, 1.52 at 50°, 1.44 at
70°, and 1.41 at 90° (Pi 60); at E, = 1.8 and 2.0 MeV and 90° the ratios are
T and 1.2, respectively (Va 52b).

Foi a discussion of the yields and relative reduced widths, see Gr 58b, Bo 59a,
Ma 60d.

See 325, reaction F, for y rays from 1P+ d reactions.
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TaBLE 32.4

Levels in 32P from the 31P(d, p)3P reaction

2pea 2p=b (2] + 1)B,2d. i epsa s2p*c .
(MeV -keV) (MeV +-keV) ‘n (relative) (MeV 1 keV) (MeV ~keV) fn®1

0 0 24 (0)c. d e, g h 3 (0.15) , 5.010 +7

0.077 -3 0.077 - 2 2c,d, e, f, g b 1.4 i 5.077 -7 5.11 100

0.516 +3 05154+ 5  Oc.d.f 0.65 I 512947

1.149--3 L1547 0cdf 1.2 523257

1.322 :-3 1.316.:- 8  3f ! 5.346 +-7 587+ 70 1

1.51 - 204 9 5.394 -7

1.755 -4 1.750 - 9 I 5.510 8 5.53-5 70 1

2,177 L4 2177+ 9 04 2d (0.32) (1.1) | 5.550 -8

2,223 .4 22274 9 | 5.657 +8

2.657 -5 2650 8§ 24 0.30 5.700 +8

2743 - 5 2742 . 8 24 0.10 | 5.724 +8

3.007 -5 2.999 - 10 24 0.33 § 5.775 +8 5.75 100

3.148 .5 (3.141 - 12) 2d 0.15 | 5.813+8

3.265 . 5 3259 9 le.d 4.6 ! 5.835 1.8

3.324 -5 3318~ 9 24 2.0 | 5838:.8 5.82 4 70 1

3447 15 3.45 ~1060c 24 (J)e 3.7 g 5.964 -8

3.798 -6 g 5.989 18

3.800 - 6 : 6.024 +8

3.004 : 6 ; 6.062 -8

4.010 : 6 1 6.096 -1 8 6.09 © 70 1

4.040 : 6 4032+ 9 le. 3.3 | 6.131 -8

4.158 1 6 : 6.160 -8

4,200 : 6 42071 10 ocd 0.50 | 6.196 -8 6.20 ! 100

4.280 . 6 ! 6.34-1-100 1

4316 : 0 | 6.56 -100 ler2

4412 6 4.43 1looc  qe.d 0.21 6.69 100

4.560 1.7 i 6.85: 100

4.615 2.7 '

4.664 -7 4.66 :100c 14 1.6

4.878 -7 4.90 i 70c 1o d 2.0

4,944 47

8 Pi 60, Eq4 = 6.0 MeV.

b Va 52b, E4 = 1.8 and 2.0 MeV.

¢ Da 57, Eg = 8.9 MeV.

4 Ho 61, Ey = 7.77 MeV (preliminary).

© Pa 38, Eq = 7.8 MeV.

f Te 36b, Eq = 4.0 MeV.

€ Bl 533, Eq = 14.3 MeV.

h Te 58a, Eq = 4.0 MeV.

! For relative reduced widths calculated from the experiments reported in Da 57, see Ma 60d.

I

H. 326j(6-)%2P Q, = 219+15
See 325,
I.  32S(n, p)%P 0, = —925.84.2.1
An ionization chamber measurement yields Q, = —-0.934+0.1 MeV (Hu 41).

At E, = 2.56 MeV, a 77 +2 keV y ray has been observed (Da 56c).
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For cross section, see Hu 58, Al 61. See also Eu 58, Co 57d, Co 59c (proton
spectra at E, = 14 MeV), Co 60b, Ha 61 (angular distribution at £, = 14 MeV).
J.  3S(d, «)%*P Q. = 5081.143.7

With enriched 3S targets, magnetic analysis at £, == 1.6-2.9 MeV yields
Qo = 5.0440.02 MeV (Le 56b).

Cross section, An 60h.

K. 3Cl(n, «)3?P Qn = 939.34-3.3
Tonization chamber pulse-height analysis yields @y = 1.07 £:0.15 MeV (Fo 52),
0.974-0.16 MeV (Ad 53). For cross section, see Ad 53, Pa 53, Le b7b.

L. Not reported:

0Gi(t, n)?2P 0, = 67406445
30Si (e, d)32P 0, = —10847.4+4.5
31P(t, d)%2P 0, = 16791424
31P(, SHe)%2P Q, = —12604.44-2.5
325(t, SHe) 2P 0, = — 1690.342.0
3S(n, d)%2P Q, = — T343.6:-3.5
313(d, 3He)32P 0, = — A075.243.4
3S(t, )92P 0, = 102444435
S (n, t)32P 0, = ~—12506.8-43.7
S (p, 3He)»*P 0, = —13271.343.7

REMARKS

For theoretical discussions regarding doublet levels in 32P, see In 53, Pa 57d,
Bi 60a, Ba 61c, Pa 61b.

328
(Fig. 32.3, p. 175; table 32.5, p. 176)

A, 25Si(a, 7)S 0, = 6945.7+3.1

Results obtained from this reaction for E, < 3.0 MeV are given in table
32.6. The J* values result from y-ray angular distribution and y-y angular
correlation measurements. The two highest energy resonances probably cor-
respond to the 31P(p, y)3*S resonances at E, = 618 and 641 keV, respectively.
The observed 32S excitation energies are 11 and 12 keV higher than those found
{roin the 31P(p, y)%2S reaction (Sm 61a).

B.  2Si(«, n)32S Qn = —1532.04-3.56
For resonances, see 33S,
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C. P(p, )¥S 0, = 8862.611.6

Resonances observed in this reaction are given in table 32.7; see also Ta 46,
Gr 51, Sm 54, Ke 56a. All spins in table 32.7 follow from y-ray angular dis-
tribution measurements. The parity of the E, = 641, 1892, 2027, and 2120

TaB.ie 32.7

Levels in 32S from the 3!P(p, +/)32S reaction

E sagn r 2J+1) IyI,/I’ .
(ke%) (MeV) (keV) @/ (eV)p / J= Main decay

354.8+0.78 9.206 Yo+ 7®
438.740.98 9.288 Yot+7:8
5409 1.18 9.387
618.241.0b 9.462 0.003b Vot+1,0
641.310.88 9.484 0.190 1-b PP
811.84+0.5¢ 9.648 < 0.45¢ 1.84 X
820.0+ 1.08 9.657 0.364 14 P
892.0+0.5¢ 9.727 < 0.35¢
1052.6 4+ 0.5¢ 9.882 < 0.30¢
1088.0+4-0.5¢ 9.917 < 0.30¢
1116.240.5¢ 9.944 < 0.15¢ 1.94 1d X
1147.0+ 0.5¢ 9.974 < 0.16¢ 2.2d LN
1246.5 + 0.6¢ 10.070 1.54.0.3¢ 3.94 2d Yo+ )y 9t
1396.0-+0.7¢ 10.215 < 0.30¢ .
1398.7+0.7¢ 10.218 < 0.35¢
1436.3 4-0.7¢ 10.254 < 0.20¢ t
1468.6 +0.7¢ 10.285 < 0.25¢ t
1553.9 4 0.8° 10.308 < 0.40¢ t
1681.5 +0.8¢ 10.395 < 0.55° t
18924 10.696 244 37h 1-d 64
10854 10.786 10¢ 134 1d yd
20274 10.826 244 264d 1-d 7,4
21204 10.917 54 4.0d 1-d 74
23204 11.111 8d 20d 1d 4
23404 11.131 8d 644 14 ed

& Ku 59a.

b Sm 6la.

¢ An 61.

d Pa 55a; in the reported yields I', only includes transitions to 3*5(0) and (1).
€ Sc 6lc.
f See fig. 32.4 for more details on decay.

keV resonances follows from the fact that these staies are also resonant for
the 31P(p, «,)32S reaction (see table 32.8).

The y-ray branching of the resonance levels in the E, = 1140-1590 keV
region and of many lower levels (An 61b) are presented in fig. 32.4. See also
Sm 54, Ke b6a.

The yields of y, and y, have also been measured in the E, = 5.0-7.7 MeV
region. Pronounced resonance structure has been observed, with maxima at



12§

178 P. M. ENDT AND C. VAN DER LEUN
I3
p
10.395 — e — e 1581
- - B U 2 | 1854
10285 5 3 10 5 13 08 B . @ 1469
10254 2 ¢® (LI I S S R B J 1436
10216 ¢ & 4% 3 2 | 28 "1306.13
10070 ° o 33 7 [E R 2 B, 1246
9974 N ; 6 l 1147
25 6 3 5 30 7 7 7 10
7.71 753 3 (18,29
(737243 %‘1‘—8)-._:: W= P = e e S S = (2]
YANEL (15,29

7.00

662 667 %ﬁ% i —

6.23 , (12,29

580

555 (1%,2°)

20 80 5025 25 5025 2580 25 25

501 | 3_

470 (1%,2%
_a29948 e

3.78 . 0*

v
Yo
<0.2 90 10 100 30 70 100 40 60 25 75
100 l l le l l
+0.0%
224 vL i , 2*

328

Fig. 32.4. Gamma-ray branchings of 32S levels. The data are from An 61b, except for t' » 3,
upper limit at the 3.78 MeV level (Wa 60b), and for the mixing ratio of the 5.01 — 2.24 MeV
traunsition (Br 61d).

E, = (5.6), 6.65, 7.15, and 7.50 MeV, corresponding to 32S levels at (14.3),
15.24, 15.97, and 16.13 MeV (Ge 59).

D. 31(p, p'y)*P E, = 8862.64-1.6
‘At 21 resonances (not tabulated) in the E, = 2.3-3.4 MeV region a
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1.26 --0.015 MeV y ray has been observed (Ol 55). A yield curve of the same y
ray has been given in the E, = 2.2-2.95 MeV region; the angular distribution
has been measured at the E, = 2.70, 2.73, and 2.87 MeV resonances
(Al 61a). Yield curves of proton groups leading to the four lowest 3!P excited
states have been measured in the 3.57-4.00 MeV and 4.55-4.70 MeV region.
Considerable resonance structure is found (Va 56, Va 57a).

For non-resonance data, see 31P,

TaBLE 32.8

Levels in S from the 3P(p, «,)*Si reaction

E, g r (2J+01) Iy, I
(keV) {MeV) (keV) (eV)
641 9.484 4.6
900 9.735

1024 110 0.854 <3 100
116110 9.988 ~ 4 24
140410 10.223 ~ 6 130
1474 4£10 10.290 <24 34
1514 410 10.330 7 3100
1640 4- 10 10.452 v 4.2 230
171010 10.520 <5.5 36
1811410 10.618 ~ 4.7 100
1892 ;5 10 10.696 27 2900
1976 --10 10.777 <28 68
1990 +10 10.791 <36 120
2018410 10.818 <3 92
2029 4-10 10.828 18 1800
2031 110 10.830 &~ 6 480
20414 10 10.840 ~ 6 80
2109-i:10 10.906 <4 5.2
2434--10 11.221 17 1600
2644--10 11.424 ~ 5 92
2779 410 11.555 8 480
28054-10 11.580 17 540
2874410 11.647 ~ 5 88
292210 11.694 10 1100
300810 11.777 75 5000
3119410 11.884 20 560

Al data are from Cl 60, except those at E, = 641 keV (Ku 60g) and E; = 900 keV (Fr 31).
U per limits of 0.08, 0.15, 1.6, and 1.6 eV are given for the (p, a,) yields at the 439, 541, 812,
a.d 820 keV 31P(p, y)*S resonances (Ku 60g).

E. 3P(p, «)2Si Q, = 1916.8+2.8 E, = 8862.6-1.6
Resonances observed in the «, yield are given in table 32.8. See also Va 56.
In the E, = 2.47-3.36 MeV region a 1.8 MeV y ray has been observed,

presumably following the transition to 2Si(1) (Ol 55).

For non-resonance data, see 8Si.
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F. 3P, n)*S Q, = 6637.8+1.7
Results from angular distribution measurements are given in table 32.9. For
a theoretical discussion of the results, see Hu 55b, Ma 60d. With nuclear
emulsions the ground-state Q value has been measured as 6.634-0.08 MeV;
{ransitions have also been observed to states at 6.29, 7.28, and 8.33 MeV, all
+0.10 MeV (El b5a).
TasrLe 32.9

Levels in 22S from the 31P(d, n)%$ reaction

sagwa Ca 55; Eq = 9 MeV; Ma 60d El 65a; Eq = 8 MeV
(MeV) I Op? I

0 0 6 x10-° )

2.24 2 0.3x10-3 2

3.78 0

4.29 } 0

4.46

4.70 }

5.01 -

5.80 2

8 The excitation cnergies are taken from table 32.5.

TasLE 32.10
T Levels in %3S (MeV -t keV) from the SP(He, d)™S reaction (Hi 60i)

2.2358 5.5663--8 7.1144- 8 7.97074-12

3.7803 5.79948 7.104-4 10 7.881 412
4.2898 6.226-18 (7.871 4 20) 7.961 -4 120
1.4658 6.6214-8 7.420-1-10 8.126-4- 15
47018 6.671 +8 (7.479 4 20) 8.208 + 15

5.012 4.8 7.002-4-8 7.6234-12 R.400-- 15

& The ground-state deuteron group was outside the range of the magnetic spectrograph. Its
position was computed by choosing the average excitation energy of the lowest five levels
equal to that found from the *Cl(p, «)*S reaction (En 56c¢).

b Possibly a doublet.

The following y rays have been observed with a magnetic pair spectrometer at
E,=46MeV: E,=4.4340.03,4.734-0.03, 4.954-0.03, 5.31 4-0.03, 5.81 +-0.03,
6.13 +0.03, 6.864-0.03, 7.494-0.07. 8.19+0.03, and 8.56+0.03 MeV. The
assignment is uncertain (Be 55).

G. 31P(3He, d)32S On = 3369.4+1.6
Resuvits from magnetic analysis at several angles and at E(®He) = 10.19
Mc¥ are given in table 32.10 (Hi 601).

H. 3%(8)3%S QOn = 1708.1 +2.0
See 32P,
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Lo %y, 98
By bremsstrahlung resonance fluorescence the mean life of 32S(1) has been
determined as r,, = 4 X 1013 sec (Bo 61).

J.  32S(e, eS8

The differential cross section has been measured for elastic scattering of
187 MeV electrons, and for inelastic scattering to the 2.24, 3.78, 5.80 MeV
levels, and to a 6.6 MeV level. For 325(1), /# = (2*) is found and a mean life
of 7, = (1.6 +£0.2) X 10-13 sec (He 56).

K. 3§(n, n')*S

The only y ray found from inelastic neutron scattering has E, = 2.234-0.02
MeV (Da 56¢), 2.25--0.03 MeV (Ro 55a). See also An 60d. At E, = 14 MeV a
neutron group has been found by time-of-flight spectroscopy leading to a,
possibly double, level at 5.2-4-0.3 MeV (Cl 60a). For elastic and inelastic total
and differential cross sections, see Li 55a, El 56, La 57b, Ma 57, Ma 59b, St 59c,
Cl 60a, Bo 61b, La 61. Elastic scattering of polarized neutrons, Co 60.

FFor resonances, see 33S,

L. 335(p. p)*sS

By magnetic analysis, at E, = 8 MeV, levels in 35 have been observed at
2,25, 3.81, 4.32, 4.50, 474, 5.04, and 5.83 MeV, all 4+0.02 MeV (Ar 52; see
also Od 60). At E = 185 MeV a transition is secen to E, = 4.7+0.2 MeV
(Ty 58).

The y decay from the 3.78 MeV level proceeds to 325(1) (intensity of
E, = 3.78 MeV < 0.2%) (Wa 60b). From y-y angular correlation measure-
ments / = 0 is found for this level (Wa 60b, Go 60c, Br 60e, Br 61d). With -
the same technique J» = (2+) is obtained for the 4.29 MeV level, decaying
to 325(0) and (1), and J = 3 for the 5.01 MeV level, decaying only to 325(1). The
quadrupole/dipole amplitude ratio of the 5.01 — 2.24 MeV 3 — 2+ transition
amounts to x = 4+ 0.05-+0.04 (Go 60c, Br 60e, Br 61d).

For elastic and inelastic differential cross section, see Old 59, Cd 60. For a
p’—y angular correlation measurement, Ha 60. For a polarization measurement
of elastically scattered protons, Ro 6lc. For optical model calculations on
elastic scattering, Me 57a.

Resonances, see 33Cl.

M. 325(d, d)*S
Elastic differential cross section, Ta 60e, Ba 61d.
N.  3%5(e, &')32S

For elastic and inelastic differential cross sections, see Fa 57, Co 59. See
also Bl H9a.
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0. 3(Cl(pH)3S Q,, = 130004300
See 32C].

P.  35CI(p, 2)%2S Q,, = 1865.14+2.6

By magnetic analysis the Q value has ben measured as 1.86040.005 MeV
(Va 57d), 1.863 4-0.008 MeV (En 56c), 1.865 4-0.015 MeV (CI 60).

Levels in 32S are observed at 2.237, 3.980, 4.287 MeV, all +0.008 MeV,
4.46510.010, and 4.698-+0.010 MeV (Zn 56c).

For resonances, see 3%Ar,

Q. Not reported:

30Si(3He, n)%2S 0, = 84309+4.1

31P(x, £)325 0, = —10950.1+1.7

335(y, n)S 0, == — 8642.5+2.8

1S(p, d)32S 0, = — 6417.342.8

335(3He, )25 0, = 11934.6+2.8

3S(p, 1)325 0, = —11581.0+3.1
32C1

(Not illustrated; see fig. 32.3, p. 175; table 32.11, p. 182)

A BClpH)RS Q,, = 130001300

Che half-life has been measured as 0.306 +0.004 sec (Gl 55), 0.32-£0.01 sec
(B 54a), 0.28 sec (Ty 54).

The maximum g+ energy is 9.5-£0.4 MeV, indicating a it transition to 35(1).
TL > branch has an intensity of (48 4-15)9%,. A weaker branch with ~ 7.5 MceV
enc point has also been observed. In one per several thousand disintegrations
the $*+ decay proceeds to an a-unstable level in 325; E, = 2-3 MeV (Gl 55).

TasLr 32.11

Energy levels of 33Cl

(Mex\r) J? k¢! Decay Reactions
0 (2)+ 0.308 - 0.04 sec B+ A B
1.0 B
i.4 B
2.0 B

Energies, intensities, and probable assignments of y rays observed in the
decav of *Cl are listed in table 32.12; see fig. 32.3. From the y ray intensities,
brinclings of 60, 9, 13, and 189, are computed for g+ transitions to

%25* = 2.24, 4.29, 5.01, and 7.00 MeV, yielding log ft = 4.6, 5.0, 4.6, and 3.8,
respectively.
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TasLe 32.12

Gamma-ray energies (in McV) and intensities from 32C1(8+)32S

Gl 55 Br &4a Assignment?®
221 10.03 709, 2.25-+0.04 2.24 -0
2.970r3.7910.08 102 (3.79 1-0.08) (5.01 — 2.24)
4.27--0.08 7% 4.33--0.09 4.29 -0
4.77--0.04 149, 4.824-0.08 (7.00 — 2.24)

8 Excitation energies in 32S in MeV.

The super-allowed character of the transition to 33S* = 7.00 MeV, expected
for the 8+ branch to the T = 1 analog of the 32C] ground state (Bo 55), indicates
that this level has T = 1; in good agreement with the 7.0 MeV excitation
energy estimated in Wi 56a.

B.  32S(p, n)%(Cl Q, = —13780+300

Threshold measurements yield 14.34+0.5 MeV (Gl 55) and 14.64-0.6 MeV
(Br 54a).

At E; = 17.5 MeV, neutron groups have been observed to 32CI* = 1.0, 1.4,
and 2.0 MeV (Aj 55). For cross section at E, = 18 and 32 MeV, see Ta 58.

C.  Not reported:

2S(3He, )%l Q. = —15020+4300
np
(Not iliustrated)
A, WP )RS Qn = 243+2

The half-life is 24.6 40.2 days (weighted mean of Sh 51c, Je 52, We 52, Ni 54,
Ru 58, Fo 60b; see also An 60b). Th= g- end point is 24842 keV (average of
Sh 51c, Je 52, We 52, El 54, Ni 54, Ru 58). The transition is allowed
(log ft = 5.0), but Il-forbidden. Gamma rays have not been found (We 52,
also La 54).

B. 3G(n, p)3P Op = 53442

The thermal neutron cross section is 15 +10 mb (Hu 58). See also Je 52, Ni 54.
C. 3S(y, p)¥P Q, = —10886+5

Production of 33P, Sh 5lc, Je 52.
D. 3Cly, a)33P Q, = —7856 +4

Cross section measurement, Er 57. See also Sh 51c, Je 52.

E. Not reported:
30Si(a, p)3P On
3P(t, p)@P On

—296945
9557 4-4
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335(t, 3He)3P Q, = — 230+ 2

31S(n, d)%P Q, = —8662+ 5

315(d, 3He)3P Q, = —5393+ 5
MG (t, o) PP Q, = 8927+ 5
35CI(n, 3He)%P 0, = —95635L 5
363(p, )P 0, = b45+10

33§

(Fig. 33.1, p. 185; table 33.1, p. 186)

A, 2Si(a, n)32S Qn = —1532.9435 E, = T110.544.4
Cross section for E, = 2.1-4.5 MeV shows many partly resolved resonances,
i 59.

B. 3%5(n, ¥)3S Qn = 8642.56+2.8

Cross sections and abundances of sulphur isotopes indicate that probably
most of the thermal neutron captures in naturat sulphur occur in 32S (Ki 52,
Hu 58). The thermal neutron absorption cross section of natural sulphur is
0.5240.02 b (Hu 58).

Gamma rays from thermal neutron capture in natural sulphur with intensitics
in photons per 100 captures are listed in table 33.2 (Ki 52, Br b6e, Gr H8e).
Remarkable are the strong El transitions to and from the p states in 35 at
3.22 and 5.71 MeV (cf. the large intensity of the proton groups to these levels
from the 325(d, p)33S reaction; En 58).

Measurement of the circular polarization of the strong 5.43 MeV y ray
(C — 3.22) reveals its El character; 33S* = 3.22 MeV has J= == §- (Tr 57,
Ve 61). Angular correlations between the 5.43 MeV y ray and the 3.22, 2.38,
and 0.84 MeV y rays yield J* = §— and 4+ for “3S* = 3.22 and 0.84 MeV,
respectively (Ma 59c). Several of the weaker y rays of table 33.2 might also be
explained as transitions to or from known levels in 335, but their assignment
is less certain. Sum-coincidence measurements confirm the cascades through
3S* = 0.84, (1.97), 3.22, (4.05), and 7.42 MeV. In addition to they y rays listed
in table 33.2, a 1.21 MeV y ray has been observed. A probable 1.64-7.02 MeV
cascade through 335* = 7.02 MeV is also indicated (Bu 59b).

See Bo 59a for a discussion of the (n, p) and (d, p) reduced widths. Cross
section at higher E,, Hu 58, Be 58e.

C.  32S(n, n)32S E, = 8642.5-£-2.8
For cross section, see Hu 58, Ri 60, Cu 60b.
Fift<en resolved resonances have been observed below E, = 1.1 MeV. The
characieristics of the nine lowest-energy resonances are given in table 33.3
(Hu 58). The angular distribution of elastically scattered neutrons has been
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TasLE 33.1
Energy levels of 328

E I
(MeV LkeV) I (keV)

Decay Reactions

+

0 stable
0.841+4 Y
1.965 1-5 Y
2313456 3, 3)* ()
2.8694-5 & 8t Y
293745 -

29704+ 5

3.2244-5 3= Y
3.824 15 {3 )~

3.939 -6

4.0524-5 )
4.098 45

4.149-+5

4.2124-5 L) Y
437746

4.425 -6

4.7324-6

4.7484-6

4.869-1-6

4.9194-6

4.9414-6

5.177-+6 LY

5.21016 L
5.2724-6 E
5.287-1-6 B
5.340+6 :
5.3514-6 I
5.399 46 3, 1)~ E
5479 -+6 D
3.5974-6

5.613--6

5.622 -6

571146 @~ y
5.864 -6 p
5.888--6 4 8-

5.915-8.015; 70 levels, see table 33.4 and reaction
8.750 L3 3+ 18 -3 n
8.839 -3 <2
8.9084-3 <3
8.924-1-3 <3

9.006 -4 3+ 12 42
9.210 -4 1.44+0.5
9.321 -5 3+ 14 43
9.346

9.362
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measured at the E, = 585 keV resonance (La 61). For many unresolved

resonances with neutron energies up to 5 MeV, see Hu 58, Cu 60b.
For non-resonance data, see 325,
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TABLE 33.2

Gamma rays from thermal-neutron capture in sulphur

Gr 55a, Gr 58c®

Ki 52, Ba 58c?t

- = — Probable transition
Ey I, E, I,c in #3384
(MeV -+ keV) 4 {(MeV +keV) 4
8.63.-40 1.8 8.64 +-20 1.2 C->0
7.80-40 2.6 7.78+30 1.6 C—>0.84
74230 0.6 7.424-30 0.3 7.42 >0
7.20--50 0.5 7.19+30 0.25
6.624-50 0.5 6.64 -30 0.25 C—1.97
5.88 ~50 0.4 5.97 5-60 0.8 586 — 0
544420 48 5.43 +20 60 C —3.22; (6.48 — 0.84)
5.07-:-30 3.5 5.03 +60 2.7 5.86 — 0.84
4.87--20 12 4.84 .60 11 5.71 — 0.84
4.58 30 1.2 4.60 . 60 2.7 C—>4.05
4.40-420 6 4.38 +30 7 C—4.21
3.66 - 50 2 3.69 +-50 4 (C — 4.87)
3.41 30 7.1 3.36 50 7 4.21 - 0.84; 5.71 — 2.31
3.27 : 30 19 3.21.+30 20 3.22 - 0; (4.05 - 0.84)
3.10 - 30 2
207 - 30 L 2.94 }-50 20 C—5.71
2.82 - 30 4 Br 5te C - 5.86
2,501 50 2
2.564.30 4.4
2.41 -30 30 2.34 © 30 37 3.22 —» 0.84
229 30 6 (C — 6.48)
2,00 20 3 (1.46 — 0)
1.52 : 50 1 (2.31 - 0.84)

0.84 ; 10 47 0.84 : 20 H6 0.8¢4 - 0
& Magnetic Compton spectrometer.
b Magnetic pair spectrometer.
¢ Intensities in photons per 100 captures in natural silphur.
4 ‘The capturing state is denoted by C; all transitions are assumed to result from 325(n, y)33S.

TAaBLE 33.3

Resonances in the sulphur total neutron cross section (Hu 58)

" oy I In e
(keV) {Me'V) (keV)
111 +2 8.750 3+ 0 18 -3
20312 8.839 > 1 <2
274 +-2 8.908 =1 < 3
290 -2 8.924 >1 <3
7543 9.006 i+ 0 12 -8
5851-3 9.210 y-a 12 1.4--0.5
700--4 9.321 3t 0 14 23
725 9.346
742 9.362

8 Also J "= 3, Iy > 2 (La 56a).
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D. (a) %2S(n, p)®P 0, = —925.84+2.1 E, = 86425428
(b) 32S(n, )2°Si Q, = 15320435 E, = 86425128

Unresolved resonances, Hu 58.
For Q-value measurements, cross section, and particle groups, see 3*P and
29Si, respectively.

E. 35(d, p)¥S Q, = 6417.84-2.8

Magnetic analysis yields Q@ = 6.42240.011 MeV (St 1), 6.408+0.020 MeV
(Le 56b), 6.4134+0.006 MeV (En 58), 6.420-+0.005 MeV (Ma 60e).

High-resolution magnetic analysis, at E; = 6.0 and 6.5 MeV and at several
angles, yields the 104 levels listed in table 33.4 (En 58), together with /, values
from angular distribution measurements (Ja 61b, Ho 53a, Ho 53d, Te 57,
Te 58a) and the relative reduced widths (Ja 61b, Ma 60d). The excitation
energies of the seven lowest levels, reported in Ja 6la, 33S* = 0.846 4-0.005,
1.986 4+0.006, 2.3284-0.009, 2.8874.0.009, 2.957-40.012, 2.€954-0.012, and
3.238-+-0.012 MeV, are 15-20 keV higher than those reported in En 58 and
Pa 55c. See also Kr 56a.

The high intensity of the proton groups leading to the 2 937, 3.224, and 5.711
MeV levels, together with the stripping distributions of these groups, and the
intensities of the y rays to the last two of these levels in the 32S(n, 9)33S reaction,
leads to the identification of these levels with the expected 1f;, 2p,, and 2p,
single-particle states, respectively. Other strong groups lead to the levels at
4.212, 5.888, 6.427, 6.676, and 6.689 MeV (En 58). For a discussion of the

(n, ) and (d, p) reduced widths, see Bo 59a. For y rays observed from this
reaction, see Ch 58a.

F. 33pP(p-)38S Q, = 24842
See 33P,
G. 33S(20Ne’ 20Ne)33S

From Coulomb excitation at E(3**Ne) = 23 MeV, the E2 partial mean life of
335(1) has been found as 5.2 X 10-11 sec (An 61e).

H.  Cl(8+)%S 0, = 5575112
See 33CL.
345(y, n)»S On = —11420.8 4.0

Threskold measurement yields 10.854-0.20 MeV (Sh 51a). For cross section,
see Mo 53a.

J.  %Cl(d, 2®S On = 8282.913.6

‘M_agnetic analysis of the «-particle groups from bombardment of targets con-
taining natural Cl with deuterons of several energies between 3.0 and 7.5 MeV
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TaBLE 33.4

Levels sn %3S from the 32S(d, p)?3S reaction

E® Lb (27 +1)6,% E.8 E.®
(MeV) n (relative (MeV) (MeV)
0 2¢,d, ¢ 4.0f 5.915 7.330
0.839¢ 0e-d. 8 1.1¢ 5.982 (7.335)
1.965 @) (0.4) 6.067 7.353
2.314 2 0.8 (6.079) 7.359
2.869 2 1.2 6.101 7.36S
2.936 3¢ 9.11 6.131 7.401
2.971 w 6.234 7.413
3.222 1c 8.1f 6.261 7.452
3.832 3 0.7 6.310 7.460
3.935 w (3) 0.3 6.326 7.475
4.049 w 6.360 7.482
4.095 w 6.372 7.487
4.145 w 6.416 7.503
4.211 ie 0.9t 6.427 (7.560)
4.377 w 6.487 (7.579)
4.425 (1) (1.5) 6.513 (7.589)
4.732 3 L5 6.526 (7.595)
4.747 ' 6.559 (7.601)
4.869 w 6.616 7.615
4.919 1¢ and 0.2¢ 6.676 7.629
4.941 3or4 0.8 orl.1 6.689 7.658
5.177 3 0.6 6.710 7.693
5.210 3or2 0.5 or 0.2 6.720 7.711
?.:2)72 2 0.4 6.788 7.749

5.287 6.892 7.766
5.340 6.903 7.779
5.351 } 3 0.6 6.965 7.797
5.399 3 0.6 6.999 7.828
5.479 w 7.017 7.840
5.697 w 7.037 7.862
5.613 7.133 7.892
5.622 } 0 0.3 7.164 7.806
5.711 ilc 3.51 7.183 7.983
5.864 7.190 7.991
5.888 1 1.2 7.254 8.015

all4+0.006 all+0.006 all 4-6.006

a En 58; E4 = 6.0 and 6.5 MeV.

1g

189

b Ja 61b (preliminary), Eq = 7.77 MeV,; w means “weak and/or isotropic”: intensity at B = 30°
is << 79, of the ground-state transition.

¢ Also Ho 53a, Ho 53d; Eq = 8.0 MeV.

d Also Te 57, Te 58a; Eq = 1.3, 1.8, 2.2, 3.8 and 4.0 MeV.

€ 4+0.005 MeV.

f For these levels relative reduced widths are also given in Ho 53a, Ho 53d, as discussed in

Ma 60d.
g Also Bl 53, Eq = 14.3 MeV.
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yields 33S levels at 0.8444-0.006, 1.96640.007, 2.312, 2.869, 2.938, 2.969,
3.227, all 4-0.008, 3.840, 3.947, 4.060, 4.105, 4.159, 4.224, all 4+0.009, and
4.749--0.010 MeV; @, = 8.27740.010 MeV (Pa 55¢). An earlier reported level
at 3.365 MeV does not exist. Alpha-particle groups leading to 4.38 and 4.43
MeV levels, observed from the 325(d, p)33S reactior;, may have been present,
but were weak or obscured by contaminant groups (En 53).

K. 36Ar(n, «)33S Qp = 2002.1-:4.1

Tonization chamber measurements at £, = 2.15-4.40 MeV yield a 23S level
at 0.9+0.1MeV; Q5 = 2.04+0.1 MeV (To 53'. At E, = 1.32-8.94 MeV, the cross
sections for transitions to the 33S ground state and six lowest excited states
have heen measured; Qy = 1.96-0.04 MeV (Da 60, Da 61b). See also Gr 46.

Resonances, see 37Ar,

L. Not reported:

31P(t, n)33S Qn = 9022.8+3.1
3'P(3He, p)3S 0, = 9787.24-3.1
31P(z, d)%S Q. = — 8565.2+3.1
25(t, d)38S QOn =  2384.9+2.8
32S(x, *He)38S On = —11934.6+2.8
HS(p, d)3S Qn = — 9196.14-4.0
U5(d, t)3S Qpn = — 5163.24+4.0
35(%He, «)3S On = 9156.3+4.0
35ClI(n, t)33S Qn = — 9305.1+3.6
35C1(p, 3He)33S QOn = —10069.6+3.6
REMARKS

For a theoretical discussion of collective model predictions pertaining to
35, see Bi 60.

1Y
(Fig. 33.2, p. 191; table 33.5, p. 192)
A, 3CIp)RS Qn = H575+12

The weighted mean half-life is 2.53 +0.04 sec (Mu 58, Ja 60a, Wa 60a; see
also Ho 10, Sc 48). Other determinations (Wh 41, Bo 51) are in doubt as possibly
a mixture of 3C] and *Cl has been studied (St 53).

Possible confusion with short-lived 34C! ~Iso sheds doubt on measurements
of the ;= end point (Wa 41, Bo 51, Na 53). A recent measurement yields
L5160 05 MeV (Wa 60a). Log ft = 3.7.

Ay ray of 2.85 MeV with an intensity of 0.39, per disintegration (log ft = 4.3)
has been ubserved (Me 54)
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At E, = 580 keV, the decay almost entirely (> 96%,) proceeds to 33Cl (0).
The intensity of a cascade through 33Cl(1) is less than 0.5%, (Va 58e); in Va 592,
however, 10%, is reported. Polarization measurements (Su 60c) of the ground-
state y ray confirm the J* = §+ assignment to the resonance level, and select
the small value for the E2/M1 amplitude ratio, x = —0.094-0.03, out of the
two possibilities found from angular distribution measurements(Va 58e, Va 59a).

At E, = 587 keV, the y decay about equally proceeds to 33C1(0) and (1); the
y-ray energies are E, = 2.8624-0.015, 2.053+0.015, and 0.806+0.004 MeV
(Va 58e, Va 59a). Polarization measurements prove the odd parity of this
resonance, and confirm the J* = }+ assignment to 33CI(1) (Su 60c).

The reaction energy, computed from the resonance and y-ray energies
amounts to Q = 2.28940.011 MeV (Va 58e).

The resonance at 1890 keV probably corresponds with the lowest (p, p)
resonance listed in table 33.7.

C. 35(p, p')%*S E, =2285+12
Resonances observed in the elastic and inelastic (to 325* = 2.24 MeV) scatter-

ing cross sections at five different angles and at proton energies up to 3.8 MeV,
are listed in table 33.7, with corresponding excitation energies in 33Cl, spins,

TasLe 33.7
Resonances for proton scattering from 32S (Ol 58)
Ep #Cle ]n r rpc Ppl Ol‘oz apls

{(MeV - keV) (MeV) (keV) (keV) (keV) x 108 x 103

1.900 4 2 4.127 g 856 L 15 a 43

23104 4 4.525 + 88 4+ 6 a 118

2.678 4 3 4.786 3 - 0.25+ 0.05 a 9

28104 2 5.010 4= 6 2 a a 0.0015 6 =~ 500

2.8054-30 5.092 {- 360 460 a 336

2002+ 2 5009 (8-, i) <05 a ~ 0.010 <9 ~9

290174 2 5.114 §+ 1.5 4+ 0.5 a =~ 0.0018 4 ~ 1.6

3.004 4 2 5.285 3= 0.344+ 0.06 0.29 0.05 4 101

3.1954- 2 5.383 3+ 0.44+ 0.08 0.43 0.01 0.8 2.3

3.273 - 4 5.459 1+ 32 + 4 a (< 0.01) 128 (< 5.4)

3379+ 2 5.562 i- 1.00+ 0.20 0.40 0.60 30 106

3.480+-10 5.660 4= 100 13 a (< 0.08) 54.7 (< 8)

3.570+ 5 5.747 L+ 40 L5 a (< 0.01) 13.1 (< 0.9)

3.716 +- 2 5.888 $- 1.50+ 0.30 0.84 0.66 4.2 19

8 No measurable difference between I, and r.

parities, partial widths, and reduced widths. No capture y rays have been
found except, probably, at the 1900 keV resonance (see reaction B). The
difference in the reported level densities of 3Cl aud 33S is discussed in Ol 58.
Essentially the same results at the 1.90 and 2.31 MeV resonznces are given in
Fe 53. For cross sections in the E, = 4.95-5.45 MeV range, see Cd 59.

For non-resonance data, see 32S.
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D. 325(d, n)%Cl Q, = 60412

With nuclear emulsions, at E, = 8 MeV, neutron groups have been found
to 33Cl* = 0, 0.76 +-0.07, 2.84 +0.06, and 4.22+0.08 MeV. Angular distribution
measurements yield /, = 2, 0, 1, and 1, giving J* = @, B+ 3 (4 ), and
(1, 3)-, respectively. Groups to several more closely spaced levels above 4.22
MeV have been found. A doubtful level at 1.89 MeV is reported (Mi 53). The
relative reduced widths of the transitions to 33Cl* == 0, 0.76, and 4.12 MeV,
are 1, 3.0, and (5.5), respectively (Mi 53, Ma 60d). Time-of-flight measurements,
at E, = 3.5, 3.9,and 4.2 MeV, yield levels at 0.88 +0.07, 2.11£0.06, 2.53 +-0.06,
and 2.824-0.06 MeV; ¢, = 0.104-0.05 McV (Ma 60).

E. 3S(p, n)3Cl Q, = —6358412
Observed, Wh 41.

F. Not reported:

31P(3He, n)®Cl 0, = 234304+12

325(3He, d)3] 0, = — 3208412

32G (4, £)33C] Q, = —17528+412

335(3He, t)3C1 0, = — 5593412

35Cl(p, t) 3CI 0, = —15663+12

36Ar(p, o)%Cl 0, = — 4366412
3‘IP

(Not illustrated; sce fig. 34.1, p. 196)

A, uP(3-)Mg 0,, = 51004200

The half-life is 12.404-0.12 sec (Bl 46; see also Co 40, Hu 45). The g- decav
predominantly proceeds (o 345(0) and (1) (Bl 46); in addition, a 4.0 MeV y ray,
with a 0.29, intensity, reveals a weak - branch to a 4.0 MeV level (Mo 56d).
For end points, branching ratios, and log f¢ values, see table 34.1. A discussion
of the - transition probabilities is given in De 53b.

The allowed character of the transitions to 3S(0) and (1) with J* = 0 and
2%, respectively, yields J* = 1+ for 3P(0).

TaBLE 34.1
The MP(8-)%S decay

Final 333 state E 5: Branching
(Me') (MeV) ratio (%) log ft Reference
L] 5.14-0.2 75 5.1 Bl 48
2.13 3.240.2 25 4.7 Bl 46
3..0 > 5.6 Mo 56d
4.0 > 0.2 << 4.

Mo 56d
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B. 33P(n, y)‘“P Qm = 65704+200
Perhaps observed, see Ya 51 and Je 52.
C. “S(n, p)f”P Qm = —43204-200
Cross section at E, = 14.5 MeV, Pa 53.
D. 3Cl(n, «)3¢P On = —12904200

Cross section, Pa 53, Le 57b.
E. Not reported:

uS(t, SHe)HP Qn = — 5080200

36S(n, t)4P 0, = —127004200

365(p, SHe) 4P 0, = — 3460200

365(d, o) MP Q.= 48904200
ug

(Fig. 34.1, p. 196; table 3--.2, p. 197)

A, 3P(a, p)3S 0, = 63).9+3.3

Scintillation spectrometer measurements of proton and y-ray energies and
coincidences yield levels at 348* = 2.134+0.02, 3.3340.05, 4.340.1, and
4.840.1 MeV; @, = 0.740.1 MeV. The 3.30 MeV level decays by y emission
to 345(1), (73-:4)%, and to 315(0), (27 4+-4)% (St 56b); see, however, 34Cl, reac-
tion A. Differential cross sections for transitions to 3S(0) and (1) ot E, = 7.0
and 8.1 MeV (Vo 57a), and to 3S(0) at E, = 30.4 MeV (Hu 59a), are in fair
agreement with direct-interaction calculations.

B. 38, p)¥S Qn = 9196.14+4.0

At E, = 6.0 MeV, with enriched targets, proton groups have been observed
to 34S levels at 0, 2.123, 3.305, 4.125, (4.26), 4.630, (4.70), 4.886, (5.38), 5.691,
(5.85), 6.173, 6.252, 6.348, 6.482, 6.64, 7.110, 7.632, 7.78, 7.914, (8.12), 8.30,
and (8.62) MeV; Qy = 9.194 MeV. Groups have been seen at different angles
unless the corresponding excitation energy has been put in bracke:s (Br 61e).
See also Da 49a.

C. 3F(p-)S Qp = 5100200
See ¥P and remarks.

D. 3Cl(B+)*%S Qn = 5519421
See 3¢C] and remarks.

E. 3Cl(p, &)*S Qn = 3030.14+3.1
Magnetic analysis yields Qy = 3.023 +0.006 MeV (Va 57d), 3.026 +-0.008 MeV
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(Tn 550, and 3.015 +£0.015 MeV (C1 60). At E) = 1.8-4.0 MeV, a level has been

found a. 2.129+0.014 MeV (Va 56), and at E, = 7.0 MeV levels at 2.127,

3.302. 3.95, 4.073, 4.114, 4.621, 4.685, and 4.876, all +.0.008 MeV (En 56c).
For the excitation function of the «, group, see 3Ar.
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TaBLE 34.2
Energy levels of %S

E, _: .

(MeV | keV) J: Decay Reactions

0 ot stable ABCDE

2,127 =7 2+ y A,BCDE

3.302 -8 2+ Y A, B, D E

3.915 -8 () C,DE

4.073 +-8 ¥) C,D,E

4.114 -8 24) v B,C.D,E

(4.26) A B

462148 B, E

4.685 -8 B, E

4.876 -8 A B E

5.38-8.62: 15 levels, see reaction B

|
|
!
|

F.  Not reported:

325(t, p)MS 0, = 11581.0+3.1
BS(n, y)4S 0, = 11420.844.0
35(t, d)MS Q,= 5163.2:-4.0
35 (, SHe) S Q. = — 9156.3-4.0
BCI(p, d)MS 0, = — 4141.9+3.8
3CI(d, *He)HS 0, = — 873.4+43.7
35CI(t, o)34S Q.= 13446.1+3.7
265 (p, t)MS 0, = — 8381 +9

38Ar(n, SHe)MS 0, = — T154.34+4.2

REMARKS

The assignments J* = 1+ to 3P(0) and J* = 2+ to 35(1) follow from the
allowed character of both the 3¢P 8- decay to 3#S(C) and (1), and the 3iCI™
(J* = 3%) B+ decay to 3%5(1).

For a discussion of the J* = 2+ assignment to 3S* = 3.30 and 4.11 MeV,
see 34C], reaction A.

For a theoretical discussion of the excitation energy of the lowest 2+ states,
see Th 56.

34C1
(Fig. 34.2, p. 198; table 34.3, p. 199)

A, (a) #Cl(B*)3S Q. = 5519421
The weighted mean half-life is 1.588+0.014 sec (St 53b, Kl 54b, Mi 38,
Ja 60a). The decay proceeds to 345(0); end point 4.5010.03 MeV (Gr 56),

4.45+0.11 MeV (Ru 51), 4.454-0.10 MeV (Hu 54a). The log f¢ value is 3.5,
indicating that 34Cl(0) is the T = 1 analog of 3#5(0) (see also Qu 56). A theoretical
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Fig. 34.2. Energy levels of 3Cl,

discussion of correctious to ft-values of 0+ — 0* transitions is givenin Ma 58e,
Du 60.

Longitudinal polarization measurements, De 57a.
(b) 34/\‘;lm(ﬂ+)34s Qm — 5662:{:21
The half-life of the 143 keV isomeric state is 32.40+40.04 min (Gr 56; see also
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TaBLE 34.3
Inergy levels of 3¢Cl

E

(.\Ic\;:ke\f) Ju T T} Decay Reactions
0 0+; 1 1.588-:0.014 sec gt many
0.143L 2 3+, 0 3240 +0.0¢ min B8+, A,B,C EH
0.46 --20 C
0.67 =10 (1L, 2+) y C.E
1.23 +20 C, G
1.89 20 C G
2,16 —-20 y C, E
238 +20 C
258 =20 C
2.61 -20 C
2,72 120 : y C.EG
313 420 C
3.34 =20 C
3.38 20 C
355 20 y C,E
3.3 20 C
3.64 L20 C, G
378 =20 C.G
(3.87 +20) C
(3.97 =20 C
£09 L2320 C
4.15 4 20 C,.E
4.0 G
5.552 21 ¥ E
5611 421 (1%, 2+) y EG
3.76-6.60: 11 levels, see reaction E
(7.2) G

i
|
i
i
1t
]
|
i
|
1
|
|
|
!
l
|
|
]
i
|

Hi 5la, Pe 48a, Hu 43, R1 37). The decay proceeds by ¥ emission (469%,) to
3C1(0) (Gr 56, St 53, Ru 51), and with about cqual intensities by S+ emission
to M5¥ = 2.13 MeV (Eip,, = 2.481+0.07 MeV) and 3.30 MeV (E,+,, = 1.33
+0.10 MeV); log ft = 6.1 and 4.9, respectively (Gr 56, Ru 51). From the
conversion coefficient of the 14543 keV y ray, « = 0.14+0.04, it follows that
this transition has M3 character (St 53). Hence the isomeric state has J* = 3+.

Measurement of single y-ray spectra (see table 34.4) and of coincidences
confirms the §- branches to 34S* = 2.13 and 3.30 MeV, and indicates a weak
(x~ 0.49,) B+ branch to 35* = 4.11 MeV, with log ft = 5.4. The latter state
decays to 35(0) with E, = 4.104:0.02 MeV; it should thus have J= = 2+. The
0.64 and 0.77 MeV y rays possibly indicate weak 8+ transitions to 345* = 3.92
and 4.07 MeV, respectively (To 60a; also Mo 56d).

The angular correlation of the 1.17 and 2.13 MeV y rays indicates that both
the 2.13 and 3.30 MeV levels have J» = 2+ (Ha 56d, Fi 57, Sh 58a). The E2/M1
amplitude ratio of the 1.17 MeV y ray is x = -+0.13 (Ha 56d), +0.12 (F1i 57),
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TsBLE 34.4
Energies {in MeV} and relative intensities of  ravs in the f+ decay of #Clm
Ru 51 Ti 51 Mo 36d To 60a Transition
3 o 3CH(0.14) — 1Cli0y
2.143 0. -
H143 =000 0.64 (weak) 385(3.92) -» 3S§(3.30,
%7 {weak) 385(4.07) — 3153 30,
1.16 --0.03 1.14 1.17 £.0.02 (32) 35(3.30) — 5240,
218 9.2 :!.10:0.03 2.10 2.14 -0.02 (100) HG(2.13) — M0
330 —0.14  3.22-003 3.22 3.32£0.02 (32) 45(3.30) — MS(0)
- N 40020,  410-002 (1) BS(4.11) — MS(0,

+0.126 (Sh 33a). Angular correlation polarization experiments confirm the
spin assignments (Sh 58a).

B.  31P(x, nj}3(Cl Q, = —5H671+21
Threshold measurements vield Q, = —5.7+0.2 MeV. This corresponds to

the threshold for slow neutron production as well as for production »f the 1.54
sec ground-state activity (Qu 56).

C.  35(3He, p)¥ci Q, = 6044421

At E(3He) = 9.82 and 10.10 MeV, proton groups have been observed to
HCiF =0, 0.15, 0.47 06~ 1.23, 1.89, 2.16, 2.38, 2.58, 2.61, 2.72, 3.13, 3.3t
3.38, 3.35, 3.39, 3.8¢ .78, (3.87), (3.97), £.09, and 4.15 MeV, all =-0.02 MeV
(Hi 60f).

D.  %5{z d}¥Cl Qp = —12309+21
Probobly observed, Sh 40.
E.  %(p, )%l QOn = 5119221

In the range E = 200-850 keV, resonances have been observed at 446.5 3.5
and 507.121.0 keV, with strengths (2/+1) I, I',/I" = 0.06 and 0.10 eV,
respectively (Va 53d, Ku 59a); and at E, = 446, 507, 662, 682, 730, 778, and
32% keV, all =2 keV (Gl 61b); in the range E, = 1100-1550 keV, resorances
have been found at 1152, 1211, 1262, 1434, 1456, and 1525 keV (Ga 59).

Most of the y rays observed at the 447 and 507 keV resomances (Va 3xd.
(}E 61D} can be assigned to transitions in 34Cl using the excitation eneigies found
from reaction C (see fig. 34.2). A reaction Q value of 5.12-0.03 Me\" follow~
from these measurements {Va 53d)

F.  33d, n)3(C] Qn = 2893 421
Observed, Sa 36.
G ¥3{p, muCl On = —6302:21
At E, = 17.5 MeV, neutron groups have been observed to #Cl* = 0, 1.1,
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L9, 2.7, 3.7, 4.6, (5.7), and (7.2) MeV, if it is assumed that the highest Q value
measured (Q = —®6.1 MeV), corresponds to 3Cl(0) (Aj 55).

H. 3Cl(y, n)*Cl 0, = —12668421

The @ value for the transition to 34CIm is —12.354-0.35 MeV (De 55). The
ground-state Q value is —12.794-0.07 MeV (Ba 57b), —12.66--0.04 MeV
(Sa 61).

Cross section, Fe 59a, Ba 57b, Go 54a, Ed 52, Wa 48,

For “breaks” in the excitation curve, see 35Cl.

I.  Not reported:

315(t, n)MCl 0, = 5219421
335(3He, d)4Cl 0, = — 374421
3G (o, £)MC1 0, = —14693+21
35(3He, t)%Cl 0, = — 5537+21
3Clp %0l 0, = —10443 421
35C1(d, t)¥Cl 0, = — 6411421
35C1(%He, «)%Cl 0, = 7909421
36Ar(n, t)Cl 0, = —12691+21
38Ar(p, *He)%Cl 0, = —13456421
36Ar(d, a)4Cl 0, = 4897421
REMARKS

Positions of the lowest T = 0and T =: 1 states, St 53a, St 53b, Pe 53, Mo 54,
Wi H6a, Va 58d.

358
(Fig. 35.1, p. 202; table 35.1, p. 202)

A, 355(8-)35Cl Q, = 167.3440.19

The half-life is 86.73+0.27 days (weighted average, He 43, Se 58b, Ca 59a,
Co 59e); the end point is 167.6 +0.3 keV (Co 57c, Fe 54a, La 50, Gr 50b, Co 48,
Be 48b). The spectrum has the allowed shape, at least down to 2 keV (Al 48c,
Be 48b, Co 48, La 50, Gr 50b, He 51, Mi 53a, Fe 54a, Mo 54a, Di 55, Co 57c¢).
Log ft = 5.0. For computation of the 8- matrix element, see Gr 56c.

The longitudinal §- polarization is equal to -v/c (La 58).

For inner bremsstrahlung, see St 55, Ch 59, Le 5%a (theory). For effects
involving the atomic electron cloud, see Du 61a, Ch 59, Ru 54b.

B. 34S(n, y)3%S Q, = 6981.8+3.8
The thermal neutron capture cross section is 0.26 +0.05 b, Hu 58.
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C. 35(d, p)»S Q,, = 4767.143.7
Magnetic analysis of charged particles from na.ural sulphur targets bom-
barded with deuterons of 6.0 and 6.5 MeV, gives weak proton groups to 3°5* = 0.

legs2 |

it
A

37,
34¢ . n Cled-a
4.96 —-——‘Q—-.?__57
345 ’d -p
419 (403) ot =
380
2.96
271 I yq
2.35 4. T
199 4 l
’]’ 22
35
. Clen-p
-01673 3/2 3
35 35
Cl B3100% ;01676 S 86.7 a - 2
Cls+y-d
Fig. 35.1. Energy levels of 98,
TasrLe 3.1
Energy levels of 383
- T T e
(MeV j:keV) J* L7} Decay Reactions
o 4+ 86.73 4+ 0.27 davs B~ A,C,DEF
1.9924 6 {3, )~ C,F
2347+ 6 5, 8)- C.F
2714110 -
2.955+10 F
3.803+10 C
(4.025+10) F
4.192--10 C
4.961-+10 C

1

1.992 £0.008, 2.346 4-0.008, 3.803 +0.010, 4.192 4-0.010, and 4.961 +-0.010 MeV :
Do = 4.7574.0.010 MeV (En 58). At E, = 7.77 MeV, angular distribution
neasurements of the groups to 335* = 0, 1.992, and 2.346 MeV, yield /, = 2, 3
and 1, respectively, and (2/+1)6,2 = 1.5, 11.0, and 5.7 (relative), Ja 61b.

»
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D.  35Cl(n, p)33S Q, = 615.274-0.44

The thermal neutron cross section is 0.194-0.05 b (Hu 58). See also Be 55c.
Cross section at 14 MeV, Al 61.

From measurements with thermal and D(d, n) neutrons, Q, = 0.524-0.04

MeV (Gi 44).
For resonances, see 36Cl.

E. 3Cl(y, d)%S Q. = —16058.4 +3.2
Cross section for 32 MeV bremsstrahlung, Er 57.

F. 3%Cl(d, «)33S Q, = 7787.243.2

Frombombardment of targets containing natural chlorine, atseveraldeuteron
einergies between 3.0 and 7.5 MeV, Q, = 7.783 +0.012 MeV has been determined
by magnetic analysis. Levels in 35S have been observed at (1.992), (2.348),
2.714, and (4.025) MeV, all +0.010 MeV (Pa 55c). An additional «-particle
group which had bciir assigned to the 35Cl(d, «)33S reaction, actually has to be
aseribed to 37Cl(d, «)3S, leading to a 35S level at 2.9554-0.010 MeV (En 58).

(GG.  Not reported:

393(t, p)35S 0 = 99203 £3.6
MG (¢, 1)95S 0, = 724.2 4-3.7
HS(a, 3He)35S Q, = —13595.3 +3.8
35CI(t, 3He)35S Qn = — 149.2140.20
36S(p, d)®5S 0, = — 7657 +9
385(d, )5S 0, = — 3624 +9
1S(3He, )35 Q,= 10695 +9
37Cl(n, t)33S Q,= — 9800.8 +3.2
BCl(p, *He)¥S O = —10565.3 +3.2
38Ar(n, «)3%S Q== — 230.8 +3.4
35C1

(Fig. 35.2, p. 204; table 35.2, p. 205)

A, 325(e, p)33Cl Qn, = —1865.1+2.6

At E, = 8 MeV, proton groups have been observed to 33Cl1* = 0, (0.7), 1.1,
and (1.7) MeV; @, = —2.3 MeV (Pi 55). For work with « particles from natural
radioactive sources, see En 54a.

B. 35(p, y)33Cl Q, = 6366.64-3.7
With enriched targets, 44 resonances have been found in the E| = 0.6-1.9

MeV region; see table 35.3 for resonance energies, corresponding 35Cl excitation
energies, J* values, widths, and yields (An 60a, An 61c). For branching ratios
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D. Not reported:

335(3He, n)35Ar Op = 3317430
35C1(3He, t)35Ar Q, = — 5988+30
38Ar(p, d)3%Ar Q, = —13033+30
36Ar(d, t)3%Ar Q, = — 9001430
38Ar(3He, o)%%Ar Qn = 5319--30
36§
(Not illustrated)

A, 3CHEC)38S Q, = 1137 £10
See 38Cl.

B.  %0Ar(y, «)36S Q, = —6809+9

Observed at E, = 23, 26, and 30 MeV (Em 59; see also Wi 51).
C. Not reported:

3S(t, p)3eS 0, = 838149
97Cl(n, d)%¢S 0, = — 6177-9
37C1(d, 3He)36S Q, = — 2908--9
CI(t, o)39S 0, = 1141149
38Ar(n, SHe)36S 0, = —10926-9

3%Cl
(Fig. 36.1, p. 209: table 36.1, p. 210)

A.  (a) %CI(8-)36Ar 0, = 7115+ 4.3

(b) 36CI(EC)36S 0 =1137 +10

The half-life has been measured by absolute - counting, using samples of
known 36Cl content, as (4.4+0.5) X 105 yr (Wu 49), (3.08-+0.03) X 105 yr
(Ba 55a), and (2.54-0.4) X 10% yr (Wr 57).

The end point of the 8- spectrum is 0.714+0.005 MeV (Fe 52). For a dis-
cussion of the fi-value (log j. = 13.4), see Fo 54, Jo 56. The shape of the -
spectrum is consistent with a 4 J = 2, no, transition (Wu 50, Fu 51, Fe 52,
Jo 5%).

‘The number of positons is less than 10-% times the nuimber of electrons
(Wu 49, Jo 49); no y rays are present with E, > 20 keV and with an intensity
of more than 5%, (Wu 49, Dr 55). Tharough observation of K quanta, it has been

shown that 36CI also decays by K capture to S with K/f- = (1.740.1)%;
log ft = 13.5 (Dr 55).
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B. %Cl(n, y)%Cl

Fig. 36.1. Energy levels of 3¢Cl.
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From the thermal-neutron absorption cross section of natural chlorine,
33.6+1.1 b, and the capture cross section of 3Cl, 0.564-0.12 b (Hu 58),
and the 35Cl and 37Cl abundances, it follows that less than 19, of the thermal-
neutron captures in natural chlorine occur in 37ClL.
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TabLE 36.1
Energy levels of 3¢Cl

e e e e e e e e i e o e s e dmeeme e -

E

X VE: T} Decay Reactions
(MeV +keV)
0 2+ (3.08 1 0.03) x 10° yr g KC many
0.788-1-2 (3)+ y B E F H
1.164 -2 (N v B, E F
1.598 -3 (1, 2)+ ¥ B,E, F
1.949-:-3 (1, 2)+ y B. E
1.957 + 3 y B E
2.469 - 3 (< 3)- y B, E
2,497 15 (1, 2)+ ¥ B, E
2522 1 5 (< h) y B E
2.681-: 5 Y B E
28185 (< 5)- 2 B E
2.870 ' 5 (< 5)- 5 B E
2,002 5 (< 3)- p B, E
3.002 -5 (< %) p B, E
3.106 :-5 (£ 3)- by B, E
3.213 : 6 (< ¥~ 3 B E
3.339 5 (L 3~ y B, E
3.474 5 (< 3)- I
3.606 5 (< 3)- 7 B,
3.641- 5 (£ 3)- 3 B,
3.671 -6 I
3.730 -5 (<L 5)~ 3 B, E
(3.831) I
3.970 ' 5 (<X 3)~ y 18,
4.001 5 (< 3)- 0
4.041- 5 (< 3)~ bu 13, 18
4.146 .7 (< 3) 3 B, K
4.269-7.007; 45 levels, sce table 36.5 and reaction I (and B)

8.576-8.773; 14 levels, see tables 36.3 and 36.4 and reactions B,CD

Gamma rays from thermal neutron capture in natural chlorine, observed
with a Compton spectrometer, are listed in table 36.2, with the intensities in
photons per 100 captured neutrons in natural chlorine, and the levels between
which they are assumed to occur (Gr 60a). Previous lower resolution work,
reported in Ki 52 (as corrected in Ba 58c), Br 56e, and Dr 60, is in agreement
with these results, except for the intensities of the three lowest energy y rays
(Br 56e) and of most of the higher cnergy y rays (Ba 58c). See also Ur 59.

Assignments of the most intensive y rays to transitions in 3¢Cl are based on
coincidence measurements with a three-crystal pair spectrometer. These meas-
urements also yield the branching of the 1.95, 2.47, (2.87), and 3.60 MeV levels;
see fig. 36.1 (Se 59). Sum-coincidence measurements confirm the two-step
cascades through 3¢Cl* = 0.79, 1.16, (1.60), 1.96, and 2.87 MeV (Bu 59b), and
through 2¢Cl* = 0.79, 1.60, 1.96, 2.68, 2.87, {3.00), (5.562), 5.95, and 6.36 MeV
(Dr 61). See also Re 54. The branching fractions of these intermediate states
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TaBLE 36.2

Gamma rays from 3Cl(n, y)3¢Cl (Gr 60a)

(O e\g 'k eV) I.» Assignment (MeVIi:«’kn:V) I8 AssignmentP
8.573 .49 3.1 C->0 | 3.74216 0.4 (3.73 - 0)
7.786 - 5 8.2 C — 0.79(c) 3.596 : 5 0.5 4.77 - 1.16
7410 .5 127 C = 1.16(c) 3.566 -4 1.2 C - 5.01(t); 5.52 — 1.95
6.974 - 5 2.5 C - 1.60(c) | 3.510 -4 0.8  (4.30 — 0.79)
6.621.-5 13.6 C — 1.96(c) @ 3.435 -4 1.0 (4.61 - 1.16)
6423 '8 0.3 ' 3383.4 05 (4.56 — 1.16)
6.344 : 8 0.3  6.36 > 0(c) ¢ 3.238:5 0.8  3.34 - 0(c)
6.266 .6 0.6 C 32104 0.9 (3.11 - 0)
6.110 : 5 252 C-»247(c) | 3.067 4 3.6 C - 5.52(c)
5.060 16 0.3 595 > 0fc) . 3.024 1 4 0.8  5.52 > 250
5902 5 1.3 C — 2.68(c) 3.002 . 5 1.4 3.00 = 0(c); 5.52 — 2.52
35 4 6.1 C > 287(¢) | 2980 -5 1.4 415 - 116
3.585 5 0.8 C-»300(c) . 2.896 .3 0.6 (2.90 — 0)
3516 - 4 LS 352 > 0(c) 2868 : 3 59  2.87 > 0(c)
546 5 0.6 C > 3.34(c) 2.852 ¢ 4 0.8  (3.64 — 0.79)
5.010 . 4 0.6 5.01 ) . 2810 - 4 0.7 477 > 1L.96; 3.97 - 1.16
4081 - 4 4.2 C >36lc) | 2.681.-3 1.5 2.68 -» 0(c)
4957 5 0.3 4,797 »0(t) C2.628 - 4 0.5 C — 3.95(c)
4582 4 Lo A52 »059 2535 .7 0.7
4.613 - 4 0.5 C - 3.97() 2,498 3 05 250 -0
4.080 1 5 0.3 461 - 0ft) L2477 3 0.5 247 >0
4.547 8 0.4 (4.56 > 0) 2,422 ¢ 0.5 (3.21 > 0.79)
4522 5 0.6 C > 4.04(1) 2285 - 3 0.8 C -» 6.36(c)
444 4 1.1 C - 4.15(1) 2,033 7 1.2 (282 >0.79)
4417 8 05 (441 s 0) 1957 -3 10,0 1.96 — 0(c)
4.208 4 0.5 (430 > 0) 1949 =3 183 1.95 - 0(c)
4203 5 0.2 (5.38 -~ 1.16) 1.636 - 3 1.1 3.61 - 1.96, 1.95(c); 4.15 — 2.50
4.138 . 8 0.2 415 . 0 1.597 -3 3.2 1.60 - 0(c)
4080 -4 0.7 (486 -> 0.79) 1.329 -2 1.3 250 > 1.16
4.053 - 4 0.7 4.04 - 0(t) C L1653 -2 275 116 - 0(c); 1.96, 1.95 — 0.79(c)
3.980 : 4 1.2 C —461(t)  113e 3.61 — 2.47(c)
3.957-.-7 0.3  3.97 — Ot) C6.992:2 180 0.79 — 0(c)
3.822 -4 1.8 C—+.77(t)  0.518 -2 ~ 20 2.47 - 1.95(c)

8 Intensities per 100 neutrons captured in natural chlorine; the errors in the intensities are 109,
for the strong lines, and uf to 50°%, for the wweak lines.

b The capturing state is indicated by C; excitation energies in MeV.
Assigniments marked (c) are based on coincide nce measurements (Bu 38b, Se 59, Dr 61). The
remaining y rays are fitted between levels known from Ho 61b; two-step cascades are marked
(t). Gamma rays de-exciting levels of which the mode of population is unknown, are bracketed;
these transitions are not included in fig. 36.1.

¢ Calibration line; energy calculated from masses.

€ Se 19.

to the ground state are 1, 0.91+0.09, 1.07+0.15, 0.8940.09, 1.240.2,
0.84 4-0.15, 0.454+0.1, 0.454+0.1, << 1, and < 0.55, respectively (Dr 61). For
a discussion of spins and parities of 36Cl levels with £, <Z 3 MeV, based on the
intensities of the cascades. see Dr 61.
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The assignments based on coincidence measurements are marked as suchin
table 36.2. See also Bu 59c. Using the precision energy measurements and the
intensities, most of the remaining y rays can be fitted in the 3¢Cl level scheme
known from the 35Cl(d, p)2¢Cl reaction. (jamma-ray pairs with energies adding
up to the neutron binding energy indicate two-step cascades through new levels
at 4.138, 4.589, 4.757, 5.016, 5.516, and 6.344 MeV (Gr 60a). The existence of
these levels has later been confirmed from the 35Cl(d, p)3¢Cl reaction (Ho 61b).

The doublet character of the 1.95 MeV level is indicated by the fact that
the branching of this level depends on the method of its population (Se 59);
later, this doublet has been resolved in 1.957 4-0.003 and 1.949-4+0.003 MeV
levels. The 2.47 MeV level decays to the lowest of these twolevelsbya 518 | 2keV
» ray. Using the assignments based on coincidence measurements, the y-ray
energies yield the excitation energies of the six lowest 36Cl] levels with good
precision: 36Cl* = 0.78740.002, 1.1654.0.002, 1.597--0.003, 1.94940.003,
1.957--0.003, and 2.467 -+0.003 MeV (Gr 60a).

For resonances, see table 36.3.

C.  35Cl(n, p)35S Qn = 615.274.0.44 E, = 8576.744.5

For resonances, see table 36.3. For non-resonance data, sec 3¢S,

TaBLe 36.3
Resonances in the 3°Cl(n, 9)%Cl and 35Cl(n, p)%S cross sections (Po 61b)

E, (keV) 36C1* (MeV) I, @v) Iy (meV) I, (meV) la
—0.214-0.012 8.576 0.50+0.01 244 0.8 0
0.405 (datum) 8.577 70 4.92 26— 65 1e
1.1 402 8.578 a 50 4~ 30b 1
43 +03 8.581 35 416 250 — 700 1
13 8.502
17 8504 ~ 100 } 65 x 109 0

2 Already suggested in Br 56c.
b Value depending on resonance spin.
¢ In Hu £8 I; = 0Ois given.

TaBLE 36.4
Resonances in the 3Cl--n total cross section (Hu 58)
E:\ 36Cym I Iy E, seC]e [‘mMw
(ke'V) (MeV) (keV) (keV) (MeV) (keV)
0.405 +-0.006 8.677 0 0.00014 | 134 8.707 0.51 ‘

15 8.591 ~ 0.03 144 8.717 0.51

27 8.603 0.13 184 8.766 b7

104 8.678 0.30 190 8.762 1.2

114 8.688 0.40 202 8.773 2.8
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TaBLE 36.5
Eneigy levels of 3¢Cl from 3°CKd, p)*¢Cl
s6Cjea 8Cle b I a eJ-+ 1)0,2%2 36Ci*a L a (2] + 16,28
(MeV +keV) (MeV +keV) n x 10° (MeV) n x 108
0 0 2(+0)cd.e 41(52) 4.834
0.789 +-4 0.790 -5 2c, e 16 4.857
oc 5.3 4.387
1.163 + 4 1.163 16 { 2 T4 4919
1.599+5 1.600 -7 ¢e 2.7 4.965 1 14
I . oc 13 5.0081 1 18
1.954 15 1.952+7 { 2 or 3¢ < 30 or < 60 5.090 1 6
2.4724-6 2.4734-7 1 43 5.169 1 13
2.4974+6 2.498 47 ) 3.4 [ 5.213 1 79
2.522.L6 2.523 47 3 133 P 5.269 1 36
2.679-L6 2.684 47 5.314 1 35
2.8161-6 2.820 17 3 56 5.339
2.8684-6 2.872--7 3 22 5.376
2.900-16 2.905 -7 1 55 5.469 1 56
3.000--6 3.004 -7 1 35 5.5181
1 2 5.550
3.1034-7 3.110+8 3 93 5 584
3.212.4-8 3.214 8 1 22 5.622 1 3.n
3.338+6 3.3414-8 1 77 5.701 1 12
3.474.17 3.474 +8 | 2.1 | 5.731 1 8.0
3.608 +-7 3.606+-8 1 3.6 | 5.766 1 12
3.6404-6 3.644 48 1 22 . 5.836 1 7.1
3.670+8 (3.673 :-8) 5.871 1 7.6
3.728 -7 3.732.1.8 3 23 5.906 1 62
(3.851) ; 5.952
3.07047 3.070 -8 1 a7 | 5.972
4.0004-7 4.003 L8 1 &h | 6.032
4.0404-7 4.043 -8 1 42 6.090 | 64
414647 t 1 17 ~6.155 1 17
(4.269) | 6.356¢ 1
(4.300) L 6.445 1
4.323+17 1 19 | 6.474
4.413-18 6.510
4.504 47 1 46 6.546
4.560+8 0 3 6.680 1
4.607+8 t i 39 7.007
4.734-8 3 12 all 18 keV
4.765-+8 t 1 9.2
8 Ho 61b; E4 = 7.5 MeV. 4 Also Ki 52a, Ki 53b, E4 = 6.9 and 7.8 MeV".
® Pa 55¢c; E4 = 3.0-7.5 MeV. € Se 61; E; = 7.77 MeV.
¢ Also Te 56b; E4 = 4 MeV. f See also reaction B (Gr 60a).
D. 35Cl(n, n)35Cl E, = 8576.7—4.5

Resonances observed with enriched material are listed in table 36.4 (Hu 538;
see also Br 56¢, Bi 61). For cross section, see Hu 58.
For non-resonance information, see 33(Cl,
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E. 35Cl(d, p)3¢Cl Q, = 6352.0+4.5

Magnetic analysis of (d, p) reactions with natural chlorine tflrgeté yields
Q, = 6.354 +0.008 MeV (Pa 55c and Ho 61b). Seventy‘levels are listed in .tablw
26.5 (Pa 55c, Ho 61b; for low-resolution work, see En 51b, Te 56b) with /
values and reduced widths (Ho 61b, Se 61, Te 56b). The I, = 2 ground-statc
group has less than 4%, admixture of /, = 0 (Ki 52a, Ki 53b). The reduced
widths of the lowest three states are in agreement with the results of a -
coupling computation, assuming J* = 2+, 3%, and 1*, for 38CI(0), (1), and (2).
respectively (Ho 61b). See also Me 59. The /, = 043 value of the 1.95 MeV
level suggests a doublet character (see 36Cl, reaction B) (Te 56b, Gr 60a).

F.  3%Ar(n, p)*¢Cl Q, = 712443
At E, = 1.32-8.94 MeV, cross sections have been measured for proton group~

to the 36Cl ground state and the first three excited states (Da 60, Da 61b).
Resonances, see 37Ar.

G. 3Cl(y, n)3¢Cl 0, = —10322 45

The photo-neutron threshold is 10.307 40.037 MeV (Ge 60a). See also
Sh 51a. Cross section measurements, Go Hda,
H. 3K(n, «)3¢Cl Q, = 136446

Irradiation of KI crystals witk D(d, n) ncutrons and pulse-height analysis
of the scintillation spectrum, yields Q, == 1.254-0.2 McV. A transition to
3CI* = 0.874-0.1 MeV is also observed (Sc H6a). For cross section meas-
urements, see Li 58d, Bo 60d, Ba 61g, Di 61.

For resonances, see 10K,

I. Not reported:

333(at, p)*eCl Q, = — 1931 46
34S(t, n)38Cl Q,= 6461 46
S (3He, p)36Cl Q.= 7225 46
84S (o, d)36C1 Q. = —11127 +6
3C](t, d)36Cl Quw = 2319.11+4.5
35C] (e, 3He)36C1 Qum = —12000.4 1-4.5
36S(p, n)36Cl Qn=— 1920 +10
365 (3He, t)36Cl Qu=— 1156 410
38Ar(t, 3He)3¢Cl On= — 693.314.3
37C1(p, d)?6Cl QOn = — 8097 45
31C1(d, t)36Cl Qn = — 4064 +5
31C1(*He, o)36Cl On= 10255 45
BAr(n, t) 36C1 Qw = —12082 +6
BAr(p, 3He)36Cl Qn = —12847 46
38Ar(d, «)3%Cl On= 5506 -+6
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REMARKS

Pure jj coupling predicts a linear relation between excitation energies of
(d;, d,-1) levels in 3%Cl and those of (d,-!, d;-?) levels in 38K. Using this
relation J* = 2+, 3+, and 1+ has been calculated for 3¢Cl* = 0, 0.79, and 1.60
MeV (Pa 61b).

For a theoretical discussion of the 36Cl ground-state configuration, see Ku 53,
De 53a, Hi 54, Sc b4c.

36A
(Fig. 36.2, p. 216; table 36.6, p. 217)
A, 3Cl(p, y)%¢Ar Q, = 8505.6+2.1

The y ray yield from targets containing natural chlorine bombarded with
protons in the energy range E, = 500-2150 keV shows 86 resonances (not
tabulated), Br 51. The resonances assigned to 35Cl by the use of isotopically
enriched targets and/or by the energies of the y rays emitted, are listed in table
36.7 together with the observed reson: nce strengths, the corresponding 36Ar
excitation energies, and a qualitative indication of the decay (Ku 61, Li 60b,
Wa 60, To 57, Br 51, Ta 46).

Using single counter and coincidence techniques, the decay schemes of six
resonance levels and of the lower levels at 1.97 +£0.02, 4.1740.03, 4.45-+0.05,
1.94 +0.03, 5.85+0.03, and 6.854-0.03 VeV have been measured; see fig. 36.2
(Li 60b). A few discrepancies with measurcinents reported in Ku 61 and To 57
are given in the figure caption.

Angular distribution measurements at E, = 861 keV indicate J* = 2t
300, and 3 for 38Ar* == 1.95, and 4.1 MeV, and the resonance state, respec-
tively (Be 57b). At E, = 735 and 861 keV, the angular distributions are
consistent with J = 3 for 36Ar* = 4.17 MeV, but J = 2 cannot be excluded.
The assignment J == (2,4) to the 4.94 MeV level is tentative (Li 60b).

B. 35Cl(p, p’)%3Cl E, == 8505.6+2.1

Resonances (not tabulated) in the excitation curve for inelastic proton
scattering, observed by measuring the j-ray yield from 3Cl(1), have a spacing
of 18 keV at an average proton energv of 2.8 MeV (Pr 53a). The excitation
function for E, = 1.22 and 1.76 MeV shows 31 resonances in the E, = 2.30-
3.25 MeV range (St 61b); for energies a1 d widths, see table 36.8. With natural
chlorine targets weak p, resonances hsve heen observed at E, = 1.496 and
1.96 MeV, with I' = 20 and 70 keV, respectively (Ru 59).

For non-resonance data, see 33Cl.
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Fig. 36 .'2. Energy %leve.ls of S“TAr. (?amma decay as reported in Li 60b. The branchings are in agree-

;rxfamt \1tl'th the‘mdlcatmns given in Ku 61, To 67, Be 57b, except for the annotated transifious:

intensity ratio p,/yo = 3 (Ku 61); b decay proceeds to 1.97 level ground-state transition not
observed (Ku 61); © intensity ratio 1+, /v, = 4 (Be 67b); 4 inte'nsity 1 2 3 (To 57).

C, 35 ,

- Cl{p, «)**S Qn = 1866.1+2.6 E, = 8505.6:2.1
i ’Ihlk';y-'f_’ight‘ tjes:onances (not tabulated) have been observed in the energy
ange B, = 1.1 )-3.1 MeV. For a discussion of level spacing, strength function,
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TaBLE 36.6

Energy levels of 3%Ar

E

(MeV :;keV) J® Decay Reactions
0 0+ stable A D EF G
1.8734- 7 (2+) 2 A C
417 +30 (2 3) e A
445 150 v A
494 230 @ 4) » s
5.85 +30 2 A
6.85 30 » \
8.921-10.042; 19 levels, see table 36.7 and reaction A
9.948 7P A B

(10.41) p B

10.749—11.642; 38 levels, see table 36.5 and reactions B, C

TaBLE 36.7

Resonances in the reaction 3°Cl(p, y)%¢Ar

Ep keV) 36Ars (2J+1) DIyl
T e T T T Sy T A T T e Ty T I \ Decay?
Ku 61 Wa 60 Ta 46 (MeV) (meV) :
4270 {8.921)
#4594 1.5 443.9 1.0.4 447 8.939 3t 1
500¢ (8.992)
533.8 1.5 532 9.025 8! "
575.0+1.5 9.066 7!
644.2 1 1.5 9.132 4t 72
656.8 - 1.6 Li 60b® Br 51 9.144 3t 71
734.641.5 736 9.220 20t see fig. 36.3
766.44-1.5 9.240 41 "1
81824 1.5 819 9.301 3f see fig. 36.3
861.44+ 1.5 861 858 9.343 160f; 96008 see fig. 36.3
885.7+1.5 883 888 9.367 20f see fig. 36.3
893.0+1.5 890 9.374 40t see fig. 36.3
899.2.+1.5 896 9.380 see fig. 36.3
all4+5 1102 9.577
T Tos571 1258 9.729
1484 14844 9.948 8000¢ Yo
1510 15104 9.974 320008 Yo
1580 10.042 220008 Yo
(10.41)¢

& The y, indicates a transition to the ground state (To 57); observation of this transition implies
J® = (1%, 2+) for the resonance level. The y, indicates a transition to 3%Ar = 1.95+-0.02 MeV
{Ku 61).

b Possibly due to *N contamination (Ku 61).

¢ Not observed in Ku 61.

4 At E, = 1496 keV, a resonance is reported in the reaction Cl{p, p)Cl, with I’ &~ 20 keV’, Ru 59.

e This level corresponds to a 1960 keV" resonance in the reaction Cl(p, 0)Cl; I' = 70 keV, Ru 39.

f Ku 61.

g To 57; the yields given here are apparently about 100 times higher than those given in Ku 61.

h ' 5 keV for these resonances.
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and reduced a-particle and proton widths, see Cl 60. The resonances above
2.3 MeV are quoted in St 61b; see table 36.8.
For non-resonance data, see 32S.

D.  3Ci(f-)%6Ar 0, = T11.5+4.3
See 36CL.

E. 3%Ar(n, n)%¢Ar
See 37Ar for cross section and resonances.
TaBLE 36.8

Levels in 38Ar from the 33Ci(p, p’ )%°Cl and 35Cl(p, &,)3*S reactions

Cl 80¢ St 61ba | c1eoc St 61be
(P, o) (P.P'Y) (P, %) (p. P’Y)

Ep (MeV) E, (MeV) 1I'(keV) %Ar*(MeV) | E, (MeV) E, (MeV)  I'(keV) 3%Ar*(MeV)
2.307 10.749 2.830 2.826 11.256
2325 10.767 2.838 5 11.265

2.345 6 10.786 2.867 11.294
2.400 10.840 2.802 2.892 5 11.318
2.450 2.460 8 10.893 2.910 2.907 10 11.334
2,505 10.942 2.921 11.346
2.530 11 10.966 2.933 ~ 5 11.358
2,545 2.545 6 10.980 2.978 2.980b 8 11.402
2.560 ~ T 10.995 2.993 ~ 9 11.416
2,572 2.572 <3 11.007 3.03 3.020 5 11.442
2.602 2.606 8 11.038 3.065b 9 11.486
2 650 7 11.083 3.003b 14 11.513
2.682 2.683 < 4 11115 3.1150 ~ 4 11.535
2718 9,724 ~ 4 11.152 3.135b ~ 4 11.554
2,730 2.733 11.163 3.154 23 11.573
2.157 11.187 3.159b 11.578
2.772 11.201 3.182 < 10 11.600
2.800 2.807 8 11.232 3.205b <8 11.622
2.818 11.246 3.225 <12 11.642
all-= 0.005 A all - 0.005

% The yield was measured of E,, = 1.22 and 1.76 MeV,
b At these resonances the 1.76 MeV p ray is strong.
¢ As quoted in St 61b.

F. 36Ar(p, p)%Ar
For cross sectior: and resonances, see 37K,

G.  3K(p, «)%Ar On = 12923439
Magnetic analysis at E, = 7.0-7.5 MeV yields an a-particle group to the
ground state, (o = 1.2864-0.007 MeV, and one to an excited state at

1.9774:0.008 MeV (Sp 58). At E, = 1.9 MeV, Q, = 1.2674-0.020 MeV (Cl 60)-
For resonances, see 4°Ca.
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H. Not reported:

33S(er, n)36Ar O, = — 2002.14+4.1

3S(3He, n)3¢Ar ‘ O, = 7154.3+-4.2

35Cl(d, n)3¢Ar On = 6280.94-2.1

35C1(®He, d)3¢Ar Q. = 3012.44-2.1

35Cl (e, t)3%Ar Q.= —11307.1+2.1

3BAr(p, t)%€Ar O, = —12153.24+3.8
REMARKS

Recalculation of the excitation energy of the lowest T = 1 state in 3¢Ar,
computed in Wi 56a, yields E, = 6.68 MeV (Gl 61b).

13
(Fig. 37.1, p. 219; table 37.1, p. 220)
A, ¥S(B-)¥C 0, = 4790490

The half-life is 5.07 4.0.01 min (El 59), 5.04 +0.02 min (Bl 46). The - spec-
trum, measured by Al ebsorption, consists of two components with the follow-

44
365 .1

3.5

27

2.2

1.4

Q.7

14
37
S soem
g7 3105 B4 90%;16 .
By 10%;~45
-24
1725 Bprom-a
miniaiel Bl -40
32 - 48 37Clen-p
3¢y

Fig. 37.1. Energy levels of 375,

ing end points and relative intensities: 4.3+0.3 MeV (10%) and 1.640.1 MeV
(909%,). The second component is in coincidence witha 2.7 0.2 MeV y ray (Bl 46).
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Essentially the same results have been obtained by scintillation spectrometer:
E, a 4.7 MeV (10%) and 1.6 MeV (90%), respectively, and E, = 3.1 MeV.
No other y ray with more than 1%, intensity has been observed (Mo 56). The
energy of the ¥ ray has more accurately be:n determined as 3.09+0.03 MeV
(St 56a.

The f- ground-state transition is evidently forbidden: log ff = 7.2 and
log (Wy2-1) ft = 9.2, while the transition to the 3.1 MeV level in 3°Cl is allowed
(log ft = 4.2).

TasLE 37.1

Energy levels of ¥7S

t E

(McV;,:keV) 17 Decay Reactions
0 5.06+0.01 min B- A,B,C,D
0.65+ 60 D
1.394 70 D
2.194 90 D
2.7 4100 D
3.5 --200 D
B.  365(n, y)¥S Q,, = 439090
The thermzal neutron cross section is 0.14 4-0.04 b (Hu 58).
C.  ¥Cl(n, p)¥S Qun = —4010490
For cross section, see Hu 58, Ma 60c.
D. 4%Ar(n, «)%S Qu = —24204-90

Av E, = 14 MeV, ionization-chamber pulse-height analysis yields a-particle
groups to %S8* = 0, 1.34.0.05, 2.240.1, 2.74+0.1, and 3.54-0.2 MeV;
Qo = -—2.540.1 MeV (Be bsa). At E, = 1.3-8.9 MeV, groups have been
observed to 3°5* = 0, 0.654.0.06, 1.3940.07, 2.19+0.09, and (2.840.2) MeV;
Qo = —2.4940.05 MeV (Da 60, Da 61b).

For resonances, see 41Ar.

E. Not reported:

35(d, p)*'S 0, = 2170490
93(t, )¥S 0, = — 1860490
%95 (ee, ®He)%'S Q, = —16180-490
PCI(t, *He)™'S On = — 4770-£90
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311C)
(Fig. 37.2, p. 221; table 37.2, p. 221)
A, 38Cl(n, y)3Cl Q, = 1032245
The thermal neutron capture cross section is 9030 b, Hu 58.
B. 35(8-)%Cl Qn = 4790490

See 37S,
C. 3Cl(p, p")3Cl

At E, = 7.0 MeV, magnetic analysis yields proton groups to 37Cl* = 0.833,
1.728, 3.087, and 3.105 MeV, all +0.005 MeV (En 56c). With enriched 37C]

bo322 |}

3®Clen 48

S s06m

B, S0%:16
8] 10%;~ 45
34 30873105

1725
“Arsp-a I
816 ks |0838) _ _ | _ _ . | '
IAr 3434 \EC
E 9; Zo .0.814 yfo* i
’ 37C ‘ 3Cl+ p- p'
Fig. 37.2. Energy levels of 3°Cl.
TaBLE 37.2
Energy levels of 37C1
Ex j= Decay Reactions
(MeV +keV)
0 4+ stable ABC D
(.838+5) c
1.725 45 C
3.08745 B,C
3.10545 B, C

targets, however, only one level below E, = 2 MeV has been found:
37Cl* = 1.71340.010 MeV (Sc 56c; E, = 4.6-5.6 MeV).
For resonances, see 38Ar.
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D. 3Ar(EC)¥Cl Qn = 816.04+1.5

See 37Ar.

E.  %Ar(p, )¥Cl 0, = 1592.34+2.2

For resonances, see 41K,

. Not reported:

365(p, 7)37C1 Q, = 8401 49
365(d, n)3*Cl Q,= 6177 +9
365, (3He, d)37Cl Qn = 2908 49
368 (at, )37C1 Q, = —11411 +9
WAr(n, d)¥Cl Q, = — 8018.041.0
3Ar(d, 3He)3Cl Qp, = — 4749.54-0.9
BAT(t, )37Cl Q= 9570.+1.0
39K (n, 3He)%Cl Q, = — 8892.0-+3.5
YAr

(Fig. 37.3, p. 223; table 37.3, p. 224)

Ao MAREC)TCL 0, = 816.0--1.5

The weighted mean half-life is 34.33 +0.15 days (Ki 59, Mi H2a, We 44);
Jog ft = 5.0. Shape and intensity of the internal bremsstrahlung spectrum have
been investigated by several authors (An 53, Em 54, Li 55b, Sa 56). The results
are in agreement with theory, taking account of capture from P states (Gl 56).
The end point is in agreement with the decay cnergy computed from the
threshold for the 3Cl(p, n)37Ar reaction. The decay energy has also been ob-
tained from recoil measurements as 81442 keV (Sn 55) and 81248 keV
(Ko 54b; also Ru 55b). The L- to K-capture ratio is 0.10240.003 (v zighted
mean of Sa 60b, Ki 59, La 56b; see also Po 49a). For other small effects
(e.g. the production of double holes in the K shell), see Mi 54, Wo 54a, Ki 59.
Theoretical discussion of the matrix element, Go 56b, Gr 56c.

The circular polarization of the internal bremsstrahlung has been measured
as P = 0.974.0.15 (Ma 58c, d) and 1.03 4.0.04 (Ha 58b, Ha 59d).

The cross section of the inverse reaction 37Cl{y, e~)3Ar is smaller than
2.5 % 10-4¢ cm? (Da 59).

B.  3S(x, n)¥Ar Qn = —4628.7 +3.4

For threshold measurement, see Ne 61.

C.  3Ar(n, y)¥Ar Qn = 8794.2£4.0

The thermal neutron activation cross section is 642 b (Hu 58).
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8.794T T | 8.789
. 36C' +p
l [ 7.862

j 39K "’d -a

m a—

6735’: 6570
*a Ars+d-p 585 615 (3/2.5/2)°
: K 123

507 2m,c?
4.40 463

.15. In
355 2

L Bs 100° ;511

2.
7 005 241254 2
1.750
Begen.g L4219 2k 2

(3/2,5/2)’/ 2

7, o aEC
Ar. 343 dK91 10;0.814 _0.816 3+

L 9%
37C|
3Clsp-n
| -4.629
1*%S+a-n
Fig. 37.3. Energy levels of 37Ar.
D. 3%Ar(n, n)3%Ar E, = 8794.2+4.0

Analysis of the scattering cross section measured ir. the E, = 0.1-6 % 19% eV
range, yields a resonance at E, = —5.4keV, with I, = 50eV,and I', =: 1.0eV
(Ch 60). See also He 57a.

E.  (a) *ar(n, p)*Cl On= 712443 E, =87942:+4.0
(b) 38Ar(n, )39 0, = 20021441 E, = 87942140

Pronounced resonance structure has been observed in the £, = 1.2-9.0 MeV
region (Da 61b). For noun-resonance data, see 33S and 3%ClL.
F. 36Ar(d, p)¥Ar Q, = 6569.54-4.0

Deuteron bombardment of argon gas enriched in 3¢Ar content yield s the



AR

224 P. M. ENDT AND C. VAN DER LEUN

TaBLE 37.3
Energy levels of 37Ar

E

(MeV - keV) J* ryor T’ Decay Reactions
0 (3, 8)* 34.33-L0.15 days EC many
1.42 10 1+ F. G
1.61 +19 (3, &)+ F, G
295 110 F, G
241 L10 G
2.54 +50 F
3.55 +50 ¥
4.40 F
4.63 F
5.07 F
5.85 F
8.789 4 4 50 eV n D

TABLE 37.4

Levels in 37Ar from the 30Ar(d, p)*’Ar reaction

37Ar*a 37Ar* b 37Ar*c
(MeV) (MeV) (MeV) Lo
0 0 0 2d
1.53 144 1.39--0.06 0
1.67 1.6310.06 2
2.27
2.56 2.56 2.5440.05 @)
3.46 3.54 3.55+0.05 @)
4.40
4.63
5.01 5.07
5.85

2 Da 49; E4 = 3.4 MeV.

b Zu 50; Eg = 3.9 MeV.

¢ Ya 61; Eq = 3.85 MeV.

4 Also Su 59a; Ey = 4 MeV.

PAr excitation energies and /, values listed in table 37.4; Qo = 6.59+0.03
MeV (Da 49), 6.494-0.08 MeV (Zu 50), 6.55-0.05 MeV (Ya 61)

G.  3Cl(p, n)3Ar Qn = —1598.6 +1.5
The threshold has been measured as E,, = 1640 +4 keV (Ri 50), 1641 +-2 keV
(Sc 52a). Neutron groups have been observed to $7Ar* — 1.42, 1.61, 2.25, and

2.41 MeV, all £0.01 MeV; Q) = —1.64 MeV (Fe 59; see also St 52a, Gr 50c)
Cross section, Jo 58, Sc 58a. For resonances, see 38Ar,

H. %K(p+)¥Ar Qn = 6150450
See %7K,

°
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I.  ®K(d, «)*Ar Q.. = 7861.9+3.8

Observed, We 44.
J. %%Ca(n, «)37Ar Qn = 1750.24+4.3

Cress section measurements, Ba 60c, Mu 58a. With emulsion techniques,
Qo = 2.04-0.44 MeV has been found (Mu 58a).

K. Not reported:

35Cl(t, n)3Ar Qn= 88175435
35Cl(3He, p)*’Ar Qn= 95819435
35Cl(ee, d)37Ar Qn = — 8770.5+3.5
36Ar(t, d)37Ar On = 2b536.6+4.0
38Ar(e, 3He)%"Ar Qn = —11783.0+4.0
$7C1(3He, t)3°Ar Qn=— 8341415
38A1(p, d)%Ar QOn = — 9616.641.7
BAr(d, t)¥Ar Q, = — 5583.7+1.8
38Ar(3He, «)%Ar Qn=  87359+1.8
3K(n, t)37Ar Qn = — 9726.143.8
3K(p, 3He)3"Ar Qn = —10490.6+3.7
MK
(Fig. 37.4, p. 226; table 37.5, p. 226)
A, ¥K(p+)¥Ar Q. = 615050

The half-life is 1.23--0.02 sec (weighted mean of Sc 58b, Su 58, Wa 60a,
Bo 51, La 48). The + end point is 5.164-0.07 MeV (Wa 60a), 5.10-4+0.07 MeV
(Su 58), 5.06+0.11 MeV (Ki 54b). The transition is super-allowed, with
log ft = 3.6.

B. 38Ar(p, »)¥K Q. = 1860450

No resonances have been found in the range E, = 0.5-1.8 MeV with targets
containing separated 36Ar (Br 48a).

C. 38Ar(p, p)3¢Ar E, = 1860+50
The elastic scattering differential cross section has been measured in the

E, = 1.0-1.8 MeV region; an anomaly at E, = 1.494 MeV corresponds with
3K* = 3.31 MeV; J = } (Ki 61a).

D. 3Ar(d, n)¥K Q, = —3604+50

At E, = 3.85 MeV, two neutron groups have been observed with @ = —0.32
+0.10 and —1.784+0.10 MeV, correspcnding to the ground state and a 3K
level (or doublet) at 1.4640.10 MeV; angular distribution measurement yields
l, = 2 and 02, respectively (Ya 61).
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in coincidence with f-. The transition is allowed (log ft =5.0), giving

J* = 1%(0*) for 38CI(1.83). A (5+3)%, B- branch, with end point 3.04-0.2 MeV,
proceeds to %Cl(0). This once-forbidden 0+ — 2- transition has log ft = 8.2,
log (Wy2-1) ft = 9.9 (Ne 58).

B.  Not reported:

365(t, p)38S On= 38101150
4Ar(n, 3He)38S Qn = —15090+150
38¢1
(Fig. 38.1, p. 228; table 38.1, p. 228)
A, B8Cl(5-)BAr Qn = 491648

The half-life is 37.294-0.04 min (Co 50a; see also Ma 55b, En 54a).

The decay is complex. Three - branches =.nd two y rays have been observed ;
see table 38.2 for energies and relative intensities. The intensity of a poten-
tial 3.78 MeV cross-over y ray is less than 0.39, per #- particle (My 49). The
shape of the high-energy g- spectrum and its f¢ value, log ft = 7.5 and
log (Wy2-1) ft = 9.5, are characteristic for unique once-forbidden transitions,
thus J#(3Cl) = 2~ (La 50a, Wu 50; theory Ko 58). The - transition to the
2.16 MeV level is also forbidden (log f# = 6.9), while that to the 3.78 MeV
level is allowed (log ft = 4.9). From the data given above and from the
measured y-y angular correlation (Wa 41, St 50, Kr 54a) and y polarization
(Br 58d), J* = 2+ and 3- follow for %A* = 2.16 and 3.78 MeV, respectively.
For -y angular correlation, see Ma 55b.

B. 3Cl(n, y)%Cl Q, —= 611048

The thermal neutron capture cross section is 0.56 +0.12 b (Hu 58). For the
cross section at E, = 25 keV, see Ko 58d.

From thermal neutron capture in separated 37Cl, an isomeric state has been
found emitting 6604-20 keV y rays with a half-life of 1.04-0.2 sec (Sc 54). In
Po 59a are reported: E, = 663412 keV and 7, = 1.54-0.8 sec. The thermal
neutron cross section for formation of 3?Ci® is 543 mb (Hu 58).

C.W’ %Cl(n, n)*'Cl E, = 611048

With enriched material, resonances in the total neutron cross section have
been observed at E, = 8.8, 26.5, 47.4, 55.5, 65.0, and 94.2 keV, with I'", = 0.09,
0.33, 0.20, 0.18, 0.18, and 0.80 keV, respectively (Hu 58).

See also Bi 61.

D. *Cl{d, p)*Cl 0, = 388518

At E; = 3.0 and 7.5 MeV, ten proton groups have been observed. The
excitation energies of 38Cl levels, the reduced widths, and /, values are listed
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TaBLE 38.2
Beta decay of 3Cl
Eg o E - E E E
Fo 8 Bs Y b4

(MeV (MeV) (MeV) (MeV) (MeV) Ret.
4.99-+-0.06 1.08 4-0.06 Wa 29

2.15 (579%) 1.65 (43%,) Cu 40

i 2.19-40.03 (53%) 1.64--0.02 (47°,) It4l

5.2 (53%) 2.70 (11%,) 1.19 (36%) 2.15 (57%) 1.60 (43%) Ho 46

1.1140.01 (30.8%,) Lo 50a

4.814+0.05 (53.4%,) 2.773.0.05 (15.8%)

TaBLE 38.3

Levels of 38Cl from %’Cl(d, p)?®*Cl

38C)*a 38CED b (2] +1)6,20
(MeV --keV) (MeV +keV) L x 108
0 0 -¢ -~C
0.672+5 0.671+5 3 200
0.762 15 0.761 +5 1,3 24, 70
1.312 16 1.3091 6 3 110
1.620 1.7 1.622.L6 1 39
1.658 4.7
1.693 47 1.695-6 1 79
1.748 1.7 1 32
1.789 1.8
1.086 -7 1 102

& Pa 65c; E4 — 3.0 and 7.5 MeV.

b Ho 61b; E4 = 7.5 MeV,
¢ Angular distribution incomplete because of interference with a 3°Cl{d, p)3¢C! group.

in table 38.3; Q, = 3.87740.008 MeV (Pa 55¢c), 3.87840.008 MeV (Ho 61b).
The intensity ratio of the proton groups leading to 38C1(0) and (1) is 0.43 -0.04.
as measured at E, = 5.6 MeV, in agreement with J* = 2-and 5- assignments,

respectively (Pa 55c).

E. 385(8-)3Cl Q. = 3000150
See 38S.

F.  40Ar(y, np)3Cl Qn = —20593+8
Cross section for E, = 20-45 MeV, Pe 59.

G. 90Ar(d, x)3¥C1 Q, = 47748
Perhaps observed, En 54a.

H. 4K(n, «)3%Cl Q, = —98+9

Cross-section measurements at E, = 14 MeV, Pa 53, Bo 60d.
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L

g, = 602912

0. = 6793=12

2, & 0, — —11359=12

=CHe, &1 O, = — 148 3
¥(lz, SHe¥(1 g, — —14467— &
BArfn, piCL 0. — — 4133 8
mart, THeFC 0. = — 4397= 8

9 Ar(n, ¢#C1 0, = —121t1= &
#4rip, *He®(1 g, = —12375= &

T mﬂ:}ﬁﬁ@, a i:ém:—ar relation can be derived between excitation

For purs
erergies of (d, f; states 3%C] and those of (4!, f;! states in %K. From
Enown excit: don energies &nri spins in ¥K e:akuamm vields 3¥(] levels at 0,

0% .751, and 1.328 MeV, with J* = 2-, 3-, 3~ and 4-, respectively
(3o 34a, Pa 36z, Pa 37a), in very good agreemem with experiment.

BAr

(Fig. 33.2, p. 231; table 33.4, p. 231}

A Clz pAs O = 846.123.4
AT E_ = 7.5 MeV, bombardment of enriched 33C] targets vields proton groups
1o ¥Ar® — 2 13-0.0¢ and 3.73=0.0¢ MeV; Q, = 0.81 =0.08 MeV (Kr 53;.
B. a: ¥Clp, »3Ar O, = 102427 0.9
‘b ¥Clip, pi¥CL E, = 102427209

Resonarces found with enriched ¥°Cl ‘argets in the range E;, = 0.3-0.9 MeV
(Kua 81}, 0.5-1.9 MeV (L1 60b), and ¢.8-1.3 MeV (To 57) are listed in table 38.5,
with the excitation energies of corresponding ¥Ar levels, widths, and main
modes of decay. See fig. 38.2 for the decay of the intermediate states.

Older work with natural chlorine targets, Br 51, Ta 46, Cu 39. For the reaction
Clip, p}, see also Fu 59.

z

For non-resonance data, see 3L

€ FClp, n¥Ar Op = —1398.6=1.5 E, = 10242.7-0.9
Froo. threshold ’E = Eﬁﬁ =2 keV) to 2130 keV, 130 rescnances have been
four 1; for energies { =0.1%,;), widths (resolution 1.4 keV at E, = 1800 keV)

=.d velative mbensme:, see *c 52a. See alsoc Bl 31, Br 51, Jo 08 The 150 res-
snances (not tabulated) observed in the range E, = 1.64-2.9 MeV form two
distinct groups which may be associated with aia.ut resonance splitting (Ma 61).
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Fig. 38.2. Energy levels of %8Ar.
TABLE 38.4
Energy levels of 38Ar
Ex NE Deca Reactions
(MeV +keV) ¥ zaction
0 o+ stable A,BEFGH
2.158+13 2+ p A, B EFGH
3.78 +20 3- y A, B E,G
4.3 G
5.0 Y B, G
5.4 G
6.3 G
6.6 ¥y B, G
7.3 G
7.85 G
10.948-11.923; 10 levels, see table 38.5 and reaction B
For levels with E; >> 11 MeV, see also reactions C,D
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a 2.16 MeV y ray has been observed in coincidence with a-particles; its angular
distribution is isotropic (Sh 58c, Sh 59a, Sh 61).
For resonances, see 42Ca.

I.  Not reported:

365(3He, n)%Ar Q.= 10926 +9

36Ar(t, )%Ar Qn, = 12153.213.8
87Cl(d, n)%8Ar Q.=  8018.0+1.0
C1(*He, d)*Ar Q.= 4749.5+0.9
37C1(«, t)38Ar Qn = — 9570.04+1.0
%K (n, d)38Ar Q, = — 4142.44356
39K (d, 3He)38Ar Q, = — 874.01+3.6
BK(t, x)38Ar Q.= 13445.543.6
40Ar(p, t)%Ar Qn = — 79777423
40Ca(n, *He)%Ar Qn, = — 6985.744.1

REMARKS

Theoretical discussions on low-lying excited states in 38Ar, Th 56, Ta 54.

/K
(Fig. 38.3, p. £34; table 38.6, p. 234)
A, (a) BK(B+)%8Ar 0, = 5929411

The weighted mean of the half-lize measurements for which errors have been
given is 7.66 4-0.03 min (Ri 37, He 37a, Hu 37, Gr 56, Cl 57).

The g+ spectrum has the allowed shape, with a 2.684-0.03 MeV end point;
log ft = 5.0. The f+ decay is followed by a 2.164+0.03 MeV y ray (Ti 51). The
intensity of a possible higher energy f+ transition is less than 0.6%, of the
main transition (Gr 56). These results yield J#(3¥K) = (2,3)*.

For a jj-coupling calculation of the g+ matrix element, see Gr 56c.

(b) 38Km(8+)%®Ar 0, = 6052414

The half-life is 0.946 4-0.005 sec {weighted mean of St 53b, Kl 54b, Cl 57,
Mi 58, Ja 60a, Li 60a). The g+ end point is 5.00 +0.10 MeV (Ju 61), 5.06 +-0.11
MeV (Hu 54a). The super-allowed (log ft = 3.5) character of this transition
yieids a J» = 0+, T = 1 assignment to the isomeric state. The occurrence of
isornerism requires a spin difference with the ground state of at least 3, which
determines, with the results mentioned above, J3(3K) = 3*. For theoretical
discussions concerning the isobaric spin of levels in 38K, see Mo 54, Ta 54, Wi 56.

The absence of 38K in meteorites contradicts the hypothesis of a long-lived
38K jsomeric state (Vo 59).
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TasLE 38.6
Energy levels of 3¥K
Ex Jju T T Decay Reactions
(MeV +keV) ; 3 \
0 3+; 0 7.66 +0.03 min B A,BDEFG
0.1234- 8 0+; 1 0.946 4-0.003 sec B AC,D G
0.45 +10 G
(3.6) (0, 1)* Y C

B.  35Cl(a, n)®K

0, = —b5866-+11

The ground-state O value has been measured as Q, = —5.894-0.06 MeV

(Sm 61).

C. 38Ca(p+)®K
See 38Ca.

Qestimated = 6700
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D. (a) ¥K(y, n)¥K Q, = —13079 411
(b) ¥K(y, n)38Kn Q, = —13202+14

The threshold for the production of the 7.7 min activity has been measured
as < 13.1254-0.038 MeV (Ge 60a), 13.2+0.2 MeV (Mc 49), and 13.00 MeV

(De 55). Cross-section measurements, see Wa 48, Mc 50, Ed 52. See also
Em 59a.

Production of 38Km=, see Cl 57.

E. 4Ca(y, d)*K Q, = —191914+10
Cross section, Fe 60.

F. %Cafn, t)38K Qn = —12933+10
Upper limit of the cross section at E, = 14.6 MeV, Ba 61f.

G. %Ca(d, «)3¥K Q, = 4655+10

At deuteron energies up to 7 MeV, two a-particle groups have been cbserved,
to 38K* = 0 and 0.45+0.0! MeV; Q, = 4.650+0.010 MeV (Br 56f). A new
group, corresponding to 3¥K* = 0,123 4-0.008 MeV, with about one tenth of the
intensity of the twu known groups, has been found at £, = 3.2-4.1 MeV. This
level presumably is the T.= 1, J = 0+ state expected at abcut this energy
(Ha 59c). For a discussion of the relative intensities of the groups, see Ha 59c.

H. Not reported:

30Ar(t, n)*®K 0, = 5441411
3Ar(3He, p)**K Q,= 620611
38Ar(e, d)¥K Q, = —12147+11
38Ar(p, n)3¥K Q,= — 6712411
38Ar(*He, t)%K 0, = - 5947411
3K (p, d)*8K Q, = —10854411
»K(d, t)*K Q. = — 6821411
39K (3He, «)3¢K On = T7498+11
0Ca(p, *He)3¥K Q, = —13697+10
REMARKS

For 2 theoretical discussion of (d;-2, dg-l) levels, see Pa 61b.

3SCa
(Not illustrated; see fig. 38.3, p. 234)

A.  38Ca(f)¥K Qestimatea = 6700

Calcium targets irradiated with 85 MeV bremsstrahlung yield 3.540.1 MeV
» rays with a half-life of 0.664-0.05 sec. This activity is irterpreted as a transi-
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tion in 38K (presumably to 3K* = 0 or 0.12 MeV) following a branching of the
B+ decay of 38Ca, produced in the 4°Ca(y, 2n)3Ca reaction.

The occurence of this g+ branch (only y rays have been observed) in com-
petition with a super-allowed transition to 3¥K* = 0.12 MeV (not observed
since other p+ transitions with about the same end point occur simultaneously)
suggests a J* = 1+, T = 0 assignment to 3¥K* = 3.6 MeV, but J*=0+T =1
is also possible (Cl 57); in the latter case, the 3.5 MeV y ray probably would
not feed the ground state or 0.12 MeV level, but the 0.45 MeV level (presumably

7= 1%),
! An est)imate of the 3Ca mass excess from Coulomb energy systematics yields
the @ values for reactions A and B.

B. Not reported:
2Ar(sHe, n)%Ca Qestimatea = —1300

39C]
(Not illustrated; see fig. 39.1, p. 238; table 39.1, p. 236)

A, 39Cl(B-)%Ar 0, = 343021

The half-life is 55.54-0.2 min (Ha 50a), 56.5 min (Ru 52).
The decay is complex. By magnetic spectrometer, three branches are observed
with the following end points and intensities: 3.45+0.02 MeV (7+2)°,,
2.18 MeV (8+4) %, and 1.9140.02 MeV (85 +-6) %, The shape of the high-energy
branch is characteristic of unique, once-forbidden transitions (4 = 2, yes)

TaBLE 39.1
Energy levels of 3°C]

E

X n .
(MeV) J 12} Decay Reactions
0 3+ 55.54-0.2 min B- A, B, C, D
0.364-11.030 D
(0.8 40.2) (3*) C

’Ijh-ree y rays are observd with the following energies and relative inten-
sities: By, = 0.246:£0.003 MeV (0.940.1), E,, = 1.266-0.010 MeV (1),
Ey, = 1.52040.010 MeV (0.£50.05). Upper limits of 2.1 x 102, 1.6 x 10-2,
anc. 8.2 X 10-® are given for the conversion coefficients of y;, y,, and g, res-
pectively.  Coincidence measurements yield the decay sche:le given in
fig. 39... From B,y coincidences a half-life of (9.540.5) x 10-19 sec is found
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for 3%Ar* = 1.562 MeV. The log f¢ values for the g~ transitions to ¥Ar* =0, 1.27,
and 1.562 MeV, are 8.3, 6.8, and 5.6, respectively.
All data are in agreement with the assignments J* = 3+ to 3Cl, and
z=1- (%, §)-, and $+ to 3¥Ar* = 0, 1.27, and 1.52 MeV, respectively (Pe 56).
See also Ha 50a.
For a jj-coupling computation of the 8- matrix element, see Gr 56c.

B. 365(a, p)*Cl Q, = —5T14+23

A 1.1 hr activity has been observed from the bombardment of sulphur by
16 MeV « particles (Ki 39a).

C. 40Ar(y, p)*Cl 0, = —12523422

A threshold measurement yields E, = 14.240.2 MeV, not corrected for
penetration of protons through the Coulomb barrier (Ha 50a).

For proton energy spectrum, see Wi 51 (E, = 17.6 MeV), Gu 58 (E, = 15
MeV). The proton angular distribution indicates the possible existence of a
0.849.2 MeV excited state in 3Cl, with J* = }* (Gu 58). See also Em 59,
Sp 55a, Ko 56.

Cross section, Mc 54a, Ia 58, Br 59¢, Pe 59, Do 60a, Go 60.

D. 40Ar(t, )*Cl 0, = 7290+22

Magnevic analysis at E, = 2.6 MeV, yields a-particle groups to 3Cl(0).
Qp = 7.25940.040, and to a level at 0.364+0.030 MeV (Ja 61d).

E. Not reported:

37CI(t, p)3Cl Qp = 5698 +22
40Ar(n, d)%Cl Q, = —102984-22
40Ar(d, 3He)3Cl Q, = — 7030422
41K(n, 3He)3%Cl 0, = —126054-22
39Ar
(Fig. 39.1, p. 238; table 39.2, p. 238)
A, 3Ar(p)¥K Q, = H65+5

The half-life is 265 430 yr (Ze 52).

The shape of the - spectrum, with end point 565+5 keV is unique
first forbidden (4] = 2, yes) which agrees with the ft value; log f# = 9.9
and log (W& —1) ft = 1.4 (Br 50) Gamma rays have not been observed
(Br 50, An 52).

B.  Ar(n, y)®Ar 0, = 658546

The thermal neutron activation cross section is 0.84+0.2 b (Hu 58).
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C.  Cl(8-)*Ar 0, = 3430+21
See 39Cl.
D. ®K(n, p)®Ar 0, = 21845

Bombardment of a KI scintillation crystal with monoenergetic neutrons in
the range £, = 2.4-8.7 MeV, yields proton groups leading to 3%Ar* = 0, 1.32,
1.567, 2.17, 2.62, all 4-0.05, 3.104-0.10, (3.454-0.10), 3.824+0.05, 4.25, 4.52,
(4.75), 4.94, 5.40, and 6.00, all 4-0.10 MeV. The groups to 3°Ar* = 1.32, 2.52,
3.82, and 5.40 MeV are strong (Ba 61g). In the range E, = 2.0-5.5 MeV, pulse
height analysis yields proton groups to 3°Ar* = 1.2440.05 and 2.46--0.10
MeV, if @, = 0.20 MeV is assumed (Sc 56a).

For cross section, see Li 58d, Bo 60d, Ba 61g, Di 61.

For resonances, see 4°K.

E. 4Ar(y, n)3Ar Qn = —9875646

The threshold is 9.85+40.15 MeV (Ha 54). For cross section, see Fe 54,
Mc 54a, Ta 58, Fa 60.

F. Not reported:

895(er, n\FAr 0, = — 3066411
37°CI(t n)3*Ar Q,= 834516
37C1(*He, p)3®Ar Q,= 911046
$7Cl(ee, d)3°Ar Q.= — 924346
3BAr(d, p)®Ar Q,=  4360+6
38Ar(t, d)%®Ar On = 32746
38Ar(ec, “He)¥®Ar Q, = —139924+6
WK (t, He)®Ar Q, = — 54745
40Ar(p, d)*Ar Qn = — 765146
10Ar(d, t)%Ar Q, = — 361846
40Ar(3He, a)3%Ar Q,= 1070246
11K (n, t)3®Ar Qn = — 919347
41K (p, 3He)3Ar 0, = — 995747
UK (d, «)®Ar QOn,= 839547
2Ca(n, a)3Ar Qn = 34447
IPK

(Fig. 39.2, p. 240; table 39.3, p. 240)

A,  38Ar(«, p)¥K Q, = —1292.34+3.9

At E, = 7.4 MeV, with enriched targets, Q values are observed of
—1.2840.03, —3.784+0.06, and —4.1540.04 MeV, corresponding to tran-
sitions to 3K* = 0, 2.50, and 2.87 MeV (Sc 56b).
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TaBLE 39.3

Znergy levels of ¥K

E, .
(MeV £ keV) J® Decay React'lons
0 3+ stabie A,B,C,D EFGH
252647 y AC,D
2.8174+7 Y A, C,D
3.021 +7 Y C,D
3.603 -7 vy C,D
3.879-5.168; 12 levels, see reaction D
B. ®Ar(-)%K 0, = 56545

See 3%Ar.

C.  3K(n, n)¥K

In the range E, = 2.5-4.0 MeV, the cross sec:ion for inelastic neutron
scattering to ¥K* = 2,52, 2.81, 3.05, and 3.59 MeV has been measured by
observation cf the y rays de-exciting these levels to the ground state (Li 61).
Angular distribution measurements of elastically scattered neutrons in the
range E = 60-1800 keV, see La 57b.

ror resonances, see 40K,
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D. 3K(p, p)¥K

Magnetic analysis at several angles of observation at E, = 7.0-7.5 MeV,
yields proton groups to 3K¥ = 2.526, 2.817, 3.021, 3.603, 3.879, and 3.935
MeV, all 4-0.007 MeV, and 4.078, 4.092, 4.122, 4.472, 4.511, 4.678, 4.737, 4.928,
5.010, and 5.168 MeV, all 40.008 MeV (Sp 58). The absence of levels below
E, = 2 MeV has been confirmed (Sc 56c). Inelastic scattering at E, = 185
MeV, see Ty 58.

For resonances, see 4°Ca.

E. 3Ca(p+)»*K Qn = 6490+40
See 3Ca.
F. Ca(y, p)®K 0, = —8336.4+4.3

At E, = 85 MeV, some structure has been observed in the proton spectrum
(Ko 59). Cross section, Jo 55, Mo 55a.
G. %Ca(n, d)¥K Q, = —6111.74+4.4

A ground-state group and some unresolved groups have been observed at
E, = 14 MeV (Co 59b).
H. *Ca(p, «)®K 0, = 126.0+4.4

Magnetic analysis at E, = 6.5 and 7.4 MeV yields ¢, = 0.118 -0.005 MeV
(Br 56f).

I.  Not reported:

37C1(®He, n)¥K Q.=  8892.04+3.5
BAr(p, y)¥K Qn=  6367.2+3.6
BAr(d, n)¥K 0, = 41424436
BAr(3He, d)¥K On = 874.0+3.6
3Ar(e, t)*K Q, = —13445.54-3.6
10Ca(d, 3He)®K 0, = — 2843.34+4.3
10Ca(t, a)¥K Q.= 11476.34+4.4
4K (p, t)¥K Qu = — 9410 +5
39Ca
(Fig. 39.3, p. 242; table 39.4, p. 242)
A, ¥Ca (fH)¥K Q, = 6490440

The half-life is 0.877 +0.006 sec (weighted mean of Li 60a, C158, Ki 58, Mi 58,
K1 54b; see also Wa 60a, Br 53, Su 53, Bo 51, Hu 43).

Magnetic spectrometer measurements of the end point give 5.43 +0.06 MeV
(Wa 60a), 5.4904-0.025 MeV (Ki 58); see also Br 53, Hu 54. The transition is

super-allowed (log ft = 3.6), giving J= = }+* for ¥*Ca.
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Potential branches to 3K excited states are very weak. Gamma rays with
, = 2.5-3.5 MeV have an intensity < 0.129, per disintegration (Ki 58; see

also Ta 60c).
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Fig. 39.3. Energy levels of 3°Ca.
TaBLE 39.4
Energy levels of 3°Ca
Eq .
(MeV) Je T4 Decay Reactions
0 3t 0.877 - 0.006 sec B A, B,CD
2.473-5.13; 16 levels, see reaction D
¥K(p, n)*¥*Ca Q, = —7280 440

The threshold has been measured at 7.227 4-0.070 MeV’, giving Q= —7.044 +
0.0 (Br 591).

Cross section, Ta 58.
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C. Ca(y, n)*Ca Q, = —15610+40

The threshold is measured as 15.84+0.1 MeV (Su 53), 15.94+0.4 MeV
(Mc 49), and 16.04.0.3 MeV (Be 47). For neutron energy spectra, measured
at £, = 30 MeV, see Ag 59, Em 59a.

Cross section, Wa 48, Mc 50, Su 53, Go 54a, Mo 55a, Li 60a, Ne 59c. Theory,
see Le 61.

D. 40Ca(He, «)¥*Ca. Qn = 4960140

At E(®He) = 10.1 MeV, magnetic analysis yields seventeen a-particle groups
leading to 3%Ca* = 0, 2.473, 2.799, 3.032 (ail 4-0.010), 3.66, 3.84, 3.88, 3.95,
4.02, 4.32, 4.43, 1.49, 4.61, 4.71, 4.92 (double?), 5.07 and 5.13 MeV (all 4-0.02
MeV) (Hi 60f).

E. Not reported:

36Ar(e, n)*Ca 0, = — 8570-+40
3K (3He, t)3Ca Q, = — 6510440
40Ca(p, d)**Ca Q, = —133904-40
10Ca(d, t)**Ca Qn = — 9350440
40C]
(Not illustrated; see fig. 40.1, p. 244)
A, $C](B-)8Ar Q. = 7500500

The half-life is 1.4240.02 min (Ro 57).

The f- spectrum has been investigated with a scintillation spectrometer;
the end point is 7.5 MeV. A strong f- transition with end point between
3.0 and 3.5 MeV is also present (Mo 56b). Gamma rays of 0.55, 0.66, 0.96,
1.1, 1.46, 2.80, 3.10, 4.2-4.4, 5.8, and 6.3 MeV, and several more in the
E, = 2.5-3.0 MeV range have been observed (Ro 57, Mo 56b). The 1.46 and
2.80 MeV » rays have about equal intensities. These data suggest a decay
scheme as shown in fig. 40.1. They are compatible with the assignment
J* =2~ to 4Cl, and J* = 0%, 2+, 3-, and 1- to 4°Ar* = 0, 1.46, 4.2, and
5.8 MeV, respectively (Mo 56b).

B. 4%Ar(n, p)*°Cl Q, = —67004500
Cross section, Za 59.

C. Not reported:
40Ar(t, 3He)4°Cl Q. = —7500 4500
REMARKS

For a prediction of the excitation cnergies of (dy, {;3) states in 4°Cl, see
Ta 57a, Pa 57c.
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VAC
(Fig. 40.1, p. 244; table 40.1, p. 245)
A, Cl(5-)*%Ar Q, = 756001500
See 40C1.

B. 4%Ar(e, e)%%Ar

Magnetic analysis at E, = 187 MeV of inelastically scattered electrons shows
levels at 1.46 and 2.4 MeV. The differential cross section leads to tentative
assignments J* = O+ and 2+, respectively, and to I, = 2.04+0.4 meV,

7, = (3.3:0.6) X 16-13 sec, for the 2.4 MeV level (He 56).
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Fig. 4CG.1. Energy levels of °Ar.
C.  %9%Ar(n, n)*°Ar
Cross section and resonarnces, see 42Ar.,
D. 4%Ar(p, p')4%Ar

Inelastic scattering of protons by #°Ar yields groups to 4°Ar* = 1.484-0.02
MeV (Fr 54), 1.4840.02, 2.2240.04, (2.66), 3.1240.03, 3.80--0.03,
(4.20), 4.5040.05, and 4.9840.056 MeV (Va 56e); 1.46, 3.7, and ~ 4.8 MeV
(Od 60). A scintillation spectrometer measurement yields a » ray with
E, = 1.44210.015 MeV (Ho 59). Angular distribution of elastically and inelas-
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TasBLE 40.1
Energy levels of 4°Ar

( MeVE:;:‘ keV) J= Tm Decay Reactions
¢ 0+ stable many
1462+ 5 2+ Y A, B,D,GH
2.22 140 (2+) (3.310.6) x 10712 sec B,D
(2.66) D
3.12 +30 D
3.80 430 b
4.2 (3-) ¥ A
(4.40) D
4.50 450 D
4.98 450 b
5.8 (1) y A
6.3 Vv A

tically scattered protons, He 47, Fr 54, Hi 55, Bu 56a, Ei 56, Ki 56a, Va 36e,
Gi 57, Ty 58, Od 60; theory Me 57a. Polarization measurement of elastically
scattered protons, Ro 6lc.

For cross section and resonances, see 41K.

E. 4%Ar(d, d)%0Ar
Differential elastic scattering cross section at E, == 11 MeV, Ta 60e.

F. 4%Ar(3He, 3He)%Ar
Differential cross section for elastic and inelastic scattering at E(3He) =
28.56 MeV, Ag 60.

G. Ar(x, o')1%Ar

Differential cross section for elastic scattering and for inelastic scattering
to 4°Ar* — 1.46 MeV, has been measmed at E, = 18 MeV (Se 58a), and 40 MeV
(Ya 59). Theoretical analysis, Ig 59, Ro 60b. The angular distribution is con-
sistent with J= = 2+ for 4%Ar(1) (Ya 59).

H. 4K(EC)4°Ar Q,=1512.843.4
See 4°K.
I. %9K(n, p)*°Ar 0, = 2295.3+3.4

Cross section, Ro 58a.

J.  Not reported:

37Cl(a, p)*°Ar Q.= — 1592.3+£2.2
3BAr(t, p)4°Ar Q.= 1977174123
41K (n, d)*Ar Qn = — 5575.1+4.3



WAy WK

246 P. M. BNDT AND C. VAN DER LEUN
#1K(d, SHe)40Ar Q, = — 2306.7+4.3
$1K(t, 2)%9Ar .= 12012.944.3
$2Ca(n, 3He)%%Ar = —10358.2+-4.2
#Ca(n, 2)4%Ar Q,=  2289.5+4.5

REJMARKS

Pure jj-coupling theory predicts a J~ = 3- level in #°Ar with E, = 2.51 MeV
(Th 57).

WK
(Fig. 40.2, p. 247; table 40.2, p. 248)

A, (a) 9K(B-)4Ca 0, = 1321.5+4.5
(b) 49K (EC)4°Ar Q, = 1512.8+3.4

{a) The number of 8- particles emitted per s ~ per g of potassium is 27.7+0.3
(weighted average of Gr 48, F1 49, Ho 50, Sa & a, Go 51c, Ko 55, Su 55, Mc 56,
Ke 59a, Sa 60c). Together with the abundance of 49K in natural potassium,
(1.1784-0.004) x 10-4 (Ni 50, Re 52a, Re 56a), this number gives a partial
half-life for f- decay, 7, (8-) = (1.4394-0.015) x 10° yr.

The f- end point is 1330+9 keV (weighted average of Dz 46, Al 50c,
Be 50b, Go 51c, Fe 52, Ko 55, Ke 59a); log ft = 18.5. The shape of the spec-
trum is unique third forbidden (Wu 50, Al 50c, Be 50b, Go blc, Fe 52,
Ma 53c, Ko 55), in agreement with the J» = 4- assignment to 4K (St 58b),
and J* = 0* to 4%Ca.

(bj The decay almost entirely proceeds through electron capture to 4°Ar* =
1.46 MeV. The number of 1.46 MeV y rays emitted per sec per g of potassium
is 3.38+0.06 (weighted mean of Sa 49a, Fa 50, Ho 50, Bu 53, Ba 55b, We 57,
Sa 60c; see also Su 55). If electron capture and g+ emission to %Ar(0) are neg-
lected (see below), this number of y rays gives a partial half-life 7, (EC) =
(11.80.2) x 10° yr.

Measurements of the y-ray energy yield a weighted average of 1.4624-0.005
MeV (Gl 47, Be 50c, Be 50d, Ho 50b, Pr 50, Go 51a, Mc 56). The ussignment of
this y ray to %Ar, which follows from the mass-spectroscopic 49K-%Ca and
#K-%Ar mass differences, is confirmed by coincidence measurements between
7 quanta and Auger electrons (Pa 52a). Independent experiments (see 4°Ar)
vield a %0Ar excited state at 1.4624-0.012 MeV. Combination of the y-ray
energy with the @, value, gives 51+6 keV for the capture energy. With the
partial half-life given atove, this energy yields log ft = 10.6, a rather high
vaite in the class of first-forbidden electron capture transitions.
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TaBL: 40.2

Energy levels of 9K

Ex J= gyor I Decay Reactions
(MeV --keV)
0 4= (1.28240.013) x 10° yr 8-, EC many
0.0297 0.7 3- (3.9 +0.4) x 10-? sec ¥y C,F,GH,I
0.789 =4 2~ v C,F,G H,1
0.888 -6 5 VY C,F H,I1
1.639 -8 (< 9)- F
1.954 +§& F
2.042 8 (37) F
2.064 -8 (2) C, F
2.099 -8 (1-) F
2.256 +8 F
2.286 48 F
2.393 =8 (< 3)- F
2.415 +8 (< 3)- F
2.565 =8 F
2.622 4-8 0) F
2.743-4.902; 38 levels, see table 40.4 and reaction F
7.801 L4 12 eV n D
7.807 L4 60 eV n D
E

9.22-10.77; 50 levels, see reaction

The number of K capturss per sec per g of potassium, 1.4240.03 (He 54),
and the number of ¥ quanta adopted above, lead to an LM/K capture ratio
1.35£0.25. The transition energy inferred from this ratio, 2043 keV, leads to
a log ft value in the range of the log f values found for the class of first-forbidden
electron-capture transitions (Ro 60d).

The number of positons emitted per sec per g potassium is less than
(3.6+1.8) x 10-* (Ti 59). Thus less than (0.0012-4-0.0006)%, of the 4°K decay
gozs by positon emission to “°Ar(0) (see also Be 50d: < 0.0029%,; Co 5la,
Go 51b). Since 1.5 MeV is available for + decay, the ratio of K captures to
the ground state over i+ emissions is expected to be about 200 (Mo 51a). It is
not excluded therefore, that a few tenths of a percent of the decay to #0Ar
proceeds by electron capture directly to the ground state.

(2) and (b). The most accurate direct measurements of the ratio of the number
of 7 quanta over the number of electrons yield 0.124 4-0.002 and 0.121 2-0.004
(Mc 56). This is to be compared with the ratio 0.122 4-0.003, which follows from
the average values given above for the number of B~ particles and y quanta
emitted per sec per g of potassium. Measurement of the ratio of the number of
elcctron captures over the number of 8- emissions yields 0.1354-0.040 (Sa 50a;
see also En 54a).

Measurements of the amount of argon in minerals of known age which contain
potassium, and mass spectrometer studies of the relative amoun‘s of 4°Ar,
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4K, and %%Ca in such minerals, yield values for the electron .apture to f§-
emission branching ratio which generally come out lower than the value deduced
from counting experiments (In 50, however, gives 0.126 40.005). A review of
geochemical experiments (We 56) shows that several older determinations
need upward revision and that geological evidence gives a branching ratio of
0.117 +0.015, in good agreement with the value 0.1230--0.0015, deduced from
counting experiments.
Other reviews of the 49K decay, We 56, Ro 60d.

Suminary: 4°K decays by 1.33 MeV f- emission (89.0%,) to 4°Ca(0), and by
electron capture (11.09,) to 4°Ar(1), which in turn decays by y emission to
40Ar(0). It is not excluded that a few tenths of a percent of the decay proceeds
by electron capture directly to 4°Ar(0).

The partial half-life for the - decay to*°Ca, 7, (~) = (1.43940.015) x 10%yr,
and for electron capture to 4°Ar(1), 7, (EC) = {11.840.2) X 10° yr, yield a
total half-life (1.28240.013) x 10° yr.

B. %Cl(e, n)4°K Qn = —3837.6+3.9

At E, = 8.3 MeV, nuclear emulsion measurements yield @, = —3.862-0.06
MeV (Sm 61).
C. 3K(n, y)*K Qn = 7797.643.3

The thermal neutron absorption cross section of natural potassium is
2.0740.07 b. The isotopic cross sections of ¥K, 4K, and 41K, are 1.94 -0.15,
70+20, and 1.2440.10 b, and their abundances 93.1, 0.012, and 6.91°,
respectively. About 959%, of the thermal neutron captures in natural potassium
should then occur in 3K (Hu 58).

Energies, intensities, and assignments of y rays resulting from thermal
neutron capture in natural potassium are listed i table 40.3. The assignment
of the 9.39 and 8.45 MeV y rays to capture in 4°K is based on experiments with
potassium enriched in 4°K. Some probable transitions in 4°K are indicated in
table 40.3; several others must also be assigned to capture in 39K because of
intensities. In view of the small spacing of several #¥K levels, precision meas-
urements of the y-ray energies are needed to make possible unambiguous assign-
ments of the other y rays. For a proposed level scheme which accounts for
several of the observed y transitions, see Ad 56, Gr 58c.

For a comparison of the reduced widths from (n, y) and (d, p) reactions, see
Bo 59a.

D. K(n, n)®¥K E, = 7797.6+3.3

Cross section, Hu 58.
Resonances have been reported at E, = 3.4 keV (I'= 12 eV) and 9.2 keV
(I' = 60 eV), Go 58a. See also Hu 58, Ma 58, Bl 58b.
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TaBLE 40.3
Gamina rays from thermal neutron capture in potassium -
T T E._ 4 Final Probable?
e 1,00 1en i Vv Ii’d'h nucleus transition
(MeV LkeV) v v (MeV kel )_.. n
PV 41
9.39 160 0.08 g.(l)z “Ié -
3'.:;7?2 2'1 3.5 7.763 + 10 4.4 WK C - 0.03
7.34 +20 0.4 0.1 7.3204+25 0.2 oxc .
6.994+ 7 2 1.3 7.0004-15 1.6 — 0.80
: 3
g:ilof?g o4 6 5.725 15 11 wK C — 206
5.66 =20 12 4 (5.65 +40) ~3
5.50 +20 2.5 5.51 +30 ~ 2
5.38 £30 6 6 540 +20 6.4
5.18 +20 2 5.25 50 2.5
5.06 --20 4 3 502 +30 4.5
B 481 +40 15
470 +30 ~ 1
4.50) -+£40 ~ 1
4.39 130 9 4 439 +20 5
4.18 +50 7 4.11 +30 4
3.92 50 6 3.97 +30 5
3.81 +50 2
3.67 +50 9 3.70 +30 4
E.e® 7en 3.60 30 4
(MeV - keV) v 3.55 --50 2
3.45 £50 8 3.40 +50 ~ 4
(3.15 50) ~ 1.5
3.05 30 ~ 3
2.80 30 6 2,75 +40 ~ 4
(2.60 +40) ~ 4
(2.55 +40) ~ 4
(2.42 +30) ~ 2
(2.37 +30) ~ 3
(2.30 4-30) ~ 3
2.06 410 9
2.03 +£30 13 2.020+15 "
1.95 +20 4
1.85 420 ~ 3
1.75 20 ~ 3
1.61 =30 5 1.6104 8 13
1.51 410 5
1.40 L20 ~ 2
1.27 =20 ~ 2
1.19 £30 8 1.180 15 nt
0.900+15 2 oK 0.89 — 0
0.77 %30 24 0.770+ 7 261 oK 0.80 — 0.U3
0.6251-10 3

» Ki 52, Ba 53; magnetic pair spectrometer.
b Ki 52, as revised in Ba 38c.

¢ Ba 53.

4.'d 56, as corrected in Gr 58c; magnetic Compton spectrometer.

¢ Br 56e; 2-crystal scintillation spectrometer.
! Also reported in Ur 59; scintillation spectrometer.

ﬁ The ca_p'turing st'ate is indicated by C, the excitation energies arz in MeV.,
Intensities are given as the number of ¥ quanta per 100 captures in natural potassium.
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E. (1) ¥K(n, p)*Ar Q, = 21845 E, = 7797.6+3.3
(b) 3¥K (n, a)36Cl Qn = 136446 E, = 17797.64+3.3

Sixty resonances in p, have been observed in the E, = 1.46-3.05 MeV region
(10 keV resolution). With 70-150 keV resolution, strong resonance structure
in the p, yield has also been found in the E, = 3.05-8.7 MeV region, and in
the p, and o, yield in the 2.3-3.8 MeV region (Ba 61g).

F. 3K(d, p)#°K Q, = 5572.843.3

The excitation energies of 52 levels in the E, = 0-5.0 MeV range are listed
in table 40.4, together with /, values and reduced widths (En 59, Ma 60d).
Analogous work, at E; = 8.9 MeV, with lower resolution, is reported in
Da 59b. The relative reduced widths in En 59 and Da 59b are in good agree-
ment. At E, = 4.8-5.7 MeV, the excitation energies of the first three levels
are given as 0.032+0.002, 0.800+0.010, and 0.893-+0.010 MeV (Bu 53a).
See also Sa 50, Te 57a. The ground-state Q value is 5.576 4-0.010 MeV (Bu 53a),
5.569--0.010 MeV (En 59), 5.583 +-0.010 MeV (Ma 60e).

The staies at 0, 0.030, 0.798, and 0.888 MeV all have /, = 3. The ratio of
the weighted reduced widths, (2/41)6,2, is 9.8:8.4:6.1:11. This ratio is in
agreement with the theoretical ratio 9:7:5:11, calculated assuming a
J*=4-, 3=, 2-, and 5- sequence for the four levels, the (d,-?, fi) quadruplet,
mentioned above. The levels at 2.042, 2.064, and 2.099 MeV, to which strong
proton groups have been observed, evidently belong to the (dy~2, p;) quadruplet.
The fourth member is probably the level at 2.622 MeV. The relative intensities
of the four groups to these levels suggest a spin sequence J* = 3-, 2-, 1-, and
0-. For a theoretical discussion of the observed reduced widths, see Ma 60d.

For a comparison of the (d, p) and (n, y) reduced widths, see Bo 59a.

G. 40Ar(p, n)49K QOn = —2295.34+3.4

Time-of-flight measurements yield neutron groups to #°K* = 0.029 and
0.80 MeV, with Q = —2.3364-0.010 and —3.104+0.015 MeV, respectively.
With a scintillation spectrometer, threshclds have been measured for the
production of 29.44+1.0 keV (1 — 0) and 771410 keV (2 — 1) y rays, yielding
Q = —2.33240.010 and —3.096+0.010 MeV, respectively. These four Q values,
combined with the excitation energies of Bu 53a, yield 0, = —2.304 4-0.006 MeV
(Ho 59). The mean life of the 30 keV level, measured by a pulsed-beam
technique, is (5.640.5) X 10-® sec. This supports the assumption that the
30 keV y ray is mainly M1 (Ly 59).
H. 4Ca(n, p)*°K Q, = —b538.94+4.5

Gamma rays of 3042, 767+7, and 877417 keV, corresponding to the
transitions (1) — (0), (2) — (1), and (3) — (0) or (1), respectively, have been
found at E, = 4 MeV (Da 56c).

For cross sectior, see Ba 60c, Al 61; for angular distributions, Co 58d.
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TaBLE 40.4

Levels in K from the 3¥K(d, p)*°K reaction

Ey® ] a (2J+ I)anb Ex® 1.8 (2J+ 1)0n2b
(MeV) ‘n x 108 (MeV) n x 108
0 3 86 3.412 0 0.7
0.028¢ 3 73 3.479 1 4.9
0.795 3 55 % 3.599 1 1.4
0.885 3 100 | 3.629 1 30
1.639 1 0.7 } 3.657
1.954 l 3.715
2.042 1 86 ‘, 3.738
2.064 1 78 3.766 1 2.7
2.099 1 53 3.790 0 1.3
2.256 20r3 3.820 (1) (1.8)
2.286 (1) (1.6) 3.838
2.393 1 1.0 3.869 1 17
2.415 1 2.6 , 3.883
2.565 : 3.898
2.622 1 18 3.920
2.743 1 6.7 4.0174 1 9.7
2.781 4.1024 1 16
2.802 1 1.8 4.2534 1 33
2.948 [ 4.3964 1 17
2.983 ; 4.46241 1 17
(3.021) 4.5394 1 17
3.104 0 1.0 ‘; 4.5824 (1) (6.3)
3.125 * 4.658¢ 1 9.4
3.144 (1) (1.5) | 4.788¢ 1 7.3
3.225 1 22 | 4.8014 1 12
3.367 1 6.3 | 4.9024 1 8.9
3.385 (1) (2.5) i all £ 8 keV

all -8 keV i
a En 59.
b En 59, Ma 60d.
¢ 42 keV.

d For E; > 4 MeV, only levels corresponding to strong groups have been tabulated.

1. SCa(p, 0)4K Qp = —5.9+4.9

Magnetic analysis at £, = 6.5 and 7.0 MeV yields @, = —0.01440.008
MeV (Br 56f).

J.  Not reported:

3BAr(t, n)4K On=  5682.44+4.0
38Ar(®He, p)*°K Qn=  6446.84+4.0
BAr(e, d)4K On = —11905.6 4-4.0
BK(t, d)0K On= 15399133
3K («, 2He)40K On = —12779.6 1-3.4

10Ar(*He, t)4K Qn = — 1530.94£3.4
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40Ca(t, 3He)40K On = — 1303.3+4.5
1K (p, d)**K Qn=— 7870 45
4K(d, t)9K Q.= — 3838 +5
UK (3He, «)4°K QOn= 10482 45
#2Ca(n, t)2K Qn = —11889 45
#2Ca(p, 3He)*K On = —12653.64+4.9
2Ca(d, o)*°K Co= 5699 +5
REMARKS

For a discussion of a relation between excitation energies in 3¢Cl and 40K
based on jj-coupling, see 3¥Cl, Remarks. Theoretical discussion of the 49K
ground state configuration, Ku 53, De 53a, Hi 54, Ma 54, Sc 54c, Ta 54a,
Pa 56a, Pa 57a, Sh 60, De 61a.

QOCa

(Fig. 40.3, p. 254; table 40.5, p. 255)
A, 3¥K(p, y)*°Ca Qn = 8336.4+4.3

Experimental information on resonance energies, relative y yields, absolute
vo yields, and branching percentages is given in table 40.6. Resonances in the
E, = 2-3 MeV region (not tabulated) have also been observed (Zi 61).

The y, yield measured in the E, = 9-14 MeV region shows broad resonances
at E, = 10.8, 11.6, and 12.0 MeV (Ta 61b).

From delayed coincidence measurements the half-life of 4°Ca(1) has been
determined as 7, = (2.154-0.08) X 10-® sec (Go 60f).

B. ¥K(p, p)*K E, = 8336.4-+4.3

No elastic scattering resonances have been observed in the £, = 1.0-2.0 MeV
region (Ru 59). Many resonances (not tabulated) are seen in the yield of the
E, = 2.53 MeV y ray de-exciting 3°K(1). The average distance at an excitation
energy of 12.4 MeV in 40Ca is D = 16 keV (Pr 58a).

For non-resonance data, see 39K,

C. 3K(p, «)%Ar 0, =129234+39 E, = 6336.4+4.3

The «, yield has been measured in the £, = 2.2-3.2 MeV region. Many
resonances (not tabulated; yield curve given) are found, at an average distance
D < 15 keV (Cl 60).

For non-resonance data, see 3%Ar.

D. %K(-)Ca 0, = 1321.5+4.5
See 49K.
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TABLE 40.5

Energy levels of 4Ca

E

(MeV :;; keV) J® Tm Decay Reactions
0 o+ stable many
3.3514 3 o+ (3.154+0.10) x 10-? sec w, e~ A F, G
3.7304 4 3- 7.1 £0.3) x 10711 sec y A E,F G, ]
3.900+ 4 ¥ A F G, 1
4483+ 5 3- y AG, T
5.202+ 8 G
52414+ 6 G
5.2724- 6 G
5.606+ 3 ¥ G
5.6214- 8 v G
5901+ 8 G
6.029 L 8 G
6.16 170 (3-) I
6.74 +70 (3-) y G, I
8.4 1
9.197 411 o A
9.238 411 v A
9.292 411 " A
9.441-L 5 ¥ A
0615 5 y A
9.651-- 5 v A
9.877+ 5 (doublet) » A
10.062+ 5 y A
10330+ 5 y A
10.3-13.4; many levels, see reactions A, B C
18.8 2 A
19.6 P A
20.0 y A

|
]
I
|
i
i

E. 40Ca(e, e')40Ca

The angular distribution has been measured by magnetic analysis of 183 MeV
electrons scattered inelastically from calcium. Both the angular distribution
and the cross section, yielding a mean life 7, = (7.1 +0.3) X 10-11 sec, support
a J* = 3- assignment to the 4°Ca level at 3.73 MeV (Ha 56b, He 56).

F. 4Ca(n, n')*%Ca

Inelastic scattering of 4 MeV neutrons by calcium yields y rays of E, ==
3.74+0.04 and 3.940.1 MeV, in addition to annihilation radiation. Tte
threshold for g+ production is E, = 3.444-0.06 MeV, showing that 4°Ca(.)
decays by pair emission (Da 56c). The mean life of 4°Ca(1) has been measured
with a pulsed neutron source, yielding 7, = (3.4 4:0.2) X 10-? sec and a reduced
EO0 matrix element p = 0.15 (K1 59).
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Elastic scattering cross section and angular distribution, Cr 55, We 56a,
Cr 58, Cr 60, Ke 60, La 61; theory, Cu 56.

For resonances, see 41(a.

G. 49Ca(p, p')*Ca

Eleven levels in #°Ca (table 40.7) have been found by magnetic analysis at
several proton energies between 6 and 8 MeV (Br 56b).

TABLE 40.7
Levels in 4°Ca (E, in MeV -keV) from the 4Ca(p, p’)4®Ca reaction (Br 56b)

3.348-+4 4.483 -5 5.2724-6 5.901-L8
3.730+-4 5.2024+8 5.606 8 6.029 -8
3.900--4 5.241-1-6 5.621 L8

The first level in #°Ca has been found to decay by internal pair formation;
the sum of e* and e- energies leads to E, = 3.46 4-0.10 MeV (Be 55b). The et—e-
angular correlation establishes the transition as EO (Go 58g, Ch 59a). The
corresponding e~ conversion line has also been observed; the measured energy
leads to 4°Ca*(1) = 3.353+0.003 MeV; the intensity relative to pair emission
is (6.94 40.20) x 10-3 (Ne 59a, Ne 60e). The intensity of 2-photon decay relative
to pair emission is at most 1.4 x 10-2 (De 81, also Ne 59). Resonances in the
yield of et-e- pairs, Be 58a.

Resonances have been observed in the yield of elastically scattered protons
(Da 57a, Jo 59a), and in the yield of protons exciting 4°Ca(1) and (2). The
1, = 0 resonances decay to (1), the I, = 2 resonances decay with equal intensity
to (1) and (2), one J, = 3 resonance decays only to (2) (Jo 59).

Angular distribution of elastic scattering, Jo 61b, and of inelastically scat-
tered protons exciting 4°Ca(1) and (2) (unresolved), Ha 52c. Energy spectrum
of inela~+ically scattered protons at E, = 11 MeV, Sh 39. Angular distribution
of E, = 3.73 and 3.90 MeV (unresolved), Hi 58b. Gamma spectrum at
E, —10 and 14 MeV, Wa 60c. Polarization of p, and p; proton groups, Al 37d,
Ro 6lc.

From p'—y angular correlation measurements at E, = 150 MeV, branchings
(see fig. 40.3) have been obtained of the levels at 3.73 MeV (J7 = 3-), 4.48 MeV
(J* = 3-), ~ 5.6, and ~ 6.8 MeV (Ro 61le).

H. 4Ca(d, d)¥Ca

Differential cross section for elastic scattering at Ey = 11 MeV, Ta 60e;
at E, = 13 MeV, Fr 61.
I. 4Ca(a, a')*%Ca

At E, = 43 MeV, a-particle groups have been observed exciting #°Ca(4.48)
and a new level at 8.4--0.2 MeV. The 4.48 MeV level decays to 40Ca(2) or (3).
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The o' angules distribution and the o'~y (E, = 3.8 MeV) angular correlation
yield J# = 1- or 3- for #°Ca(4.48), and 2+ or 3- for 4%Ca(2) or (3) (Sh 59). At
E — 44 MeV, 40Ca levels at 3.78, 4.47, 6.16 and 6.74 MeV, all +0.07 MeV,
a:e excited ; the «’ angular distribution points to odd .parity for all these states,
and to spins J == 3, 5 (or 1), (3), and (3), respectwe;ly (Be 6le, Sa 61a). In
Bl 59a, the o angular distribution measurements given in Sh 69 are re-analysed,
with Yiffraction scattering theory, yielding J* = 3~ for 4°Ca(4.48 MeV). See
also Ko 60b.

J.  49Sc(p)4%Ca Q, = 13950200

The half-life has been measured as 0.35 sec (Ty 54). 0.22+40.03 scc
(Gl 55), 0.179+0.002 sec (Sc 59c). The f* end point is 9.04-0.4 MeV (Gl .35,
9.210.2 MeV (log ft = 4.1) (Sc 59c). A y ray (E, = 3.754+0.04 MeV) has been
observed. No delayed « particles are found (Gl 55). Discussion of a possible 3+
transition to the lowest 7 = 1 state in 4°Ca, expected at 7.5 MeV, Bo 55, Wi H6a.

K. Not reported:

38Ar(3He, n)*°Ca 0, = 6985.7+4.1
»K(d, n)4Ca 0. = 6111.7+4.4
3K (3He, d)*°Ca 0, = 28433143
39K (a, 1)4°Ca 0, = —11476.3+4.4
12Ca(p, t)49Ca 0. = —11350 +5
REMARKS

For theoretical ciscussions of 4°Ca states, see Da 59a, Sh 60. A discussion of
vibrational 3- states in 4°Ca is given in Br 61f, La 60.

NAr
(Fig. 41.1, p. 259; table 41.1, p. 260)
A, #Ar(p-)HK On = 2490 +10

Thehalf-life measurement with the lowest stated error, yielding 109.6 4-0.4 min
(Ha 51a), is in good agreement with older measurements with larger errors
(En 54a).

The i~ decay proceeds by two branches. The end point of the ground-state
transition has been measured by magnetic spectrometer as 2.4840.04 McV
(iatensity 0.88%) (Sc 56), and 2.485--0.010 MeV (intensity 0.78%,) (Ka 61b,
yielding log ft = 8.5, log (Wy2-1) ft = 10.0. The shape of the spectrum is unique
once-forbidden (4] = 2, yes) (Sc 56). The end point of the main branch has
been measured bv magnetic spectrometer as 1.245--0.005 MeV (Br 50a),

1.1994-0.008 MeV (Sc 56), and 1.195+-0.008 MeV (Ka 61b). The spectrum has
an allowed shape (Br 50a, Sc 56, Ka 61b). Log ft = 5.1.
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TasLE 41.1

Energy levels of 4 Ar

E (MeV) Ja 7) Decay Reactions
0 i- 109.6 0.4 min B~ A B EF

0.171-6.146: 50 levels, see table 41.2 and reaction E

The energy of the y ray following the main §- branch has been measured b+
scintillation spectrometer as 1.298.+£0.010 MeV (Kl 55), and 1.290+0.005 Me\
(Sc 56), and by magnetic spectrometer as 1.2904-0.004 MeV (Ka 61b). Th.
conversion coefficient is (6.8--0.9) X 10-%, indicating an M2 transition (Ka 61b:,

By p-y delayed coincidence measurements the half-life of the 1.29 MeV level
in 41X has been established as (6.7 +0.5) x 10-° sec (El 52), and 6.6 x 10-° xcc
(En 53), which is 60 times slower than the single particle estimate for an M2
transition.

Two measurements of the g~y circular polarization correlation are contra-
dictory as to the existence of a Fermi contribution in the - matrix element
(Ma 59e; Bl 60c, Bl 61c). Theoretically, this contribution should be quite small
(Bo 61a).

A measurement of the -y angular correlation shows that the parity non-
conserving relative amplitude in the 3 decay is smaller than 6 x 10-3 (Bo 60

For a jj-coupling computation of the 8- matrix element, see Gr 56c.

B.  Ar(n, y)Ar Q, = 6092411
The thermal neutron capture cross section is 0.53 +0.02 b (Hu 58). For the
cross section at E; ~ 1 MeV, see Hu 58.

C.  10Ar(n, n)f0Ar E, = 609211
There are no resonances in the total cross section beneath E_ = 10 keV
(Hu 58). See also He 57a, Sp 60. Pronounced resonance structure has becn

observed in the £, = 0.4-1.1 MeV region (Gu 53). For the E, = 0.12-6.2 M\
and 12.1-19.8 MeV regions, see Va 60c.

D.  *Ar(n, £)¥S Qn = —2420490 E, = 609211

| Pronounced resonance structure has been observed in the 5.8-9.0 MeV’ region
{Da 41b). For non-resonance data, see 373,

E.  f0Ar({d, p*lAr Q, = 3868+11

The ground-state Q value has been measured as 3.874-=0.004 Mel.
High resolution angular distribution measurements have been;erformed At
E, = 7.5 MeV. Excitation energies of 56 #1Ar levels, 7, values, and reduccd
widths. are listed in table 41.2 (Ka 61a). For earlier I;neasurements at low
resolution, see En 57. The reduced widths from the older work, as analysed 'n
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TABLE 41.2
Levels in #1Ar from the %°Ar{d, p)*Ar reaction (Ka 6la)
“prea In (27 +1)6;? 1Ar*a In (2] +1)0,2
(MeV) x 10? (MeV) x 108
0 3 68 4.135
0.171 (3) weak 4.163 (3)
0.517 1 16 4.180 1 3.0
1.035 2 4.9 4.305 (0)
1.354 1 68 4.395
1.636 weak 4.414
1.871 0 3.4 4.447 0 0.37
1.988 weak 4.487
2.402 1 11.2 4.526 isotropic weak
2.701 1 1.3 4.577 2 4.4
2.740 1 11.3 4.613 0 0.53
2.895 0 0.4 4.676 2 7.2
2.955 1 7.5 6.816 isotropic weak
3.017 1 3.4 4.840 3 8.7
3.293 1 0.83 4.935 0 1.3
3.335 1 19 4.977
3.393 3 2.6 5.018 1 3.3
3.438 1 1.6 5.070 3 16
3.577 isotropic 5.407 1 2.8
3.601 2 0.9 5.440 1 1.3
3.705 isotropic 5.754 o (2) 2.5
3.808 1 1.7 5.790 2 1.8
3.847 isotropic weak 5.825 (1, 2)
3.900 weak 6.041 3 9
3.979 1 17 6.146 3 15

4.108

l

8 Irrors in excitation energies range from 2 keV for the 0.171 MeV level to 9 keV for all levels

above 4.5 MeV. For Ey >

5.07 MeV only the levels with relatively high yields have been inclided.

Ma 60d, are in fair agreement with those given in Ka 6la. See also Ma 60d

for theoretical remarks on the observed widths. See also Ra 56a.

F.

G.

41K (n, p)1AT

Not reported:
40Ar(t, d)4!Ar
40Ar(x, 3He)4'Ar
411K (t, 3He)*'Ar
3Ca(n, *He)4'Ar
UCa(n, o)tAr

O

Om
O
On
O
O

fl

ll

—1757+£10
For the cross section at E, = 14.5 MeV, see ra 53.

165411

-14485411
— 2472410
—12195+12
—2754 411
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ag
(Fig. 41.2, p. 263; table 41.3, p. 264)

A, %Ar(p, 1K Q, = 7799.8+4.3

Fiftyv seven resonances have been found in the E, = 0.7-1.4 MeV range
(Ar 61.; Va 60e). See table 41.4, Gamma-ray spectra have been investigated at
the 1086 and 1101 keV resonances, vielding a.o. E, = 1.59, 1.29, 0.98, and
0.60 MeV (Va 60e). The first three are probably ground-state transitions, the
last a transition from 11K(1.58) to 41K (0.98). See also Br 48a.

B.  Ar(p, p}*oAr E,=T7799.8+43
Strong resonances for elastic scattering have been observed at 1.90 and
2.48 MeV (Fr 58), 1.86 and 2.45 MeV (Va 59b), 1.88, 2.45, and 3.4 MeV (Ba 60d).
The 1.86 MeV resonance is at least double; the 2.45 MeV resonance has /, = 0
(J= = 1) (Va 59b;.
For non-resonance data, see 49Ar.

C.  Arip, 3%l Q. = 15923+22 E, = 7799.8

Thirty five resonances (not tabulated) have been cbserved in the E, =
3.4 MeV region (Ba 60d).

D. Ard, n)9K Q, = 5575.1+4.3
At E, = 3.2 MeV, the ground-state ¢ value has been measured a-

5.97 —0.25 eV, and transitions are observed to 41K* = 1.34--0.15, 3.10,
and 4.0 MeV {Wo 30}. See also Be 58f.

E.  #¥K{n, v1¥K Qn = 100955

The thermal neutron absorption cross section is 70 +20 b (Hu 58).

Two weak high energy y rays (E. = 9.39+-0.06 and 8.45+0.02 Me\V'; sec
table 40.3}, produced by thermal neutron capture in natural potassium, are
assigned to *’K on account of their energies, and from experiments with targets

enriched in %K (Ki 32). The first is difficult to fit into the 11K level scheme.
the second might excite the 1.67 MeV level.

F. #Arg-iK Q. = 2490210
See f1Ar,
G. $1Kp, P K

Levels found from magnetic analvsis at E, = 6.5 MeV are given in table
41.5En 38a, Ke 38,
' Lamma ravs of E. = 0.98 1.27, and 1.65 MeV have been observed in coin-
cidence with inelasticallv scattered protons. They might be explained .~
ground-state transitions. Gamma-ray angular distribution measurements shov’
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Fig. 41.2. Energy levels of K.
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TasLE 41.3
Energy levels of ¥K

-
Lx

(MeV £ keV) I ™ Decay Reactions
0 3+ stable A,D,F,GHI
0.978 -6 (1) v A, G
1.291 -4 i (6.7 +£0.5) x 10~ sec Y A,D,FG
1.359 -6 G
1.580 L6 o A G
1.675-=-6 y EG
1.696 .6 G
2.143-3.279: 16 levels, see table 41.5, reaction G
8.579-9.139; 57 levels, see table 41.4, reaction A
9.61 (double) P B
10.19 3+ P B
10.2-11.1; 35 levels, see reaction C
1.1 P B
TaBLE 41.4
Levels in 9K from the *Ar(p, )2 K reaction (Ar 61)
Ep® Ey i Ep® E; Ep® Ey
{keV) (MeV) ! (keV) (MeV) (keV) (MeV)
799 8.579 1068 8.842 j 1229 8.999
819 8.599 1074 8.848 1240 9.010
856 8.635 1081 8.855 1 1244 9.014
898¢ 8.676 10864 8.860 '; 1249 9.019
904 8.682 1096 8.869 1258 9.027
911 8.689 11014 8.874 i 1262 9.031
920 8.698 11084 8.881 { 1268 9.037
942 8.719 11184 8.891 | 1279 9.048
450 8.727 1199 8.911 - 1283 9.052
962¢ 8.739 1152 8.994 l 1293 9.061
9730 8.749 1162¢ 3.934 1303 9.671
083 8.761 1170 8.941 ! 1321 9.089
905 8.771 1179 8.950 1331 9.099
1005 8.781 1186 8.957 i 1336 9.103
10150 8.790 1194 8.965 : 1349 9.116
1029 8.804 1200 8.971 g 1358 9.125
1049 8.823 1207 8.978 i 1365 9.132
1052 8.826 1217 8.987 ‘z 1368 9.135
1061 8.835 1222 8.992 i 1372 9.139

& All values —1 keV.

® Double.

¢ Probably double.
4 Also cbserved in Va 60e, at proton energies about 6 keV higher.
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TaBLE 41.5
Levels in 1K (E, in MeV) from the “1K(p, p’)#K reaction (En 58a, Ke 58)a

0.978 2.143 2.588 3.139
1.291 2.165 2.673 3.173
1.559 2.315 2.709 3.212
1.580 2.438 2.755 3.230
1.675 2.493 3.045 3.279
1.696 2.507 all 4-0.006 MeV

® Ep = 6.5 MeV, enriched target, magnetic analysis at two different angles.

that the 0.98 MeV level in 41K is most likely a }* state (Sk 58¢c, Sh 59a, Sh 61).
For resonances, see 42Ca,

H. 4CyECHK Qp = 413+9
See 41Ca,
I. “Ca(p, o)K Qn, = —1047L6

By magnetic analysis at E, = 6.5 and 7.4 MeV the ground state Q value
is measured as —1.057 4-0.010 MeV (Br 56f).

J. Not reported:

®K(t, p)s1K Ou= 9416 +5
19Ar(3He, d)#1K QOn =  2306.7+4.3
°Ar(a, t)MK On = —12012.944.3
2Ca(n, d)41K Qn, = — 8052 +6
2Ca(d, 3He)41K Qn = — 4783 46
2Ca(t, o) 1K QOn= 9536 46
3Ca(n, t)41K O, = — 9723 46
4$3Ca(p, 3He)*IK Q, = —10488 +6
$Ca(d, «)¥K Q, = 7865 46
1Ca
(I'ig. 41.3, p. 266; table 41.6, p. 267)
A, YCa(EC)K Q, = 41349
The half-life is (1.1-:0.3) x 10% yr (Br 53a); log ft = 10.7.
B. %%Ca(n, y)*1Ca Qn, = 8361--8

The thermal neutroriabsorption cross section of naturalcalciumis0.44 +-0.02b;
the main contributions are from 4°Ca and 42Ca, with cross sections of 0.22 4-0.04
and 4243 b, and abundances of 979, and 0.649;, respectively, indicating
that these isotopes contribute about equally to the cross sgction of natural
calcium (Hu 58). For a theoretical estimate of the cross sectlon', see Mo §Oa.

Observed y rays from thermal neutron capture in natural calciuni are given
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TaBLE 41.6
Energy levels of 9Ca
Ex
(MeV - keV) J= T} Decay Reactions
0 i (1.14+0.3) x 10° yr EC A B D EFG
1.947 -4 B p B, D
2.014;{:;? y B, D
2.469+-5 y B, D, E
2.584-4.194; 22 levels, see table 41.9, reaction D (and B)
8.447-8.942; 14 levels, see table 41.8, reaction C
TABLE 41.7
Gamma rays from thermal neutrc: capture in natural calcium
Ad 56, Gr 58¢ Ki 52, Ba 58¢ Probable
Magn. Compton spectrometer Magn. pair spectrometer transition
E. (MeV) Intensity® E, (MeV) Intensity® in #1Cab
7.834+0.0f 0.4
7.434-0.06 0.6
6.406--0.015 22 6.42+0.05 40 C 195
5.90 —0.03 3.8 $.894+0.03 6 C —»> 247
5.70 4-0.03 1.2 5.664-0.06 3
5.50 --0.04 1.2 5.49-40.05 4 #2Ca(n, p)**Ca
5.15 ~0.04 0.9 2Ca(n, y)*3Ca
4.94 —-0.03 2.3 4.95-+-0.03 5
4.76 --0.03 2.5 4.76+0.03 4
4.418+0 014 12.3 4.45+0.05 18 C—3.95
3.76 --0.02 1.8
3.60 --0.01 6.4 2.62 +0.05 10
2.81 -0.03 > 3.6 - Br 56e
2.66 -0.05 =20 Two-crystal scint, spectrom.
2.004-0.010 12.7 3.95 - 1.95, 2.01 =6
1.944-0.008 39 1.934+0.03 45 1.95 -0
1.844--0.015 6.4
1.790-0.015 > 3.6
=z 1.48 ~ 3.2
~ 1.2 ~ 4.8
(0.532 +-6.010) ~ B 2.47 - 1.95
0.463--0.010 ~ 9 0.48--0.05 15 2.47 - 2.01

a Number of photons per 100 captures in natural calcium.
b The capturing state is denoted by C.

in table 41.7. By using enriched material it has been made probable that the
5.50 and 5.15 MeV lines result from capture in #?Ca. It is not clear why the
observed intensity sum of #2Ca(n, y) lines is so relatively small (Ad 56). For
comparison between (n, y) and (d, p) intensities, see Gr 58b, Bo 59a.

The circular polarization has been measured of the strong 6.41 MeV y ray,
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resulting from capture of polarized thermal neutrons. This yields J* = 3- for
the 1.83 MeV level in #1Ca (Tr 57).

Cross section at higher E,, Hu 58, Be 58e.
C. ¥Ca(n, n¥*Ca E, = 83618

Observed resonances in the total cross section below E, = 600 keV (Bi 61a,
Wi6l} are given in table 41.8. See also Ma 58. Considerable resonance structure
has also been observed in the E, = 600-1000 keV region (Wi 61). For total
cross section measurements in the E, = 1-25 MeV region, see Hu 58, Co 5»,
Ur 38, Pe 60.

For non-resonance data, see ¥0Ca.

TaBLE 41.8

Resonances in the #¥Ca-+n total cross section®

g nCa* Iy g2
e\ {Me\) (keV) W 3R

0.148 -0.015 016

v 4}
Vo
s
-3

83 L0235

32 03 3.490 2.54 —0.12 1.3
P44 03 3.501 0.19 --0.04 &
[ R\ 8324 2.4¢ +0.25 i.1
22¢ -3 S.376 7.0 +1.3 2.2
pas S 8.609 227 +2b .3
2e9 -2 8.653 22 405 O.940
33T 2 $.650 13.6 =+1.2 +3
8¢ -2 R712 1.5 =06 o5 486

L3 U

7
=
=

£
o =8 =l «f

84752 1,708 134 =13 3.3
Fes (3.834)

g -2 2833 106 =20 28
RRC R 8,042 33 -1 158

B for Ey 230 keV WiB1 for £y >~ 230 keV. AT rescnances ame
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E. 4Ca(t, d)#Ca Op = 210348
At E, = 5.5 MeV, angular distributions have been measured yielding /, = 3

?Sd 1 for the deuteron groups leading to 41Ca(0) and 41Ca(2.47), respectively
e 61b).

F.  4K(p, n)4Ca QOn = —1196+9

The threshold has been observed at E, = 1.2540.02 MeV (Ri 50); the Q
value is measured as —1.1040.05 MeV (EI 58). Cross section, Sc 58a.
For resonances, see #2Ca.

TaprLE 41.9

Levels in #Ca from the %Ca(d, p)4:Ca reaction?

410y * (2] +1)0,2. ACa* 27+ 16,2
(MeV --keV) ln <108 (MeV LkeV) Iy ( ]><+10)3 ’
{
0 3 114 } 3.500+7
1.947 14 1 80 : 3.5314-7
2.014.-5 2b 5 ! 3.619--7 1b 5
2.469-L5 1 27 i 3.6824-7
258416 i 3.736-+7 1b 3
261216 | 3.83747
267746 0 1 ! 3.854 L7
2.890--6 j 3.921 47
2.967+6 1 2 2 3.950-L7 1b 32
3.056-+6 | 3.982 -7
3.206+6 1 4.023--7
3.375-17 ! 410147
3.403 L7 0 1.2 t 41947

a Excitation energies from Br 56g; angular distribution results (E4 = 7.0 MeV) from Bo 57c.
Groups for which no /,; and reduced width has been indicated are weak and /or isotropic. Reduced
widths in Bo 57c are not absolute; they have roughly been normalized (Ma 60d) with the help
of the absolute widths given in Ho 53c.

b Two /, values are indicated in Bo 37c as possible for these groups; for reasons given in Ma 60d,
always the lowest /, value has been taken here.

G. 4Sc(pt)tiCa Q, = 6495413

‘The half-life has been measured as 0.87--0.03 sec (El 41), 0.873 sec (Ma 52a),
0.87 4-0.05 sec (Wa 60a), and 0.6284+0.014 sec (Ja 60a). The g+ end point, as
measured by cloud chamber is 4.94 +0.07 MeV (El 41). A recent measurement,
however, yields 5.65--0.10 MeV (Cl 60b). The transition is superallowed

(log ft = 3.6).
H. Not reported:

BAr(e, n)4Ca On = — 523149
9K (t, n)*'Ca On = 821549
K (*He, p)4'Ca 0, = 89799
9K («, d)4Ca Q,= — 9371349
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TaBLE 42.1
Energy levels of 42Ar

E, )
(MeV +keV) J" 73 Decay Reactions
0 0+ > 3.5 yr - ;, I’(,
1.1384-30 p B
B.  %0Ar(t, p)®2Ar 0, = 7046440

From magnetic analysis at E, = 2.6 MeV, the ground state Q value has been

measured as 7.046 +0.040 MeV. The first excited state in #2Arisat 1.138 +0.030
MeV (Ja 61d).

C. %Ar(n, y)®Ar Q, = 9436 -41
The thermal neutron capture cross section is larger than 0.06 b (Ka 52a).

D. Not reported:

#Ca(n, 3He)*2Ar @, = —13896440
2K
(Fig. 42.2, p. 272; table 42.2, p. 271)
A, 2K(p-)2Ca Qn, = 353020

The measurement of the half-life with the lowest stated error, 12.516 4-0.007 hr
(Bu 53), is in reasonable agreement with older results with larger errors
(En 54a), and with more recent measurements, 12.3740.09 hr (Ma 59g),
12.46 +0.07 hr (Wr 57).

TABLE 42.2

Energy levels of 2K

E; (MeV) = r Decay Reactions
0 2= - A, B, D EFGH
0.104-4.842: 55 levels, see table 42.4, reaction D
7.534 35 eV n C
C

7.545 60 eV n

There are strong 8- transitions to 42Ca(0) and (1). The best measurement of
the end points yields 3.545+0.010 and 1.985 4-0.010 MeV, respectively (Po §6).
The intensity of the low-energy branch (in percents of total decay) has been
measured as 30%, (Bl 47), 25%, (Si 47), (2041)% (Ka 53), 167, (Si 47a), 18.2%,
(Ko 54), (10.840.6)% (Em 55), (18.4+1.4)% (Ma 59g). The average, 18%,
yields log ft = 7.9, log (W¢2-1) ft = 9.7, for f,~, and log jt = 1.5 for §;-.

One strong and many weak y lines have been observed; see table 42.3. They
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TaBrLE 42.3

Gamma rays following the #2K(8-}42Ca decay?

La 54b Po 56 Mo 59b Mc 61 PrOb'aple
Scint. spectrom.  Magn. spectrom. Scint. spectrom.  Scint. spectrom. t;:’:?g::)n
0.309 (1.5) 0.3200.005 (0.8) 0.31 (1) 0.3140.01 (1.1)c 1.84 > 1.52
(0.4910.02) (< 0.1)  (3.25 — 2.75)
0.604-0.02 (0.1)¢ 242 -~ 1.84
0.9 (0.3)¢ 0.90+0.02 (0.1)¢ 2.42 » 1.52
1.024+0.02 (0.1)¢ 3.44 —» 2.42
1.52 (100) 1.53 --0.01 (100) 1.53 (100) 1.524+0.01 (100) 162 0
1.94 (0.3)¢ 1.9210.01 (0.3)¢ 3.44 —» 1.52
2.42 (0.2) 2.4240.02 (0.2) 242 -, 0

& Gamma-ray energies in MeV; intensities, in percents of E , = :.52 MeV intensity, in brackets.
b Excitation energies of %2Ca levels in MeV.
¢ In coincidence with E, = 1.52 MeV.

yield branching ratios of 0.189%, (log ft = 9.2), 0.05%, (log ft = 8.1), < 0.029,
(log ft > 17.9), and 0.099, (log ft = 5.1), for the B~ transitions to the 1.84, 2.42,
3.25, and 3.44 MeV %2Ca levels, respectively (Mc 61).

The shape of the high-energy g~ spectrum is unique first-forbidden (4 = 2,
yes), from which a J7 = 2- assignment follows for 42K(0) (Si 47, Sh 49, Ko 54,
Po 56; for theory, see De 53a, Sc 54c). The - transition to #2Ca(i) has the
allowed shape (Ko 54, Po 56); for theory, see Ko 58.

The -y (E,, = 0.31 MeV) angular correlation is not isotropic (Be 50, St 51b,
St 61a). For p—y polarization correlation measurements, see Ha 53a, St 58a.

The y—y (E, = 0.31-1.52 MeV) angular correlation yieldsa / = 0 — 2 — 0
sequence (As 59, Mo 59b), in contradiction to an earlier result (Ca 54). From
a delayed coincidence experiment the mean life of 2Ca(2) has been measured as
(4.84-0.3) x 10-10 sec (Si 61).

B. 4K(n, y)2K Q,, = 7529421

The thermal neutron absorption cross section is 1.244-0.10 b (Hu 58). For
cross section at higher E,, see Hu 58, Bo 58b, Ko 58d.

None of the y rays from thermal neutron capture in natural potassium can
be assigned to capture in 'K with confidence.

C. 4K(n, n)K E, = 1529 +21

Resonances in the total cross section have been observed at £ = 5.4 keV
(I" = 35 V), and 16.2 keV (I" = 60 eV), corresponding to #'K* = 7.531 and
7.545 MeV, respectively (Go 58a).

D. #K(d, p)*K 0, = 5304 +21
The ground-state Q value is 5.309+0.012 MeV (Mo 58). Levels in 2K found
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TABLE 42.4

Levels in 42K from the 1K(d, p)#2K reaction (Mo 58)#

U] 1.453 2.470 3.195 4.123
6.104 1.472 2.542 3.275 4.174
4.252 1.776 2.563 3.356 4.409
6.623 1.913 2.595 3.408 4.474
0 689 1.927 2.616 3.606 4.644
6.9572 2.035 2.633 3.650 4.661
6.827 2.061 2.706 3.691 4.797
1120 2.162 2.832 3.719 4.842
1.179 2.189 2.906 3.766
1.242 2.227 2.929 3.837
1.363 2.356 3.007 3.881
1.396 2.389 3.076 3.92¢

a Excitation energies in 2K in MeV. The relatively strong groups are printed in italics.
All errors in @ values are 12 keV. There are unresolved {evels in the E; = 2.74-2.80 MeV
region.

at E, = 6.0 M2V by magnetic analysis at three angles are given in table 42.4.
See also Sa 50.

E. #Ar(p-)2K Q, = 583+45
See £2Ar,

F. #Caln, p)2K Q, = —2747+-20
Cross section, Le 57b.

G.  #(Ca(d, z)2K 0, = 4257+21
Weak 22K activity observed, En 54a.

H. %8cin, ©)2K Qn = —407+21

"ross section, Ba 61b.

I.  Not reported:

#0Ar(t, nj*Ca 0, = 6846420
#9Ar(®Hc, pj22K 0, = 761120
#0Ar(z, d)¥K 0, = —10742+20
$K(t, d)?K 0. = 1271421
#1K(z, *He)K 0, = —13048+21
12Ca(t, 3He)2K 0. — — 3512420
©Ca(n, dj2K O — — 8452121
£3Ca(d, *He) 2K 0. — — 518421
£Calt, a)22K 0, = 9136121
oA, Rk On = —13331+21
4Ca(p, *He)2K O = —14095+21

REMARKS

For a theoretical discussion of the 2K Jeval scheme, see Pa 57c, Go 57c.
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2Ca

(Fig. 42.3, p. 275; table 42.5, p. 276)

A.  3K(«, p)®2Ca Qn = —126.0+4.4
At E, = 8.2 MeV, the ground-state Q value was determined by range analysis
as —0.1940.07 MeV, and levels in %Ca were observed at 1.51-:0.05,

1.9540.07, 2.294-0.05, 2.59--0.07, 3.02-0.05, (3.30--0.10), 3.754.0.07, and
(4.0940.10) MeV (Sc 55).

35
n,p.a,a
IL . 11.47
MANY 4'K+P RESONANCES 41Ca+n
10.28
K, p
0.9 €62 s
1 p
§_'_2_-41 . ‘_____9 6 2
BAr+a 2MeC | 42 oegs
B* i
+2mec?
388 305 404
. lﬁi —
353 2 ,
B —= 330
“2K 12582 h 31_Q.3_-25_§L
3 7
\g [2750
o N2423 .
T 11
50 25 25
8 1838 o ]
7 Bs 82°% ;354 1523 {
B; 18% ;198
g 0.I8°% T
B; 0.05% '
‘ Bs 0.09%s \ l

42CG+P'p' 42Ca

Fig. 42.3. Energy levels of #*Ca.
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TABLE 42.5

Energy levels of #2Ca

B
E, T
(Mel' - keV) J" m

Decay Reactions

0 0+ stable
1.523 -4 2+ ¥4
1.836 L4 O (4.8+-0.3) x 10-10 sec v, et—e~
2.423 -4 (L, 2)* P
275114

3.151--8

3.25225

3.297 -6

3.380-6

3.442-6 {1, 2, 3)~ Y
3.651 -6

3.883 -7

3.949 -7

4.043 -7

ord
oMM l‘d_iﬁé’

junt

IO

> >
T O TmHey

- >

g T
&
]

B. #K(p, n)*iCa 0, = —1196+9 E, = 102766
Several incompletely resolved resonances are observed in the E, = 1.5-3.5
MeV region (Ri 50). For threshold, see 4!Ca.

C. #K(p, p)*K E, = 102766
About fifty resonances (not tabulated) in the E, = 2.3-3.5 MeV region have

been observed in the yield of the 0.98 MeV y ray {Sh 58c, Sh 59a, Sh 61).
For non-resonance data, see 4'K.

D. #K(p. «)%Ar Qn = 4035.244.8 E, = 1927616
The =, yield has been measured in the E, = 1-3 MeV region. Many resonances
{not tabulated) have been seen at an average spacing of 8 keV (Cl 60). For

resonances in the yield of the 2.16 MeV y ray, see Sh 58¢, Sh 59a, Sh 61. For
Q value, see 38Ar,

E. 2K(g-)2Ca O, = 3530420
See 2K,

F.  #Ca(p, p') #2Ca

Magnetic analysis, at 90° and 120°, and at several bombarding energies be-
tween 6.5 and 7.0 MeV, gives levels in 42Ca at 1.523 +0.004, 1.83640.004,
2.122 +0.005, 2.750+0.005, 3.250--0.008, 3.237 40,006, 3.38940.006,
3.4424+0.006, 3.651 4+-0.006, 3.4834.0.007, 3.949-40.007, and 4.043+4-0.007
(Br 56f).

With a magnetic lens spectrometer, conversion electrons have been observed
of 1.8344-0.009 and 0.305-L0.003 MeV transitions. The relative intensity of
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the former to the latter is 1.034-0.10. A continuous e* distribution with end
point at 0.8040.03 MeV has also been found, originating from e*-e- pair
formation; the intensity relative to the 1.834 MeV e- is 9.0+1.8. The shape
of the et spectrum and the observed relative intensities confirm the 0+ assign-
ment to 4?Ca(2) (Be 61d).

G. (a) %2Sc(8+)®2Ca 0. = 626060

The half-life is 0.62 +0.05 sec (Mo 55c), 0.68 4-0.01 sec (Cl 57a), 0.695 +0.007 sec
(Ja 60a). With scintillation detectors the g+ end point has been measured
as 4.840.9 MeV (€l 57a), and 5.32+0.15 MeV (Ju 61). No y rays have been
detected (Cl 57a).

The decay is super-allowed (log f¢t = 3.4), indicating that the 2S¢ ground
state presumably has J* = 0%, T = 1. See also Mo 54.

(b)  2Scm(+)42Ca 0. = 713040

Gamma-radiation with E, = 0.43(1), 1.21(2), ond 1.51(1) MeV (relative
intensities in brackets), and annihilation radiation has been observed with a
half-life of 62+ 4 sec. It has been produced from the 3°K(e, n)42Sc reaction with
a threshold of E, = 8.86+0.04 MeV. Presumably, a high-spin, T = 1, 425c
state at E, = 0.884-0.07 MeV is excited, decaying throagh g+ emission to a
high-spin #2Ca level (Ne 61a). See also Ju 61.

H. #Sc(p, 2)*Ca 0, = 234146

By magnetic analysis at E; = 5.9 and 6.5 MeV, the ground-state @ value
has been measured as 2.341 1+0.008 MeV, and levels in 42Ca have been observed
at E, = 1.526, 1.836, 2.425, 2.753, 3.191, and 3.255 MeV, all +0.008 MeV
(Ma 58h, Bu 58b).

I.  Not reported:

9Ar(3He, n)*Ca Q, = 10358.244.2
20Ca(t, p)**Ca Qp,= 11350 45
41K (d, n)*2Ca Q.= 8052 46
11K (3He, d)*2Ca Q.= 4783 46
41K («, t)*2Ca Q= — 9536 -6
43Ca(p, d)*2Ca 0, =— 5706 +5H
$3Ca(d, t)**Ca Q, = — 1672 +5
#3Ca(3He, a)**Ca Q, = 12648 +5
UCa(p, t)*Ca Q, = —10583 L6
REMARKS

For theoretical discussions of the #2Ca level scheme, see Sc 54a, Th 56, Ko i9a,
Iw 60, Ab 60, Mi 61.
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BK
(Fig. 43.1, p. 278; table 43.1, p. 278)
A, BK(E-)#a Q, = 1817410

The half-life is 22.4 hr (Ov 49), 21.5 hr (Ru 52), 22.0 hr (Li 54a).
The B- decay is complex; 8- end points, y-ray energies, and relative intensities
re given in table 43.2. Extensive -y, y—y, and e~y coincidence measurements

have been reported (Ba 57, Ni 57, Be 59a); these all support the decay scheme
as given in table 43.2 and fig. 43.1. The g5~ branch given in Li 54a must be

1.2
B; 82%; 0.46
065 B; 87 °b; 082
B; 35%; 1.24
B, 13%; 182
3/2°
43 5
K 220h B: “a]1.389 342
B; 2To 80
74 0.993 ol 15/2°
85 | G
88 12
l 0594 _ | ¥ 3f2”
= 0373780 5/2°
i_ -1.82 7[2”
-3.32 43
=3
‘mA r+a-Df Ca
-1237

%’édcg §1{ - p}
Fig. 43.1. Energy levels of 13K,

TaBLE 43.1

Energy levals of 2K

E T

{AMeV ;ke\') J? 71 Decay Reactions
G = 22.0 hr 8- A, B, C
0.65 -~ 40 B
118--70 B

regarded as instrumental. A comparison of the y-ray energies giver in Ba 57
and Be 5% snows that the latter are low by about 0.75%,. With this correction
the best value found from table 42.2 for the excitation energy of 43Ca(4) is
13814 keV, which differs more than the sum of the experimental errors
with the value 1394 +4 keV found fror the 42Ca(d, p)*3Ca and #Ca(p, p')*Ca
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TaBLE 43.2
The BK(8-)4Ca decay?
Li 54a Ba 57 Ni 57 BeS9a  Probable

Lens spectrom. Double foc. sp.? Lens spectrom. Lens spectrom.b  log ff transition
Bo~ 1839430 (1.6) 1814425 (1.3) 8.7
Bi+B~ 1218425 (5.4) 1240 3.5) > 7.4
B~ 827--20 (83.1) 82510 (R7) 5.5
B 460120 (5.4) 465-1-50 (8.2) 5.5
B~ 24320  (4.5)
1 219+ 4 (L) 215+ 5 2204 2 (3) (2) -- (1)
Vs 369 3 (67) 373.74+ 04 376-- 4 3714 3 (85) (h -y
Vs 388+ 4 () (4)--(3)
Vs 393+ 4 () 394 4(11) (3) - (2
Vs 5914 6(i3) {2) - (0)
Ve 627 6 (100)c 618.9+ 0.6 612~ 5 614 6 (81) ) --(1)
V4 100020 (4) 1029 10 1015 - 10 1005420 (2) (4 -~

8 Beta-decay end points and y-ray energies in keV; relative intensities in brackets. All p-ray energics de ermined

from external conversion spectrum unless otherwise stated.
b Energy of y, determined by scintillation spectrometer.
¢ Also internal conversion line observed with ag ~ 2 x 10-4%,

reactions (table 43.2). The best value for the decay energy from the data in
table 43.2 is 1.818+0.010 MeV.

The shape of the f,- spectrum is unique first-forbidden (4 J = 2, yes),
with log ft = 8.7 and log (W2-1) ff = 10.0 (Li 54a, Be 59a).

The p-y angular correlation of the (3) — (1) — (0) and the (4) — (1) — ()
cascades has been measured (Li 57c). For conclusions, see #3Ca, Remarks.
For theoretical remarks on the -y angular correlation, see Ga 57.

B. %Ar(«, p)K Q, = —3324+11

From nuclear emulsion measurements at E, = 7.4 MeV, the ground state
Q value has been measured as —3.364-0.03 MeV, and levels in 43K have been
observed at 0.65+0.04and 1.18 4-0.07 MeV (Sc 56b). Cross section, Sc 56b, Ta 60f.
C. #Ca(y, p)BK 0, = —121704+12

Cross section, Br 58a.

D. Not reported:
aK(t, p)BK Q, = 8689+12
#Ca(n, p)BK Q, — — 1034410
8Ca(t, *He)BK Q, = — 1799410
#Ca(n, d)¥K Q,= — 9946412
4Ca(d, SHe)2K Q,= — 6677412
uCa(t, 2)PK Q.= 1642412
455¢(n, *He)#K Qn = —11342 12
Ca(p, «)®K Q, = — 1696415
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8Ca
(Fig. 43.2, p. 281; table 43.3, p. 282)
A, BAr(e, n)®Ca 0, = —2289.5+4.5
Cross section, Sc 56b. Resonances, 44Ca.
B. #Ca(n, y)¥Ca Q, = 792915

The thermal neutron absorption cross section is 42+3 b (Hu 58). Thermal
neutron capture y rays of 5.50+0.04 and 5.1540.04 MeV are assigned to
82z (Ad 56).
€.  42Ca(d, p)*Ca Q, = 570545

The ground state Q value has been measured as 5.711 -+0.010 MeV (Br 57b).
Levels in %#3Ca from magnetic analysis and results from angular distribution
measurements at E, = 7.0 MeV are given in table 43.4. For a theoretical
interpretation of the measured anguiar distributions, see Fr 55, Ra 56, Ma 60d.
D. ®K{3-)¥Ca 0, = 1817+10

See 3K,

E. #Cap, pi®Ca

Levels in #3Ca found by magnetic analysis are given in table 43.4.
F.  8Sc¢(f)%Ca On = 2220110

The measurement of the half-life with the smallest stated error, 3.924-0.02 hr
(Hi 45), is in reasonable agreement with other measurements with larger errors
(En 54a, Li 54). |

The f+ decay proceeds to the lowest two 43Ca states (table 43.5). For theoreti-
~al remarks on ff values, see Gr 56c, Bl 57, Ca 58.

G.  #Caly, n)¥Ca 0, = —11136+6
Cross section, Go H4a.

H. Not reported:

“1K(t, nj**Ca Q,= 972346
#1K(*He, p)®Ca Q,= 1048846
11K (e, d)%Ca Q.= — 786516
42Ca(t, d)%Ca 0, = 157245
%2Ca(x, *He)%Ca Qn = —12648.+5
#Ca(p, d)*2Ca Op= — 891146
#Ca(d t)%Ca Qn = — 487846
#Ca(*He, 2)¥Ca On= 944116
#5c(n, £)*Ca On = — 954346
#3Sc(p, *He)®Ca Q. = —10307+6
438¢(d, 2)#3Ca Qn= 804546

45Ti(n, «)4Ca Q.= — 796
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I'ig. 43.2. Energy levels of 4Ca.
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TaBLE 43.3
Energy levels of #Ca

eV ;keV) J* Decay Reactions

O i~ stable AC,D EFG

0.3737 --0.4 3= ¥ C.DEF

0.594 -2 3= ¥ ¢, D E

0.9926 0.7 g ¥y C,D,E

1.389 -3 i ¥ C,D E

1.678-3.584: 32 levels, see table 43.4, reactions C, E

TABLE 43.4
Levels in #3Ca from the #2Ca(d, p)**Ca and #Ca(p, p')**Ca reactions
@Casa e 2]+ 10,7 | 9Ca*a Lo (2] +1)6,2t

{(MeV =keV) o x 108 | {(MeV +keV) n x 103
gb. ¢ 3 82 2.607 4-5D, ¢ 1 8
0.373 -3b, ¢ 2.673 +5¢
0.593 --3b. ¢ 1 5 2.693-4-5¢
0.991 —3b, ¢ 2 4 2753 +5¢
1.3¢4 40, ¢ 2.844 150, ¢
1.678 —4b.c 2.880-150. ¢ 1 5
1.904 —4b. ¢ 2.947-5b, ¢ 1 5
1.932_ 4B, ¢ 3.027-L-6¢
1.957 —4b. ¢ 0 2.6 3.047 46D, C
1.985-50 3.074-16¢
2.048 —5b, ¢ I 80 3.094 L6 ¢
2.669 3¢ 3.194 4-6¢
2.()9.3:.?C } 3.279+-6¢
(2.107 —3)¢ i 3.293 -6¢
2.225-5b. ¢ | 3.369 +-6¢
2950 5D, ¢ 3.308 1 6¢
2.273..5¢ | 3.419 - 6D. ¢
2-14“9 =5¢ | 3.584¢ 1 5
2.53)d 1 1

2 Listed excitation energies are weighted averages (where possible) of results obtained from the
#2Ca(d, pj**Ca and *#*Cal(p, p’)*3Ca reactions.

b Observed from the %2Ca(d, p)%® acti
(d, p}*3Ca reaction at several deuteron er ies
7.0 3eV and at # = 90° (Br 57b). erergies between 28 and

¢ Dbserved from the #*Ca(p, p’)**Careaction at Ej, = 6.5 MeV (§ = 90°) and E,=7.0 MeV (#=130)

(Br 57b).

1 Additional level observed from the 42Ca(d, p)*3Ca reaction (Bo 57)

¢ Sngular distr{bution measurements of the #Ca(d, p)#Ca reaction at E4 = 7.0 MeV (Bo 57).
' (::. oups ‘f‘or twhnch no /g valuej and Teriuced width are given, are weak and /or isotropic.
: urmal:zatwn of reduced widths in Ma 60d. In Bo 57 only relative reduced widths are given;
in Bo 57c the yields of the %2Ca(d, p)**Ca and %Ca(d, p)*Ca reactions are cc mpare'd ’
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TaBLE 43.5
The 43Sc(f+)42Ca decay

Method E(By*) E(p,*) E,

(MeV) (MeV) (MeV) Reference

magn, spectrom, 1.18--0.02 0.77+0.04 0.375--0.002 Ha 52d
(72%) (28%)

scint. spectrom. 0.375+4-0.004 Nu 53

(25--2)9%

magn. spectrom. 1.20-+0.01 ¢.824-0.62 0.369-+0.005 Li 548
(82%) (18%) (16%)

magn. spectrom. 0.374 --0.004 Ni 57

log ft 5.1 4.7

3 Also reported in Li 54 are a f§+ branch of 0.39--0.03 MeV end point (4%), and y rays of
E.,=0.2540.01 MeV, 0.627--0.005 MeV (4%,), and 0.84 . £.02 MeV (weak). The existence of the
last two y rays has not been substantiated in later work (Va 57b). All these transitions seem
improbable in view of what is known about #3Ca spins and parities

REMARKS

For theoretical work on the 43Ca level scheme, see Le 55, Ko 59a, Ab 60,
Mi 61.

The #2Ca(d, p)*3Ca angular distribution measurements (table 43.4) limit /=
of #3Ca(2) and #3Ca(3) to (L, )~ and (3, 3)*, respectively. The observation of a y
transition to the - 43Ca ground state (y, in table 43.2), then yields for 43Ca(2)
the unique assignment J* = 3-.

The #3Sc ground state very probably has /= = - (f;). The allowed character
of the #3Sc(f+)#3Ca(1) transition then limits J# of43Ca(1) to (%, £, 4) ~, spin § can be
excluded by the observation of the $3Ca(3) — 43Ca(1) y transition (ygin table 43.2).

The 83K ground state has J* == $+. The allowed character of the ,~ branch
limits J= of #3Ca(4) to (&, 4, 3)*; the observation of the %3Ca(4) — 43Ca’l)
transition (y, in table 43.2) eliminates spin .

If 43Ca(1) had J* = -, both #3Ca(3) and #3Ca(4) would have J* = §{* (because
the observation of ygand y, rules cut 3+). The yg-~y, and y;—y, angular correlations
vrould then have to be identical, of 3+ B }- MI+E2 1~ character. However,
they have been measured to be different (Li 57c). Thus, #3Ca(l1) has J* = {-.
The y-y angular correlation measurements then yield J* = §+ for #3Ca(3) and

3+ for 43Ca(4), with an E2/M1 amplitude ratio for pp of x = —0.05 6=x = —5.4.
44K
(Not illustrated)
A, HK(g)¥Ca Q,, = 6100200

Half-life, 18 +1 min (Wa 37), 20 min (An 54), 22.04+0.5 min (‘Co 54), and
22.3 min (Su 60b).
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TaBLE 44.1
The #K(f-)*Ca decay?

References End points (in MeV) of partial - spectra
Co 54 4.9 1.5
Su 60b 4.91 (169,), 3.55, 2.63

Observed gamma rays (energies in MeV)

Co 54 1.13, 2.07, 2.48, 3.6. Also unresolved y rays with E:, < 0.5 MeV.
Su 60b 048, 0.63, 0.74, 0.20 (1), 1.06 (1), 1.16 (100), 1.5, 1.74 (13),
2.08+2.13 (13), 2.55 (12), 3.4, 3.66 (6.2), 4.4, 4.6, 5.0 (0.6).

2 Scintillation spectrometer, both for - and for y. Relative intensities in brackets.

The p- decay is complex. End points of partial 8- spectra and observed
rays are given in table 44.1. The assignment of most of the observed data is
obscure. It is uncertain to which of the known #Ca states the 4.9 MeV g~

branch proceeds; the O value is calculated assuming that this branch proceeds
to #Ca* = 1.16 MeV.

B. #Ca(n, p)¥K Q, = —bH3204-200
Cross section, Le 57b.

C.  Not reported:

#“Cal(t, *He)#K Q, = — 6080+200

#8Ca(n, t)#¥K O, = --146604-200

46Ca(p, *He)¥K Q, = --154204-200

46Ca(d, «)¥K On= 29304200
4Cq

(Fig. 44.1, p. 285; table 44.2, p. 285)

A, %0Ar(«, n)4Ca On = —2289.54+4.5 E, = 8846.6+-1.5
Resonances observed with Th C' « particles, Fu 38.
B. 4K{«, p)#Ca Om = 104746

From range analysis at E, = 7.8 Me /, the ground-state Q value is measured
as 0.98+-0.10 MeV, and levels in #C;; are cbserved at 1.13, 1.92, 2.28, 2.58,
2.97, and 3.17 MeV, all +0.05 MeV (> B5).

C. #Ca(d, p)#Ca Om = 891146

From magnetic analysis at E, = 4.0 MeV, the ground-state Q value is

measured as 8.913+0.014 MeV. Tra sitions are also observed to the lowest
six #Ca levels (Br 56f).
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Fig. 44.1. Energy levels of #Ca.
TABLE 44.2
Energy levels of 4Ca
Ex = 3 Reactions
(MeV +keV) J Tm Decay
eV +-ke
0 0+ stable many
1.158 -3 2+ (5.5 1.1y < 10712 sec ¥ BCDEFLFGH
1.883 -4 4 y B C F H
2.284 45 (1, 2)+ ¥ B,C F H
2.6554+5 (L, 2)* v B C FH
3.044-5 B, C, [
3.297:-6 4 B,CFH
3.3051-6 (3) 1", H
3.581 6 {5, 6)* Y 1". H
3.656+6 i
3.86711-6 !
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D. #K{3)*Ca Q. = 61004200

See #K.

E. #Ca(n, n)*¥Ca

From inelastic scattering of 3.9 MeV neutrons on natural calcium,
a 1.152-0.020 MeV y ray has been observed with a scintillation spectrometer
(Da 56¢).

F. #Ca(p, p)*Ca

From magnetic analysis at E, = 6.5, 7.0, and 7.4 MeV, levels in #4Ca have
been observed at 1.156-0.004, 1.883--0.004, 2.2844-0.005, 2.655-0.005,
3.044-0.005, 3.2074+0.006, 3.305--0.006, 3.3544-0.006, 3.581+0.006,
3.656 +0.006, and 3.671 29.006 MeV (Br 56f).

G.  #Ca-+heavy ions (N, 2¢Ne)

From Coulomb excitation with 16.8 and 21.5 MeV 4N ions and 26.0 MeV
2Ne jons, the #Ca(l) mean life has been determined as (5.5 £-1.1) X 10-1% sec
(An 61f).

H. (a) #Sc{f")*Ca Qn = 364845

The half-life has been measured as 3.9240.03 hr, (Hi 45), in reasonable

agreement with other measurements with larger stated errors (En 54a).

TaBLE 44.3
Gamma rays in the #Sc(f+)#Ca decay (Mc 61)

E.8 Probable transition E.l,a Probable transition
(Me\] in #Ca (E; in MeV) (MeV) in #Ca (E; in Me\)
sy 0.68--0.02(3.2) 1.88 — 1.16 _ s 1.5020.02 (1.7) 2.65 - 1.16
=, 102002 (3.1 3.30 — 2.28 ' ve 1.720.02 (0.8) 3.58 — 1.88
vs 1122002 (4.7) 2.28 > 1.16 : v, 2.28-20.02 (0.2) 2.28 >0
s 1.16-0.01 (100} 1.16 - 90 , vs 2.69-10.02 (0.2) 265 -0

2 Measurements by scintillation spectrometer. Relative intensities are in brackets. Gamma rays
i1 T ¥s s 20d 7% are in coincidence with y,.

The decay is complex. The end point of the g+ branch to #Ca(1), has been
measured by magnetic spectrometer as 1.4634-0.005 MeV {Br 50b), and
1.471 =0.G05 MeV (Bl 55). The Kurie plot is straight (Br 50b, Bl 55). The y
ray following the g~ decay has E, = 1.159+0.003 MeV. Its conversion coeffi-
cient 1s (6.3 =0.3) X 10-3, establishing this transition as E2 (Bl 55). Electron
capture also occurs, with an intensity EC/3+ = 0.073+0.016 (Bl 55),
0.023 = 0.019 (Ko 58b). See also La 54a. Two measurements of the §~y circular
polarization are contradictory as to the existence of a Fermi contribution
in the g~ matrix element (Bo 38, Bl 61c, Bl 614, see also Bo 60b).

A number of weak y rays have been observed, implying electron capture to
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higher #Ca states (Mc 61, table 44.3). In this experiment a *Sc™ source was
used; the 4Ca 3.58 MeV level probably is excited directly from #Scm. The
branching percentages to #Ca states at 1.16, 1.88, 2.28, 2.65, 3.30, and 3.58
MeV are 90.7, << 2.4, 1.8, 1.9, 3.1, and 0.8, with log ft values of 5.4, > 5.6,
5.2, 5.0, 3.8, and 5.3, respectively. The small log f# value found for excitation of
the 3.30 MeV level makes the assignment of y, doubtful (Mc 61). See aiso Bl 55.

For a jj-coupling calculation of the g+ matrix element, see Gr 56c.
(b)  #4Scm(y)44Sc 0, = 270.640.6

#Sem(EC)MCa Q, = 3919 +5

The half-life is 58.6 4-0.7 hr (Hi 45). The decay to #Sc(0) proceeds through a
y ray of energy 269.3+1 keV (Sm 42), 271.3.-0.7 keV (Br 50b). The total
conversion coefficient is 0.1394-0.003, in agreement with the value expected
for an E4 transition (Bl 55). Electron capture to 44Ca(3.58) also occurs with an
intensity of 0.89%,; log ft = 5.4 (Mc 61).
I.  458¢(n, d)4Ca 0, = —4664+5

Observed, Co 61a.

J.  Not reported:

22Ca(t, p)4Ca 0. = 105334 6
#3Ca(n, y)4Ca Q.= 11136+ 6
#3Ca(t, d)4Ca Q.= 4873+ 6
43Ca(e, 3He)*Ca Q= — 9441+ 6
455c(d, 3He)*Ca Q,= — 1396+ 5
453¢(t, a)4Ca 0, = 12924+ 5
46Ca(p, t)4Ca 0, = — 9338+11
46Ti(n, 3He)*Ca Q.= — 9520+ 6
47Ti(n, a)4Ca Q, = 21704+ 9
sSK

(Not illustrated)

A 34 min A = 45 activity, observed by electromagnetic separation of a
vanadium target bombarded by 187 MeV protons, has tentatively been assigned
to 45K (An 54).

45Ca
(Fig. 45.1, p. 288; table 45.1, p. 288)
A, 85Ca(p-)*5Sc Q, = 2562.0+1.9

The half-life has been measured as 163.5-+4 days (De 53), 1532 davs
(Th 57a), 16743 days (Ca 59a); weighted average 158.24-4.5 days. For old-r
measurements with larger errors, see En 54a.
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The - spectrum is simple; no y rays have been observed. The end point has
been measured by magnetic spectrometer as 25544 keV (Ke 50), 254 +3 kcV
(Ma 50b), 261 -4 keV (Ma 58). The Kurie plot is straight; log f¢ = 5.7. Compu-
tation of ft value with configurationai mixing, Ca 58.

7.66
I 5 LEVELS FROM 44Ca+n

744
_

-1 342
3.3031 3,24 ———————— :
l 303 2;9% 70 - — —
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2249 2356 °
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I 1432047198} - — o
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@J " 100 % ; 0.256
4SSC+n-p 0.176 g °;
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45C FNac0252 7/2°
-2.030
‘ASTE +Nn -al
Fig. 45.1. Energy levels of %Ca.
TaBLE 45.1
Energy levels of 45Ca
B o .
(MeV) J: T4 ecay Reactions
0 (3)~ 158.24+4.5 days 8- A,B,D,EF

0.176-3.419; 22 levels, see table 45.3, reaction

A
D
7.442-7.661; 5 levels, see table 45.2, reaction C

B.  #Ca(n, y)*Ca Qn = 74204-6
The thermal neutron capture cross section is 0.6740.07 b (Hu 58).

C.  #Ca(n, n)#Ca E, = 742046

Resonances in the total cross section are given in table 45.2 (Bi 61a).
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TABLE 45.2
Resonances in the #Ca-+n towl cross section (Bi 61a)8
E, (keV) $Ca* (MeV) I'y (keV)  sample
22 +1 7.442 0.54-1-0.30 natural calcium
51.54-1 7.470 2.134-0.70 natural calcium
82 L2 7.500 1.871-1.00 natural calcium
150 -3 7.567 8.6 --1.0 anriched
247 -3 7.661 2.26-+0.25 enriched
& All resonances are probably s-wave.
TABLE 45.3
Levels in %Ca from the #Ca(d, p)#*Ca reaction
‘ 45(.:?*3 ] L b (2] +1)0,2D 45Cg%a Ih (2] 4+ 1)f,2P
{(MeV =-keV) n » 103 (MeV --keV) n < 103
0 3 45 2.681+5
0.176 - 3 {2.763 & 5)
(1.036 =10) 2.844 L5 ic G
1.432-- 4 I 11 ] 2.9504-5
(1.475-- 6) ! 2.970-5
(1.557 - 10) (3.032 1+ 6)
1.902-- 4 1 54 3.148 +-6
1971 4 3.2441-6 ic 4
2249 5 1 9 3.296--86
23564 5 3.319 -6
2394+ 5 0 2.5 3.419:-6 1c 17
(2.597 = 5)
a Br 561,

b Co 57. Only relative reduced widths are given in Co 57. They have been normalized, in Ma 60d,
by means of the relative yields of the 4*Ca(d, p)**Ca and Ca(d, p)*1Ca ground-state transitions
given in Bo 57c, and by using the absolute reduced width of #Ca(d, p)%!Ca given in Ho 53c.

¢ The lower of two possible /, values has been chosen, for reasons given in Ma 60d.

D.  #Ca(d, p)*5Ca 0, = 519516

The ground-state Q value is 5.188-+0.010 MeV (Br 56f). Levels in %3Ca
observad at several deuteron energies between 2.9 and 7.0 MeV (Br 56f), and
the results of angular distribution measurements at E; = 7.0 MeV (Co 57),
are given in table 45.3. Theoretical remarks, Fr 55, Ra 56, To 59a, Sa 60, Ma 60d.

E. 45Sc(n, p)45Ca Q, = 530.6+1.9
Cross section, Za 59, Ba 61b.
F. 4Ti(n, «)*5Ca Q. = —2030+5

Cross section, He 48.
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G. Not reported:

#“Caf(t, d)*5Ca Q,= 1162 + 6

4Ca(x, *He)*5Ca Q, = —13158 + 6

455¢(t, 3He)45Ca Q,=— 233.9+ 1.9

46Ca(p, d)*5Ca Qn = — 8176 +£11

46Ca(d, t)*5Ca Q.= — 4143 +11

46Ca(®He, «)*%Ca Q, = 10177 +11
46Ca

(Not illustrated)
Not reported:

#Caft, p)*eCa Q,= 9338+11
8Ca(p, t)*Ca Q, = —8896116
#Ti(n, «)*Ca 0, = 223410
47Ca
(Not illustrated)
A, ¥Ca(f)¥Sc Qn = 1996416

Half-life measurement with lowest stated error: 4.5110.02 days (Fo 6¢a).
For older measurements, En 57.

The - decay is complex. End points of §- branches, y-ray energies, and
relative intensities are given in table 47.1. The log f¢ values for §, and f, are
8.5 and 6.0, respectively.

TABLE 47.1
The beta decay of 47Ca

Co 53 Ma 53 Ly 55 Li 56
magn. spectrom. magn. spectrom. Al abs. 4 scint. magn. spectrom.
spectrom. -+ scint. spectrom.
Eg, (MeV) 2.0600.620V 1.934+0.2 1.9404-0.0200
§ (18%) (24:£6)% (17%)
Eg, (MeV) 0.6854-0.006 0.704+0.02 0.660-+-0.0107
(81%) (16+£6)% (83%)
E., (MeV) 1.303+0.040 1.29 1.31 +0.02"
(14.2 +1.2) (13 +2)
E., (MeV) 0.800--0.025 0.182 0.83 -10.02¢
(1+0.1) {(1+0.1)
E,, (MeV) 0.495-£0.015 0.500 0.48 +0.02¢

(1) (1)

& Additional y rays of 234.0 and 149.5 keV reported in Co 53, not observed by others. The -

en;li points at 1.4-£ 0.1 MeV (40%,) and 0.464-0.02 MeV (60%) do not fit well in thLe 47Ca decay
scheme.

b Kurie plot is straight. ,
¢ Coincidences ooserved between 3, and y,; neither y, nor Ps coincident with .
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'I:he average energies of y, and of the y,~y, cascade (Co 53, Li 56) yield the
exr.:ltatlon energy 47Sc* = 1309.-14 keV. With the average value for the end
point E; = 687-£10 keV (Ma 53, Ly 55, Li 56) this gives a total decay energy

of 1996 + 16 keV, in agreement with the average end point E,. = 2000460 keV
(Ma 53, Li 56).

Theoretical remarks, Gr 56¢c, Ca 58.

B. Ca(n, y)¥Ca Qn = 7269421
The cross section for thermal neutron capture is 0.25+0.16 b (Hu 58).

C.  Not reported:

46Ca(d, p)*’Ca Q,= 5044121
46Ca(t, d)4"Ca Q. = 1012421
46Ca(«, 3He)%'Ca Qn = —13308+21
8Ca(p, d)¥"Ca Q== — 7884422
8Ca(d, t)¥Ca Q, = — 3851422
48Ca(®He, 2)%"Ca Q.= 10469122
#Ti(n, 3He)*"Ca Q, = --13085418
30Ti(n, «)*"Ca Qn = — 344619
8Cq
(Not illustrated; table 48.1, p. 291)
A. *Ca(f-)*8Sc Q, = 122+16

This reaction has not been observed. The half-life is longer than 2 X 1016 yr;
log ft > 21.5 (Jo 52).
B. Ca(28-)%Ti 0. = 4112413

Lower limits of the half-life for double - decay are given of 2 10 yr
(Aw 56), and 7 x 108 yr (Do 59). However, in Mc 55 a haif-life i~ reported of

TAaBLE 48.1

Energy levels of %Ca

E

(MeV ixkeV) J” Decay Reactions
0 o+ stable A B, C
3.825 46 c
4.499+7 p

(1.64+0.7) x 107 yrand a total kinetic energy of the two electrons of 4.1 0.3
MeV. Theoretical work on double 8 decay, Me 60. Review paper on double ff
decay, De 60c.
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#Ca(p, p')#Ca

From magnetic analysis at E, = 6.5, 7.0, and 7.4 MeV, levels in %8Ca have

been observed at 3.825-+0.006 and 4.49940.007 MeV (Br 56f). A search for
de-excitation of the first level by internal pair formation has been unsuccessful

(Ek 58).
D. Not reported:
Cal(t, p)*®Ca Q,=  8896+16
30Ti(n, He)*8Ca L= —13914 114
9Ca
(Fig. 49.1, p. 292; table 49.1, p. 293)
A 8Calf¥Sc Q, = 509040

The half-life, averaged from two measurements (Ke 56, Ma 56a) is

883 -0.14 min.

pAs]

515
48Cg+n

— e - - o - ———

400(4903) _ _ _
383 ]

293
n 48 -
2026 alsizr] ! Ca+d-p

75 @yl , 6 laes
Ca asm § Bi~J205
By

309

B3 0.4°%
Bz 11°% ;095
Bi 139%; 200

-5.09 \ [0/231
49 Sc

Fig. 49.1. Energy levels of 4*Ca.

The p~ decay is complex (table 49.2). Beta transitions with log f¢ values
of 4.9, 4.6, and 4.5 occur to #Sc levels at 3.09, 4.05, and 4.68 MeV, respectively,

which are de-excited by ground-state y transitions.

B. *Ca(n, »)#Ca 0, = 515219

The thermal neutron capture cross section is 1.1--0.1 b (Hu 58).
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TABLE 49.1

Energy levels of 4°Ca,

490
(MeV --keV) J® 73 Decay Rea: tions
0 (%)~ 8.83--0.14 min g A BC
2.026+ 5 (3. 3)- C
3.5894 6 C
4.004+- 7 C
(4.0264+-10) C
TapLE 49.2
The beta decay of 4Ca
Ke 568  Ma6ab
scint. spectrom. scint. spectrom.
Eg, (MeV) 1.95-+0.05 (88%,) 2.124.95.10
Ez, (MeV) 0.9540.15 (129,) ~1.0
E, (MeV) 3.10--0.03 (90 +29%,) 3.07 1.0.05 (89°))
E, (MeV) 4.05+0.05 (10+2% 1.04+0.06 (10°,)
E.’,n (MeV) 4.68--0.05 (0.38+-0.19;) 4.7 4+0.1 (6.8%,)

3 Intensity of a possible 0.95 MeV y ray is < 2%, No p—y coincidences are observed.
b Intensity of ground-state §~ transition is < 19. intensity of a possible .97 MeV y ravis < 3.

8Ca(d, p)*Ca Qn = 292719
The ground state Q value is 2.916+0.006 MeV. By magnetic analysis at
E, = 6.5 and 7.0 MeV, levels in #°Ca have been observed as given in table

49.1 (Br 56f). See also Wa 54.
Angular distribution measurements at £, = 6.5 MeV show that 49Ca(0) and

(1) are p-states (/, = 1) (Bu 55a).

D. Not reported:
18Ca(t, d)*Ca 0, = — 1195419
8Ca(e, 3He)**Ca Q, = —-15415419

i



294

Ab 60
Ad 53
Ad 36

Ad 36a

Aj 59
Aj 60
Aj 60a
Aj 61
Al 48a
Al 48c¢
Al 49
Al 49a
Al 530
Al 50a
Al 50b
Al 50c
Al
Al
Al
Al

-l
NITI T I
oy

[ RS )

xR

Al
Al

oGt
-1
Y

Al
Al ¢
Al ;
Al

=3 =}

Qv Or Ot O
@
TN Qe

Al
Al 60a
Al 66b

[t
<

pP. M. ENDT AND C. VAN DER LEUN

References

Abraham and Gupta, Nuclear Physics 19 (1960) 496

Adler, FHuber, and Halg, Helv. Phys. Acta 26 (1953) 349

Advasevich, Groshev, Demidov, and Lysenko, Atomnaya Energiva 1 (1956) 28;
J. Nuclear Energy 3 (1956) 328

Adyasevich, Groshev, and Demidov, Atomnaa Energiya 1 (1956) 40; J. Nuclear
Energy 3 (1956) 258

Adelson and Waddell, Bull. Amer. Phys. Soc. 6 (1961) 375

Adams, Fox, Heydenburg, and Temmer, Bull. Amer. Phys. Soc. 6 (1961) 250

Agnew, Phys. Rev. 77 (1950) 655

Ager-Hanssen, Lonsjs, and Nordhagen, Phys. Rev. 101 (1956) 1779

Azodi, Cavallaro, Cortini, Emma, Milone, Rinzivillo, Rubbino, and Ferrero, Proc. of
the Paris Conf., p. 625 (Dunod, Paris, 1959)

Aguilar, Burcham, England, Garcia, Hodgson, March, McKee, Mosinger, and Toner,
Proc. Royal Soc. A 257 (1960) 13

Aguilar, Garcia, England, Hodgson, and Toner, Nuclear Physics 25 (1961) 259
Ajzenberg, Rubin, and Likely, Phys. Rev. 99 (1955) 654(A) and verbal report to
Nuclear Data Group

Ajzenberg-Selove and Lauritsen, Nuclear Physics 11 (1959) 1

Ajzenberg-Selove and Dunning, Phys. Rev. 119 (1960) 1681

Ajzenberg-Selove, Cranberg, and Dietrich, Bull. Amer. Phys. Soc. 5 (1960) 493
Ajzenberg-Selove, Cranberg, and Dietrich, Phys. Rev. 124 (1961) 1548

Allan and Wilkinson, Proc. Royal Soc. A 194 (1948) 131

Albert and Wu, Phys. Rev. 74 (1948) 847(L)

Alburger, Phys. Rev. 76 (1949) 435(L)

Alburger, Phys. Rev. 75 (1949) 51

Alburger and Hafner, Revs. Mod. Phys. 22 (1950) 373

Alvarez, Phys. Rev. 80 (1950) 519

Alburger, Hughes, and Eggler, Phys. Rev. 78 (1950) 318(A)

Alburger, Phys. Rev. 78 (1950) 629(L)

Allen, May, and Rall, Phys. Rev. 84 (1951) 1203

Allen, Burcham, Chackett, Munday, and Reasbeck, Proc. Phys. Soc. A 68 (1955) 681
Allan and Sarma, Proc. Phys. Soc. A 68 (1953) 535

Alkhazov, Andreyev, Greenberg, and Lemberg, Physica 22 (1956) 1129; Nuclear
Physics 2 (1956) 65; Zh. Eksp. Teor. Fiz. 30 (1956) 809(L); JETP 3 (1957) 964(L)
Allen, Collinge, Hird, Maglié, and Orman, Proc. Phys. Soc. A 69 (1956) 705

Almgqvist, Bromley, Ferguson, Gove, Litherland, and Paul (Chalk River), private
communication (1957)

Allan, Proc. Phys. Soc. A 70 (1957) 195

Alphonce, Johansson, and Tibell, Nuclear Physics 4 (1957) 672

Allen, Burman, Herrmannsfeldt, Stihelin, and Braid, Phys. Rev. 116 (1959) 134
Alkhazov, Grinoerg, Gusinskii, Erokhina, and Lemberg, Zh. Eksp. Teor. Fiz. 37 (1959)
1530; JETP 10 (1960) 1086

Almqgvist, Bromley, and Kuehner, Phys. Rev. Lett. 4 (1960) 515

Alexander and Bredel, Nuclear Physics 17 (1960) 153

Almgqvist, Bromley, Gove, and Litherland, Nuclear Physics 19 (1960) 1



Al 60c

Al 60d

Al 61

Al 6la
Al 61b
Am 52
Am 61

An
An
An

2n
An

An
An
An
An
An
An
An
An

An
Aun

An

Ar

As

32
53
54
54a
57
H7a
59
59a
59b
60
60a

60b
60c
60d
61

6la

61b
6lc

61d

61
59
61

Aw 56

Ba
Ba

Ba
Ba
Ba
Ba
Ba

40
46
49
52
52a
53
53a
54

ENERGY LEVELS OF LIGHT NUCLEI. 1II 205

Almgqvist, Bromley, and Kuehner, Proc. of the Kingston Conf., p- 258 (Univ. of Toronto
Press, 1960)

Alekseev, Zherebtsova, Litvin, and Nemilov, Zh. Eksp. Teor. Fiz. 39 (1960} 1508;
JETP 12 (1961) 1049

Allan, Nuclear Physics 24 (1961) 274

Almqvist and Ferguson, as quoted in Mc 61a

Albert 2nd Hansen, Phys. Rev. 123 (1961) 1749

Ambrosen, Nature 169 (1952) 408(L)

Ambrozy, Faudrowicz, Jasinski, Kownacki, Lancman, and Ludziejewski, Proc. Ruther-
ford Jubilee Conf., Manchester (1961)

Anderson, Wheeler, and Watson, Phys. Rev. 87 (1952) 897(L.)

Anderson, Wheeler, and Watson, Phys. Rev. 99 (1953) 606

Andersson, Phil. Mag. 45 (1954) 621

Antenova, Bashilov, Dzhelepov, and Orlov, Izvest, Akad. Nauk, Ser. Fiz. 18 (1954) 93
Andersen, Holtebekk, Lonsjd, and Tangen, Nuclear Physics 4 (1957) 39

Anders and Meinke, Nucleonics 15 (1957) No. 12, 68

Andersen, B6, Holtebekk, Lonsjo, and Tangen, Nuclear Physics 9 (1959, 509
Anderson, Gardner, McClure, Nakada, and Wong, Phys. Rev. 115 (1959) 1010
Andersen, Holtebekk, Lonsjo, and Tangan, Nuclear Physics 13 (1959) 310

Andreyev, Grinberg, Erokhina, and Lemberg, Nuclear Physics 19 {(1960) 00
Antufev, Valter, Gonchar, Kopanets, Lvov, and Tsytko, Izvest. Akad. Nauk, Ser. Fiz.
24 (1960) 877

Anders and Meinke, Phys. Rev. 120 (1960) 2114

Angeli, Kozlemények 2 (1960) 199

Androsenko, Broder, and Lashuk, Atomnaya Energiya 9 (1960) 403

Andersen, Dérum, Gautvik, and Holtebekk, Nu:lear Physics 22 (1961) 2453

Andersen, Haug, Holtebekk, 1.6nsjo, and Nordh: gen (Oslo University), private commu-
nication (1961)

Andersen, Proc. Rutherford Jubilee Conf., Manchester (1961)

Antufev, Valter, Gonchar, Kopanets, Lvov, and Tsytko, Izvest. Akad. Nauk, Yer. Iz,
25 (1961) 265

Antufev, Gonchar, Kopanets, Lvov, and Tsytko, Izvest. Akad. Nauk, Ser. !iz. 25
(1961) 261

Andreev, Grinberg, Erokhina, and Lemberg, Izvest. Akad. Nauk, Ser. Fiz. 25 (1961) 70
Andreev, Vasilev, Gusinskii, Erokhina, and Lemberg, Izvest. Akad. Nauk, Ser. Fiz. 25
(1961) 832

Appel, Schopper, and Bloom, Phys. Rev. 109 (1953) 2211(L)

Appel, Z. Physik 155 (1959) 580

Arthur, Allen, Bender, Hausman, and McDole, Phys. Rev. 88 (1952) 1291

Arnell, Dubois, and Almén, Nuclear Physics 6 (1958) 196

Arns, Sund, and Wiedenbeck, Phys. Rev. Lett. 2 (1959) 50

Artamonova, Gustova, Podkopaev, and Chubinskii, Zh. Eksp. Teor. Tiz. 39 (1960
1953; JETP 12 (1961) 1109

Arnell, Nuclear Physice 24 (1961) 500

Asplund and Wiedling, Arkiv f. Fysik 15 (1959) 303; Phys. Rev. 116 (1954) 741

Ashe, McCrary, Nellis, and Hudson, Bull. Amer. Phys. Scc. 6 (1961) 368

Awschalom, P’hys. Rev. 101 (1956) 1041

Barkas, Creutz, Delsasso, Sutton, and White, Phys. Rev. 58 (1940) 383(L.)
Baldwin and Klaiber, Phys. Rev. 70 (1946) 259

Baldwin, Phys. Rev. 76 (1949) 182(\)

Baker, Dodd, and Simmons, Phys. Rev. 85 (1952) 1051(L)

Baskova and Kudriavtseva, Zh. Eksp. Teor. Fiz. 23 (1952) - 83

Bartholomew and Kinsey, Canadian ]. Phys. 31 (1953) 97,

Bartholomew, Brown, Howell, Shorey, and Yaffe, Canaciian J. Phys. 31 (1953) 714
Batzel and Coleman, ’hys. Rev. 93 (1954) 280



296

Ba
Ba
Ba
Ba

Ba :

Ba

Ba :
Ba ¢

Ba
Ba
Ba
Ba
Ba
Ba
Ba

Ba
Ba
Ba

Ba
Ba
Ba
Ba
Ba

Be
Be
Be
Be

Be :

Be
Be
Be

Be

Be

WL
-l D S Ut Ut Gv W
«©

O o e

o ®

QQ

QU Ot T Sr Qv W

NI
ac Qo
oo

a&e

s B&f

58g
59

59a
61

6la
6lb
6lc

P. M. ENDT AND C. VAN DER LEUN

Bartholomew, Boyd, Brown, Hawkings, Lounsbury, and Merritt, Canadian J. Phys.
33 (1953) 43

Backenstoss and Goebel, Z. Naturf. 10a (1955) 920

Baumann, Prosser, Read, and Krone, Phys. Rev. 104 (1956) 376

Biackstrom and Lindqvist, Arkiv. . Fysik 11 (1957) 465

Bazhanov, Volkov, Komar, Kulchitskii, and Chizhov, Dokl. Akad. Nauk 113 (1957) 65,
“Doklady” 2 (1957) 107

Basile, Annales de Physique 2 (1957) 267

Barber, Dodge, and Vanhuyse, Bull. Amer. Phys. Soc. 3 (1958) 173; Proc. of the
Paris Conf., p. 630 (Dunod, Paris, 1959)

Bartholomew and Higgs, Chalk River Report A.E.C.L. No. 669 (1958)
Bame and Cubitt, Phys. Rev. 113 (1959) 256

Batchelor and Towle, Proc. Phys. Soc. 73 (1959) 30%(1.)

Barjon, Annales de Physique 4 (1959) 545

Batchelor, Ferguson, Gove, and Litherland, Nuclear Physics 16 (1960) 38
Baart, Green, and Willmott, Proc. Phys. Soc. 75 (1960) 154(L)

Bass, Bonner, and Haenni, Bull. Amer. Phys. Soc. 5 (1960) 248

Barnard and Kim, Bull. Amer. Phys. Soc. 5 (1960) 346

Baart, Green, and Willmott, Proc. of the Kingston Conf., p. 468 (Univ. of Toronto
Press, 1960)

Barber, Berthold, Fricke, and Gudden, Phys. Rev. 126 (1960) 2081
Barnard, Bashkin, Broude, and Hornback, Nuclear Physics 23 (1961) 327
Baglin, Thompson, and Spicer, Nuclear Physics 22 (1961) ?07 and 216
Bayhurst and Prestwood, Los Alamos Scientific Laboratory Report LA-2493 (1961)
Barker, Phys. Rev. 122 (1961) 572

Bardwick, Tickle, and Parkinson, Bull. Amer. Phys. Soc. 6 (1¥61) 259
Barnard, Mani, and Forsyth, Bull. Amer. Phys. Soc. 6 (1961) 259

Baerg and Bowes, Canadian J. Chem. 39 (1961) 684

Bass, Haenni, Bonner, and Gabbard, Nuclear Physics 28 (1961) 478
Becker, Hanson, and Diven, Phys. Rev. 71 (1947) 466(A)

Benson, Phys. Rev. 73 (1948)

Berggren and Osborne, Phys. Rev. 74 (1948) 1240(A)

Beyster and Wiedenbeck, Phys. Rev. 79 (1950) 728(L)

Bell, Weaver, and Cassidy, Phys. Rev. 77 (1950) 399(L)

Bell and Cassidy, Phys. Rev. 77 (1950) 409(L)

Bell and Cassidy, Phys. Rev. 79 (1950) 173(L)

Beghian, Bishop, and Halban, Phys. Rev. 83 (1951) 186(L)

Bent, Bonner, McCrary, and Ranken, Phys. Rev. 100 (1955) 774

Bellamy and Flack, Fhil. Mag. 46 (1953) 341

Bent, Bonner and McCrary, Phys. Rev. 98 (1955) 1325

Berthet and Rossel, Heiv. Phys. Acta 28 (1955) 26:.

Beyster, Walt, and Salmi, Phys. Rev. 104 (195¢) 1119

Berenbaum, Towle, and Matthews, Proc. Phys. Soc. A 69 (1956) :58(L)
Berenbaum and Matthews, Proc. Phys. Soc. A 70 (1957) 445

Bent and Kruse, Phys. Rev. 109 (1958) 1240

Berko, Whitekead, and Groseclose, Nuclear Physics 6 (1958) 210

Bernstein and Lewis, Phys. Rev. 112 (1958) 232

Belanova, Zh. Eksp. Teor. Fiz. 34 (1958) 574; JETP 7 (1958) 397

Benenson and Shurman, Revs. Sci. Instr. 29 (1958) 1

Bennet, Thesis, Princeton University (1958)

Berko, Groseclose, Stetson, and Walker, Bull. Amer. Phys. Soc. 4 (1959) 257
Benczer-Koller, Schwarzschild, and Wu, Phys. Rev. 115 (1959) 108
Benenson and Lidofsky, Phys. Rev. 123 (1961) 939

Belote, Kashy, and Risser, Phys. Rev. 122 (1961) 920

Bennett, Phys. Rev. 122 (1961) 595

Bent and Eidson, Phys. Rev. 122 (1961) 1514



Be
Be
Bi
Bi
Bi

Bi

61d
6le

61f
50
52
52a
58a,

59

59a
60
60a
60b
61
6la
46
47
51
52
53
55
55a
56a

60e
60f

ENERGY LEVELS OF LIGHT NUCLEIL 111 297

Benczer-Koller, Nessin, and Kruse, Phys. Rev. 123 (1961) 262

Beurtey, Catillon, Chaminade, Crut, Faraggi, Papineau, and Thirion, Comptes Rendus
252 (1961) 260

Beckner, Bramblett, Phillips, and Eastwood, Phys. Rev. 123 (1961) 2100

Bishop, Nilson, and Halban, Phys. Rev. 77 (1950) 416(L)

Birge, Phys. Rev. 85 (1952) 753(A)

Birge, as quoted in Revs. Mod. Phys. 24 (1¢52) 321

Bizot, Muller, and Bishop, J. Phys. Rad. 19 (1958) 571(L); Proc. of the Paris Conf.,
P- 344 (Dunod, Paris, 1959)

Bird and Divine, M.I.T., Laboratory for Nuclear Science Piogress Report, May 1
(1959) 125

Bishop and Kossanyi-Demay, J. Phys. Rad, 20 (1959) 9:1

Bishop, Nuclear Physics 14 (1960) 376

Bilaniuk and French, Nuclear Physics 17 (1960) 435

Bisi, Fasana, and Zappa, Nuovo Cimento 16 (1960) 350

Bilpuch, Seth, Bowman, and Newson, Bull. Amer. Phys. Soc. 6 (1961) 69

Bilpuch, Seth, Bowman, Tabony, Smith, and Newson, Annals of Physics 14 (1961) 387
Bleuler and Ziinti, Helv. Phys. Acta 19 (19406) 137

Bleuler and Ziinti, Helv. Phys. Acta 20 (1947) 195

Blaser, Boehm, Marmier, and Scherrer, Helv. Phys. Acta 24 (1951) 465

Bloom, Phys. Rev. 88 (1952) 312

Black, PLys. Rev. 90 (19533) 381(A)

Blue and Bleuler, Phys. Rev. 100 (1955) 1324

Bleuler and Tendam, Phys. Rev. 99 (1955) 1652(A)

Bleuler, Gailar, Seidlitz, and Tendam, Physiza 22 (1956) 1127(A)

Blin-Stoyle and Caine, Phys. Rev. 105 (1957, 1810

Blok and Jonker, Nuovo Cimento 6 (1957) 378

Blair, Bull. Amer. Phys. Soc. 3 (1953) 26

Block, Phys. Rev. 109 (1958) 1217

Block, Haeberli, and Newson, Phys. Rev. 109 (1958) 1620

Blair, Phys. Rev. 115 (1959) 928

Blair, Farwell, and McDaniels, Nuclear Physics 17 (1960) 641

Bloom, Mann and Miskel, Phys. Rev. Lett. 5 (1960) 326

Blachman and Lurio, Bull. Amer. Phys. Soc. 6 {1961) 74

Blair and Hamburger, Phys. Rev. 122 (1961) 566

Blair and Quisenberry, Phys. Rev. 122 (1961) 869

Bloom and Mann, Proc. Rutherford Jubilee Conf. Manchestes (1961)

Bloom, Mann, and Nagle, Bull. Amer. Phys. Soc. 6 (1961) 334

Boyer, M.I.T. Laboratory for Nuclear Science Progress Report, July 1 (1950) 166
Boley and Zaffarano, Phys. Rev. 84 (1951) 1059(L)

Bolsterli and Feenberg, Phys. Rev. 97 (1955) 736

Bockelman, Braams, Browne, Buechner, Sharp, and Sperduto, Phys. Rev. 107 (1957) 176
Bostrom, Moore, and Morgan, Bull. Amer. Phys. Soc. 2 (1957) 104

Bockelman, and Buechner, Phys. Rev. 107 (1957) 1366

Boehm and Wapstra, Phys. Rev. 109 (1958) 456

Boley, Thorndike, and Moffet, Phys. Rev. 110 (1958) 915

Booth, Ball, and MacGregor, Phys. Rev. 112 (1958) 226

Booth, Hutchinson, Segar, Shute, and White, Nuclear Physics 11 (1959) 341
Bockelman, Nuclear Physics 13 (1959) 205

Bouchiat, Phys. Rev. Lett. 3 (1952} 516

Boehm and Hauser, Nuclear Physics 14 (1960) 615

Bouchiat, Phys. Rev. 118 (1960) 540 o .
Bormann, Jeremie, Andersson-Lindstrom, Neuert, and Pollehn, Z. Naturf. 15a (1960)
%()oowsher, Dell, and Hausman, Bull. Amer. Phys. Soc. 5 {1960) 406

Booth, Nuclear Physics 19 (1960) 426



208

Bo

Bo
o
Br
Br
Br
Br
Br
Br
Br
Br
Br

ir
br

Br

Br
Br
Br
Br
Br
Br

Br
Br
Br

61
6la
Gib
6lc
17
17a
4%
482
49
30
a6a
30bh
a0c
50d
Sl
33
33a
33b
342

r 54b

Jdc
35b
56bL
36¢

36§

61lb

P. M. ENDT AND C. VAN DER LEUN

Booth and Wright, Bull. Amer. Phys. Soc. 6 (1961) 37

Bouchiat, Proc. Rutherford Jubilee Conf., Manchester (1961)

Bobyr, Grona, and Strizhak, Zh. Eksp. Teor. Fiz. 41 (1961) 24

Boring and McEllistrem, Phys. Rev. 124 (1961) 1531

Brostrom, Huus, and Koch, Nature 160 (1947) 498(L)

Brostrém, Huus, and Tangen, Phys. Rev. 71 (1947) 661

Bradner and Gow, Phys. Rev. 74 (1948) 1559(A)

Brostrom, Huus, and Koch, Nature 162 (1948) 695(L)

Brolley, Sampson, and Mitchell, Phys. Rev. 76 (1949) 624

Brosi, Zeldes, and Ketelle, Phys. Rev. 79 (1950) 902(L)

Brown and Perez-Mendez, Phys. Rev. 78 (1950) 649

Bruner and Langer, Phys. Rev. 79 (1950) 606

Brady and Deutsch, Phys. Rev. 78 (1950) 558

Brown and Perez-Mendez, Phys. Rev. 78 (1950) 812(L)

Brostrom, Madsen, and Madsen, Phys. Rev. 83 (1951) 1265(L)

Braams and Smith, Phys. Rev. 90 (1953) 995(L)

Brown, Yaffe, and Hanna, Proc. Royal Soc. A 220 (1953) 203

Brabant, Cochran, and Caswell, Phys. Rev. 91 {1953) 210(A)

Breckon, Henrikson, Martin, and Foster, Canadian J. Phys. 32 (1954) 223
Browne, Zimmerman, and Buechner, Phys. Rev. 96 (1954) 725

Bretscher, Alderman, Elwyn, and Shull, Phys. Rev. 96 (1954) 103

Breen and Hertz, Phys. Rev. 98 (1955) 599

Braams, Phyvs. Rev. 101 (1956) 1764

Brugger, Evans, Joki, and Shankland, Phys. Rev. 104 (1956) 1054

Braid, Phys. Rev. 102 (1956) 1109

Braams, Thesis, Univ. of Utrecht (1956)

Braams, Phys. Rev. 103 (1956) 1310

Broude, Green, Singh, and Willmott (Liverpool Univ.), private communication (1956)
Broude, Green, Willmott, and Singh, Physica 22 (1956) 1139(A)

Bromlev, Gove, Litherland, Paul, and Almgvist, Canadian J. Phys. 35 (1957) 1042
Braams, Phys. Rev. 105 (1957) 1023

Bromlev, Gove. apd Litherland, Canadian J. Phys. 35 (1957) 1057

Brown, Morrison, Muirhead, and Morton, Phil. Mag. 2 (1957) 785

Brix, Hegel, Lindenberger, and Quitmann, Z. Physik 150 (1958) 461

Broude, Green, and Willmott, Proc. Phys. Soc. 72 (1958) 1097, 1115, and 1122
Brazos, Purdue Progress Report AECU-3696, June 15 (1958)

Brajovic, Miric, and Popic, Bull. Inst. nat. Sciences ““Boris Kidrich”” 8 (1958) 145
Broude, Green, and Willmott, Proc. of the Paris Conf., p. 724 (Dunod, Paris, 1959)
Browne, Phys. Rev. 114 (1959) 807

M. Brenner, Soc. Sci. Fennica Comm. Phys. Math. 23 (1959) No. 5

Bromley, Kuehner, and Almgvist, Phys. Rev. 115 (1959) 586

Browne, Nuclear Physics 12 (1959) 662

“rix, Koérding, and Lindenberger, Z. Physik 154 (1959) 569

Bromley, Ferguson, Gove, Kuehner, Litherland, Almgqvist, and Batchelor, Canadian J.
Phys. 37 (1959) 1514

Broude and Gove, Bull. Amer. Phys. Soc. 5 (1960) 248

Browne and Radzyminski, Nuclear Physics 19 (1960) 164

Broude and Gove, Proc. of the Kingston Conf., p. 471 (Univ. of Toronto Press, 1960)
Brugger, Niewndniczanski, and Steiger, Helv. Phys. Acta 33 (1960; 576

Bromley, Kueaner, and Almqvist, Phys. Rev. Lett. 4 (1960) 365

Bromley, Kuehner, and Almqvist, Proc. of the Kingsten Conf., p. 255 (Univ. of Toronto
Press, 1960}

Brabec and Vinduska, Czechoslov. J. Phys. 10 (1960) 614

Braid, Yntema, and Zeidman, Bull. Amer. Phys. Soc. 6 (1961) 37

Brenner, Hoogentoom, and Kashy, Phys. Rev., to be published

Broude and Gove, Proc. Phvs. Soc. 77 (1961) 1211(L)



Br

Br
Br
Br

Bu ¢

Bu
Bu
Bu

Bu

Bu
Bu
Bu
Bu
Bu
Bu
Bu
Bu

Bu
Bu
Bu
Bu
Bu
Bu
Bu
Bu
Bu

Ca
Ca
Ca
Ca
Ca

Ca :

Ca
Ca
Ca
Ca

Ca

Ca
Ca
Ca
Ce
Ch
Ch
Ch
Ch
Ch
Ch

Ch ;

Ch

Ch 5

Ch
Ch

glc

6ld
6le
61f

6la
61h
6lc

T W
©

[T
C B M W
w0

-

NI SN TRIAT S [ R
AN & o
T ® ®

U Gt T oo
@ 90 00 ~¥ =§ =
Y

ENERGY LEVELS OF LIGHT NUCLEIL 1l

204

Braben, Green, and Willmott, Proc. Rutherford Jubilee Conf., Manchester (1961), and

private communication

Broude and Gove, to be published

Brenner Helsinki Univ.), private communication

Brown, Evans, and Thouless, Nuclear Physics 24 (1961) 1

Burkig and Wright, Phys. Rev. 82 (1951) 451

Burch, Nature 172 (1953) 361(L)

Buechner, Sperduto, Browne, and Bockelman, Phys. Rev. 91 (1933) 1502
Budde and Huber, Helv. Phys. Axta 28 (1955) 49

Buechner, Proc. of the Glasgow Conf., p. 52 (Pergamon Press, London, 19553)
Buechner, Mazari, and Sperduto, Phys. Rev. 101 (1956) 188

Burge, Fujimoto, and Hossain, Phil. Mag. 1 (1956) 19

Burton and Williamson, Bull. Amer. Phys. Soc. 1 (1956) 264

Burrows, Green, Hinds, and Middleton, Proc. Phys. Soc. A 69 (1936) 310
Burtov and Danilyan, Izvest. Akad. Nauk, Ser. Fiz. 20 (1956) 941
Buechner and Sperduto, Phys. Rev. 106 (1957) 1008

Butler, Phys. Rev. 106 (1957) 272

Burcham, Encyclopedia of Physics, Springer Verlag, Berlin, 40 (1957) 1
Buechner and Mazari, Revista Mexicana de Fisica 7 (1958) 117

Burgov and Terekhov, Nuclear Physics 10 (1959) 541

Burmistrov, Izvest. Akad. Nauk, Ser. Fiz. 23 (1959) 898

Burmistrov, Atomnaya Energiya 7 (1959) 260; J. Nuclear Energyy §12A (1960) 133
Bussiére de Nercy and Langevin, J. Phys. Rad. 21 (1960) 293(A)
Bussiére de Nercy, Comptes Rendus 250 (1960) 1252

Bucka, Kopfermann, and Ney, Z. Physik 159 (1960) 49

Buck and Satchler, Bull. Amer. Phys. Soc. 6 (1961) 38

Butler, Phys. Rev. 123 (1961) 873

Butler and Santry, Bull. Amer. Phys. Soc. 6 (1961) 250

Bussiére de Nercy, J. Phys. Rad. 22 (1661) 119

Caccapuoti, Nuovo Cimento 15 (1938) 213
Casson, Phys. Rev. 89 {1953) 809
Cappeller and Klingelhéfer, Z. Naturf. 9a (1954) 1052 (L)
Carlson, Geer, and Nelson, Phys. Rev. 94 (1954) 1311
Calvert, Jaffe, Litherland, and Maslin, Proc. Phys. Soc. A 68 {1955) 1008
Calvert, Jaffe, and Maslin, Phys. Rev. 101 (1956) 501(L)
Calvert, Jaffe, and Maslin, Proc. Phys. Soc. A 70 (1957) 78
Carlson and Henton, Bull. Amer. Phys. Soc. 2 (1957) 358
Campion and Bartholomew, Canadian J. Phys. 35 (1957) 1361
Caine, Proc. Phys. Soc. 71 (1938) 939
Campion and Merritt, Canadian J. Phys. 36 (1958) 983(L)
Campbeil and Fettweis, Nuclear Physics 13 (1959) 92
Cali and Lowe, Nucleonics 17 (1959) No. 10, 86
Carroll and Stephens, Phys. Rev. 118 (1960, 1256
Cevolani, Petralia, Righini, Valdr¢, and Venturini, Nuovo Cimento 16 (1960) 450
Chang and Szalay, Proc. Royal Soc. A 159 {1937) 72
Charpak and Suzor, J. Phys. Rad. 11 (1950) 633
Charpak and Suzor, J. Phys. Rad. 15 (1954) 378(L)
Charpak, J. Phys. Rad. 16 (14553) 62
. Phvs, Rad, 16 (1955) 567
g:?(:ll:,al;:‘vins, X;Iancock, Hunt, and Pope, Proc. Phys. Soc. A 69 (1956) 624
Chidley, Katz, and Kowalski, Canadian J. Phvs. 36 (1938) 407
Chase, Thesis, stanford Univ. (1958)
Charpak and Suzer, J. Phys. Rad. 20 (1959) 31
Chevallier, Annales de Physique 4 (1959) 1389‘
Chrien, Jain, and Hughes, Bull. Amer. Phys. Soc. 5 (1960) 19



g

P, M. ENDT AND €. VAN DER LEUN

Ch %0a Chrien and Benade, Phys. Rev. 119 (1960; 743

Ci 38 Cichocki and Soltan, Comptes Rendus 207 (1938) $23(4)

Ci 60 Cindro and Wall, Phys. Rev. 119 (1969) 1340

i Goa Cindro, Cerineo, and Strzathkowsld, Nuclear Physics 21 (1960) 38
<1 81 Cindro, Cerinec, and Strzafkowski, Nuclear Physics 24 (1061 197
Cl 16 Clarke and Irvine, Phyvs. Rev. 69 (1946) 650(A)

Ci #6a  Clarke and Irvine. Phys. Rev. 76 (1946) 893

<1 51 Cleland, Townsend, and Hughes, Phys. Rev. 84 (1951) 293

CL 57 Clize and Chagnon, Phys Rev. 108 (1957) layd

Cil 37a  Cloutier and Henrikson, Canadian J. Phys. 35 (1957) 1159

CL o328 Cline and Chagnon, Bull. Amer. Phys Soc. 3 (1938; 206

e Clarke, Almqvist, and Paul, Nuclear ’hysnn B4 (1960; 472
Clo8a Clarke amd Cross, Bull. Amer. Phys. Soc. 5 (1960 2435

¢l duic Class, Farmer, and Cramer. s qaotedm“egner and Hall, Phvs. Eev. 119 106 4
04 Cork anc Middletor, Phyvs. Rev. 58 (1440 -!wi:L\

ﬂ"

LR 23 Cork. Langer. and Price, Phys. Rev. 74 (1948

Co 3a Cobble and Atteberrv, Phes. Rev. 8§ (1950 QINU

Joo 31z Coigate, Phvs. Rev. 81 (1651 1063(L)

A <ok, LeBlane, Brice, and Nester, Phvs. Rev. 92 11933, 367

SO ) <o Ez'z Fhys, Rev. 941954 117

Too34a O . Revaoolds, and Zucker. Phvs. Rev. 96 11934y 1617

SIS 1) C IX. ‘em Loef, and Lind, Phvs. Rev. 93 1454) 9250

20 33e Cohn, Barr, Biagton, and Willard, Phys. Rev. 9801853 644 (A, amd verbal repe 1 -
Noudiear Deta Group

< <oben, thvs, Rev 98 149530 449

Do Dolemmaz, thal Maz 46019857 LI3SL,

(] open and White, Nuclear Phyvsins 1019560 73

i
‘

T ooy and Guthe, Phys, Rev. 137 1937 181

Consars, Thus, Rev, 19501997 1324

xoazd Withiamsoen, Phes, Rev 105 1957 1799

Jenmer s Fareweather, Proc. Phvs, Socs A T8 1957 TothLl and $us
Dokl owmd Facchm, Nuovo Clmento 301957 304

-hes, Ix 149 1438 12438

Fewthauser, and Nicodemus, Phyvs. Rev, 1R 1958 354

o,
B

e

rrgnaneil, Ryvez, and Zurmdhie, Nuove Cimento € 1958 284
I Ralan, Phvs, Rev, 114 1959 1143
1, Bleuier aod fend;xm, Pavs, Rev 116 :195%) 1is4

veipar Micheletn. and Pignopeili,. Nuove Cimesoo B4 0198 112w

w.thl

Michelets, apd Pignanelli, Nuovo Chmento B 1954 31
mm:, Mikome, Fapa, and Rinsivile, Nuove Cimento 14 1958 3¢

nd Curten, Science £29 1953 1360

b, Funsten. Willlamsen, and Hererord, Bud, Amer. Phys. Soc. 7 14964y 283

rzari, Sond, and Topelind, Nuovo Cimentge 16 1964 9ui

. Marcazzap, Merzar, Sona, and Soma, Nuove Ciments BT 19600 634
o, ‘»ns sefettl. and Penanelll, Nuove Clmento 26 1961 94
URSen, Nug X'ﬂni" Phasics 24 Tugl 309

and Tomas, Nuvve Cimento 28 1361 938

I Jurton, Mhvs, Rew 57 Luddy 3674
s Kev. 99 19330 6210y
1436 14Ty
o Hev 103014560 342
s

=i, Baeheri, mai Newson, Bull. Amer. Phos, Soc, 2 BT 33

é
=T Tweagrave. and Nummons, Bull, Amer. Phes, Soc. 3 1958y 336

i_u...nun. torn Muarcazzan, Sona, and Pignanells, Ngove Cimenta T 193 s

*

13



Cr
Cr
Cr

Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu

Da
Da
Da

Da
Da

59
60
60a
61
39
40
56
59
60
60a
60b
61
6la

49
49a
53
o4
dda
H6a

a 56¢

56d
57
57a
58
59
H9%a
39b
60
60a
60b
6la
61b

> 52

» 53

33a
53b
35
56
57
57a
57b
58
58a

58b
58¢c
59

H9a
60

60a
60c
81

6la
81b
61lc

ENERGY LEVELS OF LIGHT NUCLEIL I 301

Cross and Clarke, Bull. Amer. Phys. Soc. 4 (1959) 258

Cross and Jarvis, Nuclear Physics 15 (1960) 155

Crut, Sweetman, and Wall, Nuclear Physics 17 (1960) 655

Csongor, Nuclear Physics 23 (1961) 107

Curran and Strothers, Proc. Royal Soc. A 172 (1939) 72

Curran, Dee, and Strothers, Proc. Royal Soc. A 174 (1940) 546

Culler, Fernbach, and Sherman, Phys. Rev. 101 (1956) 1047
Cujec-Dobovisek, Proc. of the Paris Conf., p. 634 (Dunod, Daris, 1959)
Cuzzocrea, Pappalardo, and Ricamo, Nuovo Cimento 16 (1960) 450
Cuperman, Phys, Rev. 117 (1960) 185

Cuzzocrea, Notarrigo, Ricamo, and Vinci, Nuovo Cimento 18 (1960) 671
Cuzzocrea, Notarrigo, and Vinciguerra, Nuovo Cimento 19 suppl. (1961) 310(A)
Cuzzocrea and Pappalardo, Nuovo Cimento 19 suppl. (1961) 311(A)

Davison, Buchanan, and Pollard, Phys. Rev. 76 (1949) 890
Davison, Phys. Rev. 75 (1949) 757
Daniel, Koester, and Mayer-Kuckuk, Z. Naturf. 8a (1953) 447(L)
Dayton, Puvs. Rev. 95 (1954) 754
Daniel and Bothe, Z. Naturf. 9a (1954) 402
Dayton and Schrank, Phys. Rev. 101 (1956) 1358
Day, Phys. Rev. 182 (1956) 767
Dawson, Canadian J. Phys. 34 (1956) 1480
Dalton, Hinds, and Parry, Proc. Phys. Soc. A 7€ (1957) 586
Davis, Prosser, Spencer, Young, and Johnson, Bull. Amer. Phys. Soc. 2 (1957) 304
Daniel, Nuclear Physics 8 (1958) 191
Davis and Harmer, Bull. Amer. Phvs. Soc. 4 (1959) 217
Davis, Bull. Amer. Phys. Soc. 4 (1959) 387
Dalton, Parry, and Scott, Proc. Phys. Soc. 73 (1959) 677 (L)
Davis, Bass, Bonner, and Worley, Bull. Amer. Phys. Soc. 5 (1760) 110
Daniel and Eakins, Phys. Rev. 117 (1960) 1565
Dahl, Costello, and Walters, Nuclear Physics 21 (1960) 106
Daum, Bull. Amer. Phvs. Soc. 6 (1961) 259 and private communication
Davis, Bonner, Worley, and Bass, to be published
De Vries, Clay, and Veringa, Physica 18 (1952) 1264
Delaney and Poole, Phys. Rev. 89 (1953) 529 (L)
De-Shalit, Phvs. Rev. 91 (1953) 1479
De-Shalit and Goldhaber, Phys. Rev. 92 (1953) 1211
De Souza Santos et al., Geneva Conference Report 8/P/897 (1955)
Dearnaley, Phil. Mag. 1 (1956) 821
De Veiga Simio and Sellschop, Phys. Rev. 106 (1957) 98
Deutsch, Gittelman, Bauer, Grodzins, and Sunyar, Phys. Rev. 107 (1957) 1733(L)
De Waard and Poppema, Physica 23 (1957) 597(L)
Delyagin and Shpinel, Dokl. Akad. Nauk 121 (1958) 621; “Doklady” 3 (1958) 789
De Veiga Simio, Proc. Second Internat. Conf. Peaceful Uses of Atomic Energy, Geneva
(1958), Paper No. 1813
Delyagin and Shpinel, Izvest. Akad. Nauk, Ser. Fiz. 22 (1958) 861
Deconninck and Martegani, Bull. classe sci. Acad. rov. Belg. 44 (195¢&) 851
De S. Barros, Forsyth, Jaffe, and Taylor, Proc. Phys. Soc. 73 (1959) 513(L)
De S. Barros, Forsyth, Jatfe, and Taylor, Proc. Phys. Soc. 73 (1959) 793
Deuchars and Dandy, Proc. Phys. Soc. 75 (1960) 855
Depraz, Legros, and Salin, J. Phys. Rad. 21 (1960; 377(A)
Dell’ Antonio and Fiorini, Nuovo Cimento 17 suppl. (1960) 132
Dell, Jastram, and Hausman, Bull. Amer. Phys. Soc. 6 (1961) 93
- it. Nuclear Phvsics 22 (1961) 677
gz gwl\;ar,ros, Forsyth; Jaffe, and Taylor, Proc. Phys. Soc. 77 (1961) 853
Deuchars and Dandy, Proc. Phys. Soc. 77 (1961) 1197



302 P. M. ENDT AND C. VAN DER LEUN

De 61d Dearnaley and Ferguson, Proc. Rutherford Jubilee Conf., Manchester (1961)

Di 50 Diven and Almy, Phys. Rev. 80 (1950) 407

Di 55 Dixon, McNair, and Curran, J. Phys. Rad. 16 (1955) 538

Di 5% Dickerman, Phys. Rev. 109 (1958) 443

Di 61 Dixon and Aitken, Nuclear Physics 24 (1961) 456

Do 53  Donahue, Jones, McEllistrem, and Richards, Phys. Rev. 8% (1953) 824

Do 56  Doyle and Robbins, Phys. Rev. 101 (1956) 1056

Do 562 Dolan, Fincher, Kenny, Berko, and Whitehead, Bull. Amer. Phys. Soc. 1 (1956) 339

Do 59  Dobrokhotov, Lazarenko, and Luk’yanov, Zh. Eksp. Teor. Fiz. 36 (1959) 76; JETI 9
(1959) 54

Do 60  Doehring, Jahr, and Schmidt-Rohr, Z. Physik 159 (1960) 149

Do 80a Dosch, Lindenberger, and Brix, Nuclear Physics 18 (1960) 615

Dr 55 Drever and Moljk, Phil. Mag. 46 (1955) 1337

Dr 56 Dropesky and Schardt, Phys. Rev. 102 (1956) 426

Dr €0 Draper and Bostrom, Bull. Amer. Phys. Soc. 5 (1960) 17, and verbal report to Nuclear
Data Group

Dr 61 Draper and Fleischer, Phys. Rev. 122 (1961) 1585

Du 57 Dulgeroff, Lambe, and Pond, Bull. Amer. Phys. Soc. 2 (1957) 348

Du 60  Durand, Landovitz, and Marr, Phys. Rev. Lett. 4 (1960) 620

Du 81  Du Toit and Bollinger, Phys. Rev. 123 (1961) 629

Du 3la Duquesne, Annales de Physique 6 (1961) 643

Dz 46 Dzelepov, Kopjova, and Vorobjov, Phys. Rev. 69 (1946) 538(L)

Ec 61 Eckert and Shrader, Phys. Rev. 124 (1961) 1541

Ed 52  Edwards and MacMillan, Phys. Rev. 87 (1952) 377(L)

Ed 60  Edakova, Neuchadin, and Romanovskii, Zh. Eksp. Teor. Fiz. 38 (1960) 248(L); JETD
11 (1960) 180(L).

Ei 56 Eisberg and Hintz, Phvs. Rev. 103 (1956) 645

Ek 43  Eklund and Hole, Arkiv Mat. Astron. Fys. 29A (1943) No. 26

Ek 58 Eklund and Bent, Phys. Rev. 112 (1958) 966

Ek 60  Eklund, Columbia Univ. Report CU(PNPL)-196 (1960)

El 41 Elliot and King, Phys. Rev. 60 (1941) 489

El 52  Elliot, Phys. Rev. 85 (1952) 942(L)

El 54 Eibek, Nielsen, and Nielsen, Phys. Rev. 95 (1954) 96

El 55 Elbek, Madsen, and Nathan, Phil. Mag. 46 (1955) 663

El 552 El Bedewi and El Wahab, Proc. Phys. Soc. A 68 (1955) 754

El 56 Elliot, Phys. Rev. 101 (1956) 684

El 56a  El Wahab, Thesis, Univ. of Alexandria (1956)

El 57 El Bedewi and Ei Wahab, Nuclear Physics 3 (1957) 385

El 58 Elwyn, Landon, Oleksa, and Glasoe, Phys. Rev. 112 (1958) 1200
El 59

Elliot and Young, Nuclear Sci. and Eng. 5 (1959) 55
El 60 El Nadi and "Wafik, Proc. Phys. Soc. 76 (1660) 185
Ll 60b  Elwyn and Lane Bull. Amer. Phys. Soc. 5 (1960) 410
El 60c  El Bedewi and El Wahab, Nucle r Physics 21 (1960) 49
Emmerich, Singer, and Kurbatov, Phys. Rev. 94 (1954) 113
Em 55 Emery and Veall, Proc. Phys. Soc. A 68 (1955) 346(L)
Emma, Milone, Rinzivillo, and Rubbino, Nuovo Cimento 14 (1959) 62
Emma, Milone, and Rinzivillo, Nuovo Cimento 14 (1959) 1149
> Endt, Van Patter, Buechner, and Sperduto, Phys. Rev. 83 (1951) 491
En 51b  Ennis, Phys. Rev. 82 (1951) 304(A)
I'En 5 Endt, Haffner, and Van Patter, Phys. Rev. 86 {1952) 518
En 5 Enge, Buechner, and Sperduto, Phys. Rev. 88 (1952) 963
En 5 Endt, Enge, Haffner, and Buechner, Phys. Rev. 87 (1952) 27
En 5 Engelder, Phys. Rev. 90 (1953) 259
En 54  Enge, Phys. Rev. 94 (1954) 730(L)
En 54a Endt and Kluyver, Revs. Mod. Phys. 26 (1954) 95



ENERGY LEVELS OF LIGHT NUCLEIL. III 303

En 54b Enge, Universitetet i Bergen Arbok Naturvitenkapelig Rekke (1954) No. 1

En 64c  Endt, Kluyver, and Van der Leun, Physica 20 (1954) 1299

En 56  Enge, Angleman, and Jarrell, M.I.T., Labcratory for Nuclear Science Progress Report,
May 31 (1955) 118

En 56a Enge, Buechner, Sperduto, and Mazari, Bull. Amer. Phys. Soc. 1 (1956) 212

En 56c Endt, Paris, Sperduto, and Buechiner, Phys. Rev. 103 (1956) 961

En 57  Endt and Braams, Revs. Mod. Phys. 29 (1957) 683

En 57a Endt and Paris, Phys. Rev. 106 (1957) 764

En 57d Enge, M.I.T., Laboratory for Nuclear Science Progress Report, Nov. 30 (1956) 47

En 58 Endt and Paris, Phys. Rev. 110 (1958) 89

En 58a Enge, Moore, and Kelly, Bull. Amer. Phys. Soc. 3 (1958) 210

En 59 Enge, Irwin, and Weaner, Phys. Rev. 115 (1959) 949

En 60  Endt and Heyligers, Physica 26 (1960) 230

Er 57 Erdos, Scherrer, and Stoll, Helv. Phys. Acta 30 (1957) 639

Es 56 Estulin, Popov, and Chukreev, Zh. Eksp. Teor. Fiz. 30 (1956) 1052; JETP 3 (1957) 866

Eu 58 Eubank, Peck, and Hassler, Nuclear Physics 9 (1958) 273

Ev 60  Everling, Konig, Mattauch, and Wapstra, Nuclear Physics 18 (1960) 529

Ev 61 Everling, Kénig, Mattauch, and Wapstra, Nuclear Physics 25 (1961) 177, and private
communication

Ev 6la Everling, Kénig, Mattauch, and Wapstra, ‘1960 Nuclear Data Tables, Part 1", Report
of the Nuclear Data Project, U.S. Government Printing Office, Washington 23 D.C.
(1961)

Fa 35 Fahlenbrach, Z. Physik 96 (1935) 503

¥a 50 Faust, Phys. Rev. 78 (1950) 624(L)

Fa 57 Farwell and Robison, Cyclotron Res., Univ. of Washington, Annual Progress Report
(1937)

Fa 59 Farinelli, Ferrero, Ferroni, Malvano, and Silva, Nuovo Cimento 12 (1959) 89

Fa 60 Tast, Flournoy, Tickle, and Whitehead, Phys. Rev. 118 (1960) 535

Fe 52 Feldman and Wu, Phys. Rev. 87 (1952) 1091

Fe 53 Ferguson and Gove, Phys. Rev. Y1 (1953) 439(A)

Fe 54 Ferguson, Halpern, Nathans, and Yergin, Phys. Rev. 95 (1954) T76

Fe 54a TFeuvrais and Yuasa, Comptes Rendus 239 (1954) 1627

Fe 55 Feenberg, Phys. Rev. 99 (1955) 71

TFe 58 Ferrero, Malvano, Menardi, and Terracini, Nuclear Physics 9 (1958, 32

Fe 58a  Ferguson, Phys. Rev. 112 (1958) 1238

Fe 59 Ferguson and Paul, Nuclear Physics 12 (1955) 426

e 59a  Ferrero, Ferroni, Malvano, Menardi, and Silva, Nuovo Cimento 11 (1959) 410

Fe 60 Ferrero, Ferroni, Malvano, Menardi, and Silva, Nuclear Physics 15 (1960) 436

Fe 60a Ferguson, Grace, and Newton, Nuclear Physics 17 (1960} 1

Fi 51 Fields and Walt, Phys. Rev. 83 (1951) 479(L)

Fi 54 Fischer, Phys. Rev. 96 (1954) 704

Fi 87 Fisher and Shute, Phil. Mag. 2 (1957) 1255

Fi 58 Fischer, Fischer, Remiler, and Tatcher, Phys. Rev. 110 (1958) 28/(L)

Fi 58a  Fisher, Hadley, and Speers, Phil. Mag. 3 (1958) 163

F1 49 Floyd and Borst, Phys. Rev. 75 (1949) 1106(L)

F1 54 Flack, Rutherglen, and Grant, Proc. Phys. Soc. A 67 (1954) 973

Fo 52 Folkierski, Proc. Phys. Soc. A 65 (1952) 1006

Fo 54 Fowler, Proc. Phys. Soc. A 67 (1954) 1005(L)

Fo 60 Forsyth, De S. Barros, Jaffe, Taylor, and Ramavataram, Proc. Phys. Soc. 75 (1960) 291

Fo 60a TFoster, Weaver, and Voigt, Iowa State Univ. Report 15-184 (1960)

Fo 60b Fogelstrom-Fineman and Westermark, Acta Chem. Scand. 14 (1960) 2046

Fo 61  Forkman, Nuclear Physics 23 (1961) 269

Fr 50b Freeman, Proc. Phys. Soc. A 63 (1950} 663(L)

Fr 51 Freeman and Seed, Proc. Phys. Soc. A 64 (1951) 313(L)

Fr 54 Freemantle, Prowse, Hossain, and Rotblat, Phys. Rev. 96 (1954) 1270



304

Fr 55
Fr 57
Fr 58
Fr 58a
Fr 59
Fr 61

Fu 38
Fu 51
Fu 54
Fu 58
Fu 60

Ga 53
Ga 353a
Ga 57
Ga 58
Ga 59
Ga 60b
Ga 61
Ga 6la
Ga 61b
Ge 55

Ge 5%a
Ge 58a
Ge 58b
Ge 59
Ge 60
Ge 602
Gi 44
Gi 57
Gi 59
Gl 47
Gl 55
Gl 56
G 57
Gl 61
Gl 6la
Gl 61h
Gl 6lc
G! 6le
Go 5la
Go 51b
Go 3lc
Go 53
Go 54
‘0 b4
Go 54b
Go 54c
Go 55
Go 56

Go 56a.
Go 560
Go 56¢

P. M. ENDT AND €. VAN DER LEUN

French and Raz, Pays. Rev. 98 (19535) 1523(L)

Frauenfelder, Hanson, Levine, Rossi, and DePasquali, Phys. Rev. 107 (1957) 643(L)
Freier, Famularo, Zipoy, and Leigh, Phys. Rev. 110 (1958) 446

Freeman and Montague, Nuclear Physics 9 (1958) 181

Fricke, Kooiermann, Penselin, and Schliipmann, Z. Physik 156 (1959) 416

Freindl, Niewodniczans.i, Nurzynski, Slapa and Strzatkowski, Proc. Rutherford Jubilee
Conf., Manchester (1961)

Finfer, Annalen der Physik 32 (1938) 313

Fulbright and Milton, Phys. Rev. 82 (1951) 274(L)

Fujimotc, Kikuchi, and Yoshida, Prog. in Theor. Phys. 11 (1954) 264

Fulmer and Cohen, Phys. Rev. 112 (1958) 1672

Fulmer and Geodman, Phys. Rev. 117 (1960) 1339

Galonsky, Haeberli, Goldberg, and Douglas, Phys. Rev. 91 (1952) 439(A)
Garrett, Hereford, and Sloope, Phys. Rev. 92 (1953) 1507

Gapanov and Popov, Nuclear Physics 4 (1957) 453

Gailar, Bleuler, and Tendam, Phys. Rev. 112 (1958) 1989

Gaehler, Knipp, and Milne, Bull. Amer. Phys. Soc. 4 (1959) 366
Gabbard, Huffaker, and Kern, Bull. Amer. Phys. Soc. 5 (1960) 442
Gabbard and Loomis, Bull. Amer. Phys. Soc. 6 (1961) 375

Galster, Z. Physik 161 (1961) 46

Gardner and Gugelot, Proc. Rutherford Jubilee Conf., Manchester (1961)
Gerber, Garcia Mufioz, and Maeder, Helv. Phys. Acta 28 (1955) 478(A); Phys. Rev.
101 (1956) 774

Gerstein, Niederer, and Strauch, Bull. Amer. Phys. Soc. 1 (1956) 192
Gerhart, Phys. Rev. 109 (1958) 897

Geiger, Ewan, Graham, and MacKenzie, Phys. Rev. 112 (1958) 1684
Gemmel, Morton, and Smith, Nuclear Physics 10 (1959) 45

Geshkenbein, Zh. Eksp. Teor. Fiz. 38 (1960) 1341; JETP 11 (1$60) 965
Geller, Halpern, and Muirhead, Phys. Rev. 118 (1960) 1302

Gibert, Roggen, and Rossel, Helv. Phys. Acta 17 (1944) 97

Gibson, Prowse, and Rotblat, Proc. Royal Soc. A 243 (1957) 237
Gibbons and Macklin, Phys. Rev, 114 (1959) 571

Gleditsch and Graf, Phys. Rev. 72 (1947) 640(L)

Glass and Richardson, Phys. Rev. 98 (1955) 1251

Glauber and Martin, Phys. Rev. 104 (1956) 158

Glassgold and Kellogg, Phys. Rev. 107 (1957) 1372

Glover and Weigold, Nue ear Physics 24 (1961) 630

Glaudemans and Endt, Nuclear Physics 30 (1962) 30

Glaudemans (Utrecht Univ.). private communication (1961)

Glagolev and Yampolsky, Zh. Eksp. Teor. Fiz. 40 (1961) 743; JETP 13 (1961) 520
Glendenning, Nilsson, and Sawicki, Proc. Rutherford Jubilee Conf., Manchester (1961)
Good, Phys. Rev. 81 (1951) 891(L)

Good, Phys. Rev. 81 (1951) 1058/L)

Good, Phys. Rev. 83 (1951) 1054(L)

Goldberg, Phys. Rev. 89 (1953) 760

Gove, Paul, Bartholomew, and Litheriand, Phys. Rev. 94 (1954) 742A)
Goldemberg and Katz, Canadian J. Phys. 32 (1954) 49 '
Goodrick and Payne Phys. Rev. 94 ( 1954) 405

Goldberg, Haeberli, Galonsky, and Douglas, Phys. Rev. 93 (1954) 799
Gorodetzky, Muller, and Port, Comptes Rendus 240 (1955) 1704 and 2224

&c;ve, Bartholomew, Paul, and Litherland, Nuclear Physics 2 (1956) 132 and 3 (1957)

Goldstein and Talmi, Phys. Rev. 102 (1956) 589(L)
Goldhammer, Phys. Rev. 101 (1956) 1375

Gol'danskii, Zh. Eksp. Teor. Fiz. 30 (1956) 969(L); JETP 3 (3956) 791(L)



-

Go
Go
Go
Go
Go

Go
Go

Go

Go
Go
Go

Go
Go
Go
Gr

Gr
Gr

Gr 5

Gr
Gr

Gr

Gr

Gr

Gr
Gr
Gr

ar

57

57b
87¢
57d
58

58a
58d
58e
581

58g

60

60a
60c
604
602
60f

61
61a
61b

55¢
53d
53¢
551
o6

56b
56¢
56e
57

57a
57b
87c

58a
58b

58c

58d
59
60
60a

ENERGY LEVELS OF LIGHT NUCLEIL III 305

Gove, Litherland, and Paul, Bull. Amer. Phys. Soc. 2 (1957) 178

Gove (Chalk River), private communication (1957)

Goldstein and Talmi, Phys. Rev. 105 (1957) 995

Gove and Litherland, Phys. Rev. 107 (1957) 1458(L)

Gorodetzky, Muller, Port, and Bergdolt, J. Phys. Rad. 19 (1958) 49

Good, Neiler, and Gibbons, Phys. Rev. 109 (1958} 926

Goldemberg and Marquez, Nuclear Physics 7 (1958) 202

Gove, Litherland, Almqvist, and Bromley, Phys. Rev. 111 (1958) 608

Gove, Kuehner, Litherland, Almqvist, Bromley, Ferguson, Rose, Bastide, Brooks, and
Connor, Phys, Rev. Lett. 1 (1958) 251

g_;’:OdetZk}" Chevallier, Armbruster, Gallmann, and Sutter, Nuclear Physics 7 (1958)
Golden, Zaffarano. and Martin, Bull, Amer. Phys. Soc. 5 (1960, 57
Gonzales-Vidal, Conzett, and Wade, Bull. Amer. Phys. Soc. 5 11960) 230
Gove, Proc. of the Kingston Conf., p. 438 (Univ. of Torontc Press, 1960)
Gove and Broude, Bull. Amer. Phys. Soc. 5 (1960) 473
Gonzales-Vidal :nd Wade, Phys. Rev. 120 ( 1960} 1354
Gorodetzky, Richert, Manquenouille, and Knipper, Comptes Rendus 251 (1960) 944,
and private communication
Gofman and Nemets, Zh. Eksp. Teor. Fiz, 40 (19€1) 477; JETP 13 (1961) 333
Gove, private communication, as quoted in Ro 61
Gove, Litherland, and Batchelor, Nuclear Physics 26 (1961) 480
Graves and Coon, Phys. Rev. 70 (1946) 101(A)
Graf, Phys. Rev. 74 (1948 831(L)
Greenlees, Kempton, and Rhederick, Nature 164 (1949) 663(L)
Srant, Proc. Phys. Soc. A 63 (1950) 1298
Gross and Hamilton, Phys. Rev. 80 (1950) 484(L)
Grosskreutz and Mather, Phys. Rev. 77 (1950) 580
Grove and Cooper, Phys. Rev. 82 (1951) 505
Green, Harris, and Cooper, Fhys. Rev. 96 (1954) 817(A)
Greenlees, Proc. I'hys. Soc. A 68 (1955) 97
Groshev, Adyasevich, and Demidov, Proc. Internat. Conf. {Geneva, 1955) on Peaceful
Uses of Atomic Euergy 2 (1956) 39
Green, Singh, and Willmott, Phil. Mag. 46 (1955) 982
Griffith, Phys. Rev. 98 (1953) 579
Grant, Rutherglen, Flack, and Hutchinson, Proc. Phys. Soc. A 68 (1955) 369
Green, Thesis, Univ. of Liverpool (1955)
Green and Richardson, Phys. Rev. 101 (1956) 776
Greenberg and Deutsch, Phys. Rev. 102 (1956) 415
Grayson and Nordheim, Phys. Rev. 102 (1956) 1093
Green, Singh, and Willmott, Proc. Phys. Soc. A 69 (1956) 335
Graetzer and Robbins, Phys. Rev. 105 (1957) 1570
Green, Wiseman, and Milne, Bull. Amer. Phys. Soc. 2 (1957) 377
Greenlees, Haywood, Kuo and Petravi¢, Proc. Phys. Soc. A 70 (1957) 331
Groshev, Demidov, Lutsenko, and Pelekhov, Atomnaya Energiya 3 {(195%) 187: Sov,
J. At. Energy 3 (1957) 969
Greenlees, Kuo, Lowe, aad Petravié, Proc. Phys. Soc. 71 (1958) 347
Groshev, Demidov, Lutsenko, and Pelekhov, Proc. Second Intern. Conf. Peaceful Uses
of Atomic Energy, Geneva 15 (1958) 138 S
Groshev, Demidov, Lutsenko, and Pelekhov, “Atlas spektrov y-luchei ra:hatsmnnogo
zakhvata teplovykh neitronov” (Moskva, 1958); ““Atlas of Gamm_a-Ray Spectra from
Radiative Capture of Thermal Neutrons”’ (London, Pergamon, 1959)
Grosof, Buck, Lichten, and Rabi, Phys. Rev. Lett. 1 (1958) 214 . i
Greenlees, Kuo, and Petravi¢, Proc. of the I’a(;risl(;()mf., p. 438 (Dunod, Paris, 195Y)
1 Lowe, Proc. hys. Soc. 76 (1960) 14
g;:;:f;ﬁsg::nidov, and Lutsenko, Izvest. Akad. Nauk, Ser. Fiz. 24 (1960) 833



306 P. M. ENDT AND C. VAN DER LEUN

Gr 61 Gritebler and Rossel, Helv. Phvs. Acta 34 (1961) 473(A)

Gr 6la  Greenlees, Lilley, Rowe, and Hodgson, Nuclear Physics 24 (1961) 334

Gr 61b  Green, Willmott, and Kaye, Nuclear Physics 25 (1951) 278

Gu 52  Gugelot, Phys. Rev. 87 (1952) 525(L)

Gu 53  Guernsey and Goodman, Phys. Rev. 92 (1953} 323

Gu 534  Gugelot, Phys. Rev. 93 (1954) 425

Gu 56  Gugelot and Rickey, Phys. Rev. 101 (1956) 1613(L)

Gu 38  Gudden and Eichler, Z. Physik 150 (1958) 436

Gu 538a Gustova, Dzhelepov, Ermolov, and Chubinskii, Izvest. Akad. Nauk, Ser. Fiz. 22
{1938) 211

Gu 38b Gueben and Govaerts, Inst. interuniv. sci. nucléaires (Bruxelles), Monographie No. 2
(1958)

Ha 30a Haslam, Katz, Moody, and Skarsgard, Phys. Rev. 80 (1950) 318
Ha Hanscome and Malich, Phys. Rev. 82 (1951) 304(A)
Ha 51a Hailg, Helv. Phys. Acta 24 (1951) 641(A)

41}
oty

Ha 51b Halpern and Mann, Phys. Rev. 83 (1951) 370

Ha 52 Hausman, Allen, Arthur, Bender, and McDole, Phys. Rev. 88 (1952) 1296

Ha 52a Haslam, Summers-Gill, and Crosby, Canadian J. Phys. 30 (1952) 257

Ha 52¢ Harvey, Phys. Rev. 88 (1952) 162(A)

Ha 524 Haskins, Duval, Cheng, and Kurbatov, Phys. Rev. 88 (1952) 876

Ha 33  Haeberli, Galonsky, Goldberg, and Douglas, Phys. Rev. 91 (1953) 438(A)

Ha 53a Hamilton, Lemonick, and Pipkin, Thys. Rev. 92 (1953) 1191

Ha 53b Hansen, Kiehn, and Goodman, Phys. Rev. Y2 (1953) 652

Ha 534  Halpern, Nathans, and Yergin, Phys. Rev. 95 (1934) 1529

Ha 34a Haslam, Roberts, and Robb, Canadian J. Phys. 32 (1954) 361

Ha 355 Hattori, Hisatake, Mikumo, and Momata, J. Phys. Soc. Japan 10 (1955) 242

Ha 35a Haeberli, Phys. Rev. 99 {1953) 640(A)

Ha 55b Handley and Lvon, Phys. Rev. 99 (1955) 755

Ha 33¢ Hancock and Verdaguer, Proc. Phys. Soc. A 68 (1955) 1080(L.)

Ha 56 Hausman, Monahan, Mooring, and Raboy, Bull. Amer. Phys. Sac. 1 {1936) 56, and
verbal report to Nuclear Data Group

Ha 36b Hahn, Ravenhall, and Hofstadter, Phys. Rev. 101 (1956) 1131

Ha 36c Hafiner, Phys. Rev. 103 (1956) 1398

Ha 364 Handier and Richardson, Phys. Rev. 102 (1956) 833

Ha 36e Hassler, Steigert, and Pieper, Bull. Amer. Phys. Soc. 1 (1956) 280
Ha 57a Haling, Peck, and Eubank, Phys. Rev. 106 (1957) 971

Ha 33b Harrwig and Schopper, Z. Physik 152 (1958) 314

Ha 538¢ Hamilton. Langer, and Smith, Phyvs. Rev. 112 (1958) 2010

Ha 38a Hassler, Zatzick, and Eubank, Bull. Amer. Phys. Soc. 4 (1959) 321
Ha 59 Hashimoto and Alford, Phys. Rev. 116 (1959) 981

Ha 59d Hartwig and Schopper, Bull. Amer. Phvs. Soc. 4 {1959) 77

Ha 60a Hamburger, Phys. Rev. 118 (1960) 1271

Ha 60b Hausman, Dell. and Bowsher, Phys. Rev. 118 (1960) 1237

Ha 60c Hamburger and Blair, I bvs. Rev. 119 (1960) 777

Ha 61 Hassler, Bull. Amer. Phvs. Soc. 6 (1961) 61

Ha 61a Hamburger, Cohen, and Price, Phys. Rev. 121 (1961) 1143

Ha 61b Harris and McCullen, Bull. Amer. Phys. Soc. 6 (1961) 224

Ha 6lc Hazewindus {Delft Technol. Univ.), private communication (1961)
He 37a Henderson, Ridenour, White, and Henderson, Phys. Rev. 51 (1937) 110%(L)
He 39 Henderson and Doran, Phys. Rev. 56 (1939) 123(L)

He 43 Hendricks, Bryner, Thomas, and Ivie, J. Phys. Chem. 47 (1943) 469
He 47  Heitler, Mav, and Powell, Proc. Royal Sac. A 190 (1947) 180

He 48  Hein and Voigt, Phys. Rev. 74 (1948) 1265(A)

He 51 Heller, Sturcken, and Weber, Phys. Rev. 83 (1951) 848(L)

He 52 Hedgran and Lind, Arkiv {. Fysik 5 (1952) 177



He

He
He
He
Hi
Hi

Hi
Hi
Hi

Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi
Hi

Hi
Hi
Hi

Hi
Hi
Hi
Hi
Hi
10
Hi
Hi
Hi
Hi
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho

54
54b
56
67a
61
45
47

i 52a

54
54a
55

i 56b

57b
58

58a
58b
58¢c
58d
59

59a
59b
60b
60c
60d
60e
60f

601
60k
601

61
6la
61b
6lc
61d
6le
61f
61g
61h
61i
40
46
49
50
50b
53
53a
53b
53¢
53d
53¢
58b
58c
59
59a

ENERGY LEVELS OF LIGHT NUCLEIL 111 307

Heintze, Z, Naturf. 93 (1954) 469

Heydenburg and Temmer, Phys. Rev. 94 (1954) 1252

Helm, Phys. Rev. 104 (1956) 1466

Henshaw, Phys. Rev. 105 (1957) 976

Heyligers (Utrecht Univ.), private communication (1961)

Hibdon, Pool, and Kurbatov, Phys. Rev. 67 (1945) 289

Hirzel and Wiffler, Helv. Phys. Acta 20 (1947) 373

Hintz and Ramsey, Phys. Rev. 88 (1952) 19

Hitchcock, Phil. Mag. 45 (1954) 379 and 385

Hird, Whitehead, Butler, and Collie, Phys. Rev. 96 (1954) 702

Hintz, Phys. Rev. 100 (1955) 1794(A)

Hinds and Middleton, Proc. Phys. Soc. A 69 (1956) 347(L)

Hinds, Middleton, and Parry, Proc. Phys. Soc. A 70 (1957) 900(L)
Hinds, Middleton, and Parry, Proc. Phys. Soc. 71 (1958) 49

Hill, Phys. Rev. 109 (1958) 2105

Hirao, Okada, Miura, and Wakatsuki, J. Phys. Soc. Japan 13 (1958) 233
Hill and Blair, Phys. Rev. 111 (1958) 1142

Hird, Cookson, and Bokhari, Proc. Phys. Soc. 72 (1958) 489

Hibdon, Phys. Rev. 114 (1959) 179

Hinds and Middleton, Proc. Phys. Soc. 73 (1959) 727

Hinds and Middleton, Proc. Phys. Soc. 73 (1959) 501

Hibdon, Phys. Rev. 118 (1960) 514

Hinds and Middleton, Proc. Phys. Soc. 75 {1960) 444

Hinds and Middleton, Prec. Phys. Soc. 76 (1960) 545

Hird and Strzalkowski, Proc. Phys. Soc. 75 (1960) 868

Hinds and Middleton, Proc. of the Kingston Conf., p. 946 (Univ. of Toronto Press,
1960), and private communication

Hinds and Middleton, Proc. Phys. Soc. 76 (1960) 553

Hinds and Middleton, as quoted in Ma 60, Proc. Phys. Soc. 76 (1960) 56
Hisatake, Ishizaki, Isova, Nakamura, Nakano, Saheki, Saji, and Yuasa, J. Phys. Soc.
Japan 15 (1960) 741

Hinds, Middleton, and Litherland, Proc. Phys. Soc. 77 (1961) 1210(L)
Hinds and Middleton, Proc. Rutherford Jubilee Conf., Manchester (1961)
Hibdon, Phys. Rev. 122 (1961) 1235

Hintz, Lee, and Stovall, Bull. Amer. Phys. Soc. 6 (1961) 260

Hinds, Middleton, and Litherland, Nuclear Physics 24 (1961) 510

Hinds, Middleton, and Litherland, Proc. Rutherford Jubilee Coni., Manchester (1961)
Hinds, Litherland, and Middleton (Aldermaston), private communication (1961)
Hinds, Marchant, and Middleton (Aldermaston), private communication (1961)
Hinds, Marchant, and Lliddleton, Proc. Phys. Soc. 78 (1961) 473
Hibdon, Phys. Rev. 124 (1961} 500

Hoag, Phys. Rev. 57 (1940) 937(L)

Hole and Siegbahn, Arkiv Mat. Astron. Fys. 33 A (1946) No. 9

Holt and Young, Nature 164 (1949) 1000(L) .

Houtermans, Haxel, and Heintze, Z. Physik 128 (1950) 657

Hofstadter and McIntyre, Phys. Rev. 80 (1950) 631

Holt and Marsham, Proc. Phys. Soc. A 66 (1953) 258

Holt and Marsham, Phys. Rev. 89 (1953) 665(L)

Hornyak and Coor, Phys. Rev. 92 (1953) 675

Holt and Marsham, Proc. Phys. Soc. A 66 (1953) 565

Holt and Marsham, Proc. Phys. Soc. A 66 (1953) 467

Holt and Marsham, Proc. Phys. Soc. A 66 (1953) 249

Holland and Lynch, Bull. Amer. Phys. Soc. 3 (1958) 380

Hoogenboom, Thesis, Utrecht Univ. (1958)

Holland and Lynch, Phys. Rev. 113 (1959) 903

Hosoe and Suzuki, J. Phys. Soc. Japan 14 (1939) 699



308

Ho 61
Ho 6la
Ho 61b

Hu 37
Hu 41
Hu 43
Hu 44
Hu 43
Hu 53
Hu 54

Hu 5
Hu
Hu
Hu
Hu
Hu
Hu ¢

L G U
AN
(el ws

M N S ]
QW S Ut
& o

Hu 39
Hu 39a
Hu 60a

Ig 57
Ig 59
Ig 60
Ig 61

In 50
In 533
Is 61

Is 6la

It 41
Iw 53

Iw 35

Iw 60

Ja 60
Ja 60a
Ja 60b

Ja 61
Ja 6la
Ja 61b
Ja 6lc
Ja 61d
Je 52
Jo 49
Jo 52
Jo 53
Jo 55

P. M. ENDT AND C. VAN DER LEUN

Holtebekk, Bull. Amer. Phys. Soc. 6 (1961) 259 and privgte communication
Hoare, Robbirs, and Greenlees, Proc. Phys. Soc. 77 (196.11) 830.
Hoogenboom, Kashy, and Buechner, Proc. Rutherfor¢ Jubilee Conf., Manchester
(1961), and private comgpunication

Hurst and Walke, Phys. Rev. 51 (1937) 1033

Huber, Helv. Phys. Acta 14 (1941) 163

Huber, Lienhard, Scherrer, and Wiffler, Helv. Phys. Acta 16 (1943) 33
Huber, Lienhard, Scherrer, and Waffler, Helv. Phys. Acta 17 (1944) 139
Huber, Lienhard, Scherrer, and Wiffler, Helv. Phys. Acta 18 (1945) 221
Hunt and Jones, Phys. Rev. 89 (1953) 1283

Hunt, Kline, and Zaffarano, Phys. Rev. 95 (1954) 611(A)

Hunt and Zaffarano, Towa State College Report 1SC-469 (1954)

Hunt, Jones, Churchill, and Hancock, Proc. Phys. Sor.. A 67 (1954) 443
Hunt, Joues, and Churchill, Proc. Phys. Soc. A 67 (1954) 479(L)

Hunt and Hancock, Phys. Rev. 97 (1935) 567(L)

Huby and Newns, Proc. Phys. Soc. A 68 (1955) 758

Hughes and Sinclair, Proc. Phys. Soc. A 69 (1956) 1256

Huang, Phys. Rev. 102 (1956) 422

Hughes and Schwartz, ‘‘Neutron Cross Sections’, 2nd edition, Brookhaven National
Laboratory Report BNL-325 (1958)

Hudson and Morgan, Bull. Amer. Phys. Soc. 4 (1959) 97

Hunting and Wall, Phys. Rev. 115 (1959) 956

Hu, J. Phys. Soc. Japan 15 (1960) 1741

Iavor, Zh. Eksp. Teor. Fiz. 34 (1058) 1420; JETP 7 (1958) 983

Iben, Phys. Rev. 109 (1958) 2059

Igo, Wegner, and Eisberg, Phys. Rev. 161 (1956) 1508

Igo, Phys. Rev. 106 (1957) 256

Igo, Phys. Rev. 115 (1959) 1665

1go, Gonzales-Vidal, and Markowitz, Bull. Amer. Phys. Soc. 5 (1960) 229
Igo, Lorenz, and Schmidt-Rokr, PPhys. Rev. 124 (1961) 832

Inghram, Brown, Patterson, and Hess, Phys. Rev. 80 (1950) 916(L)
Inglis, Revs. Mod. Phyvs. 25 (1953) 390

Ishizaki, J. Phys. Soc. Japan 16 (1961) 1056

Isoya, Micheletti, Marrone, and Reber, Proc. Rutherford Jubilee Conf., Manchester
(1961)

Itoh, Proc. Phys. Math. Soc. Japan 23 (1941) 605

Iwersen, Koski, and Rasetti, Phys. Rev. 91 (1953) 1229

Iwersen and Koski, Phys. Rev. 98 (1955) 1307

Iwao, Bull. Amer. Phys. Soc. 5 (1960) 29

Jack and Ward, Proc. Phys. Soc. 75 {1960) 833
Jéanecke, Z. Naturf. 15a (1960) 593
Jaffe, De S. Barros, Forsyth, Muto, Tavlor, and Ramavataram, Proc. Phys. Soc. 76
(1960) 914 '
]a§tram, Skeel, and Ramaswamy, Bull. Amer. Phys. Soc. 6 {(1961) 38
J?lder, Lopez, Mazari, and-Dommguez, Revista Mexicana de Fisica 10 (1961) 247
]aneckei Bull. Amer. Phys. Soc. 6 (1961) 259, and private communication
]ahr,'Muller, .Oswald, and Schmidt-Rohr, Z. Physik 161 (1961) 509
Jarmie and Silbert, Phys. Rev. 123 (1961) 909
Jensen, Nichols, Clement, und Pohm, Phys. R 5
» , » 'hys. Rev. 85 (1952) 112
Johnston and Willard, Phys. Rev. 75 {1949) 528(L) ( !
Jones and Kohiman, Phys. Rev. 85 (1952} 941(L)
Jones and Kohman, Phys. Rev. 99 (1953j 495(L)
Johansson, Phys. Rev. 97 (1955) 1186(L)



Jo
Jo
Jo
Jo
Jo
Jo
Jo
Jo
Jo
Jo
Ju
Ju

Ka
Ka
Ka
Ka
Ka
Ka
Ka

Ka
Ka

Kb

56
57
58
58a
59
59a
60
60a
61
61b
58
61

51
5la
5lc
52
52a
53
54
55
61
6la
61b

: 50

51
56
50a
58

58a
59
59a
59b
59c¢
60
oY

T.h 59a

Ki

i 39a

51
52
52a
52b

i 83a
i 53b

53c
54
dda
54b
56

i 55a
i 56
i 56a

58

i 60

ENERGY LEVELS OF LIGHT NUCLEI. III 309

Johnson Johnsen, and Langer, Phys. Rev. 102 (1956) 1142
Johnson and Moffat, Bull. Amer. Phys. Soc. 2 (1957) 230
Johnson, Galonsky, and Ulrich, Phys. Rev. 109 (1958) 1243
Johnson, Johnson, and Langer, Phys. Rev. 112 (1958) 2004
Johnson and Class, Bull. Amer. Phys. Soc. 4 (1959) 97

Johnson and Class, Bull. Amer. Phys. Soc. 4 (1959) 255
Johnson, Chase, and Imhof, Bull. Amer. Phys. Soc. 5 (1960) 406
Johnson, as quoted in Nuclear Physics 17 (1960) 116

Johnson and Miller, Phys. Rev. 124 (1961) 1190

Johansson, Svanberg, and Hodgson, Arkiv f. Fysik 19 (1961) 541
Juveland and Jentschke, Phys. Rev. 110 (. 958) 456

Jung and Janecke, Bull. Amer. Phys. Soc. 6 (1961) 228

Katz and Cameron, Phys. Rev. 84 (1951) 1115

Katz and Penfold, Phys. Rev. 81 (1951) 815

Katz and Cameron, Canadian J. Phys. 29 (1951) 518

Kaufmann, Goldberg, Koester, and Mooring, Phys. Rev. 88 (1952) 673
Katcoff, Phys. Rev. 87 (1952) 886

Kahn and Lyon, Phys. Rev. 91 (1953) 1212

Katz, Haslam, Goldemberg, and Taylor, Canadian J. Phys. 32 (1954) 586
Kavanagh, Mills, and Sherr, Phys. Rev. 97 (1955) 248(L)

Kantele, Bull. Amer. Phys. Soc. 6 (1961) 252

Kashy, Hoogenboom, and Buechner, Phys. Rev. 124 (1961) 1917
Kartashov, Burgov, and Davydov, Izvest. Akad. Nauk, Ser. Fiz. 25 (196!) 189
Ketelle, Phys. Rev. 80 (1950) 758(L)

Keller, Phys. Rev. 84 (1951) 884 .

O’Kelley, Lazar, and Eichler, Phys. Rev. 101 (1956) 1059

Kern and Cochran, Phys. Rev. 104 (1956) 711

Kelley, Moore, and Enge, M.I.T., Laboratory for Nuclear Science Progress Report,
May 31 (1958) 111

Keszthelyi and Er6, Nuclear Physics 8 (1958) 650

Kern, Thompson, and Ferguson, Nuclear Physics 10 (1959) 225

Kellv, Beard, and Peters, Nuclear Physics 11 (1959) 492

Kern, Bull. Amer. Phys. Soc. 4 (1959) 414

Ketelle, Brosi, Galonsky, and Willard, Bull. Amer Phys. So«.. 4 (1959) 76
Kent, Puri, Bucher, and Snowdon, Bull. Amer. Phys. Soc. 5 (1960) 369
Khanna and Green, Bull. Amer. Phys. Soc. 4 (1959) 387

Khurana and Hans, Nuclear Physics 13 (1959) 88

King, Henderson, and Risser, Phys. Rev. 55 (1939) 1118(A)

Kinsey, Bartholomew, and Walker, Phys. Rev. 83 (1951) 519

Kinsey, Bartholomew, and \Walker, Phys. Rev. 85 (1952) 1012

King and Parkinson, Phys. Rev. 88 (1952) 141(L)

Kinsey and Bartholomew, Physica 18 (1952) 1112

Kinsey and Bartholomew, Canadian J. Phys. 31 (1953) 901(L)

King and Beach, Phys. Rev. 90 (1953) 381(4)

Kinsey and Bartholomew, Canadian J. Phys 31 (1953) 537

Kiehn and Goodman, Phys. Rev. 95 (1954) 9y

Kinsey and Bartholomew, Phys. Rev. 93 (1954) 1260

King, Revs. Mod. Phys. 26 (1954) 327

King, Phys. Rev. 99 (1955) 67

Kington, Bair, Cohn, and Willard, Phys. Rev. 99 (1955) 1393

Kistner, Schwarzschild, and Rustad, Phys. Rev. 104 (1956) 154
Kinsev and Stone, Phys. Rev. 103 (1956) 975

Kistner and Rustad, Phys. Rev. 112 (1958) 1972

Kiser and Johnston, J. Amer. Chem. Soc. 81 (1959) 1810

King and McDonald, Nuclear Physics 19 (1960) 94



310
Ki 61

Ki 6la
Kl
Kl
K1
Kl
Kl
Kn .
Ko
Ko .
Ko s4a
Ko 54b
Ko 33
Ko 56
Ko 58
Ko 5%b
Ko 33c

. TSt St Ut e
.‘{:—i::{,‘!-h"‘“
~ = g

w
s

Ko i8d

Ko 39
Ko 59a
Ko 60
Ko 61
Ko 6la
Kr 53
Kr 54
Kr 34a
Kr 55
Kr 36
Kr 36a
Kr 60
Kr 60a
Ku 5
Ku 37
Ku 57a
Ku 59
Ku 59a
Ku 59b
Ku 349c
Ku 60d
Ku 60e
Ku 60f

Ku 69g
Ku 61

La 37
La 39a

La 30a
I.a 51
La o4

P. M. ENDT AND C. VAN DER LEUN

Kimura, Shoda, Mutsuro, Tohei, Sato, Kuroda, Kuriyama, and Akiba, Nuclear Physics
23 (1961) 338; J. Phys. Soc. Japan 15 (1960) 1128

Kim and Barnard, Bull. Amer. Phys. Soc. 6 (1961) 259

Klema and Hanson, Phys. Rev. 73 (1948) 106

Kiuyver, Van der Leun, and Endt, Physica 20 (1954) 1287

Kline and Zaffarano, Phys. Rev. 96 (1954) 1620

Kluyver and Van der Leun, Physica 21 {1955) 604(L)

Kloepper, Day, and Lind, Phys. Rev. 114 (1959) 240

Knowles, Canadian J. Phys. 37 {1959) 203

Koester, Phys. Rev. 85 (1952) 643

Koerts, Schwarzschild, Gold, and Wu, Phys. Rev. 95 (1954) 612(A)

Koester, Z. Naturf. 9a (1954) 104

Kofoed-Hansen, Phys. Rev. 96 (1954) 1045

Kono, J. Phys. Soc. Japan 10 (1955) 495

Komar and Tavor, Zh. Eksp. Teor. Fiz. 31 (1956) 531(L); JETP 4 (1957) 432(L)
Kotani and Ross, Phys. Rev. Lett. 1 (1958) 140

Konijn, Van Nooven, Hagedoorn, and Wapstra, Nuclear Physics 9 (1958) 296
Kopaleishvili and Mamasakhlisov, Zh. Eksp. Teor. Fiz. 35 (1958) 1017: JETP 8
(1959) 711

Kononov, Stavisskii, and Tolstikov, Atomnava Fnergiva 5 (1958) 564; J. Nuclear
Energv 11A {1959) 46

Komar and Dragnev, Dokl. Akad. Nauk 126 (1959) 1234; “Doklady” 4 (1959) 653
Komoda, Prog. in Theor. Phvs. 22 (1959) 891(L)

Korotkov and Chernikov, Izvest. Akad. Nack, Ser. Fiz. 24 (1960) 899

Konde, Yamazaki, and Yamabe, J. Phvs. Soc. Japan 16 (1961) 1091

Konstantinova, Myakinin, Romanov, and Tsaryova, Zh. Eksp. Teor. Fiz. 41 (1961) 49
Kranz and Watson, Phys. Rev. 91 (1933) 1472

Kreger, P’hvs. Rev. 96 (1954) 1554

Kraushaar, Mihelich, and Sunyar, Phyvs. Rev. 95 (1954) 456

Kromchenko, 1zvest. Akad. Nauk, Ser. Fiz. 19 (1955) 277

Krone, Everett, and Hanna, Bull. Amer. Phvs. Soc. 1 (1956) 329

Kromchenko, Zh. Eksp. Teor. Fiz. 30 (1936) 681; JETP 3 (1956) 531

Krone and Singh, Phys. Rev. 117 (1960) 1562

Kruse, Bent, and Lidofsky, Phys. Rev. 119 (1960) 289

Kurath, Phys. Rev. 91 (1953) 1430

Kumabe, Takekoshi, Ogata, Tsuneoka, and Oki, Phys. Rev. 106 (1957) 155

Kuséer, Mihailovi¢, and Park, Phil. Mag. 2 (1957) 998

Kumabe, Wang, Kawashima, Yada, and Ogata, J. Phys. Soc. Japan 14 (1959) 713
Kuperus, Smulders, and Endt, Physica 25 (1959) 600

Kulchitskii and Presperin, Zh. Eksp. Teor. Fiz. 37 (1959) 1524; JETP 10 (1960) 1082
Kuchowicz, Bull. Acad. Polon. Sci. Ser. Sci. Math. Astron. Phys. 7 (1959) 509
Kuehner, Almqvist, and Bromley, Nuclear Physics 19 (1960) 614

Kuehner, Almqvist, and Bromley, Nuclear Physics 21 (1960) 555

Kuehner, Whalen, Almqvist, and Bromley, Proc. of the Kingston Conf., p. 261 (Univ.
of Toronto Press, 1960)

Kuperus and Smith, Physica 26 (1960) 954
Kuperus, Physica 27 (1961) 273

Laslett, Phys. Rev. 52 (1937) 529

Lawson. Phys. Rev. 56 (1939) 131

Langmuir, Phys. Rev. 74 (1948) 1559(A)

L.anger and Price, Phys. Rev. 76 (1949) 641
Langer, Motz, and Price, Phys. Rev. 77 (1950) 798
Langer, Phys. Rev. 77 (1950) 50

Landon, Phys. Rev. 83 (1951) 1081

Langevin, Yuasa, and Mérinis, J. Phys. Rad. 15 (1954) 778(L)



ENERGY LEVELS OF LIGHT NUCLEI. III 311

La 54a Langevin and Marty, J. Phys. Rad. 15 (1954) 127(L)

La 54b Lazar and Bell, Phys. Rev. 95 (1954) 612(A)

La 55  Laubitz, Proc. Phys. Soc. A 68 (1955) 1033

La 56a Lane and Monahan, Bull. Amer. Phys. Soc. 1 (1956) 346

La 56b Laberrigue-Frolow, Radvanyi, and Langevin, J. Phys. Rad. 17 (1956) 530
La 57a Lawson and Uretsky, Phys. Rev. 108 (1957) 1300

La 57b Langsdorf, Lane, and Monahan, Phys. Rev. 167 (1957) 1077

La 58 Langevin-Joliot and Marty, J. Phys. Rad. 19 (1958) 28; Comptes Rendus 245 (1957) 670
La 582 Lawson, Bull. Amer. Phys. Soc. 3 (1958) 223

La 59 Lackner, Dell, and Hausman, Phys. Rev. 114 (1959) 560

La 59a Lal, Goldberg, and Koide, Phys. Rev. Lett. 3 (1959) 380

La 60  Lane and Pendlebury, Nuclear Physics 15 (1960) 39

La 60a Lane and Monahan, P’hys. Rev. 118 (1960) 533

La 60b Lane, Revs. Mod. Phys. 32 (1960) 519

La 61 Lane, Langsdorf, Monahan, and Elwyn, Annals of Physics 12 (1961) 135
Le 54 Leamer and Hinman, Phys. Rev. 96 (1954} 1607

Le 55 Levinson and Ford, Phys. Rev. 100 (1955) 13

Le 56a Iewis and Joyuer, Bull. Amer. Phys. Soc. 1 (1956) 280

Le 56b Lee and Mooring, Phys. Rev. 104 (1956) 1342

Le 57 Lee and Schiffer, Phys. Rev. 107 (1957) 1340

Le 57a Lewis and Ford, Phys. Rev. 107 (1957) 756

Le 57b Levkovskii, Zh. Eksp. Teor. Fiz. 33 (1957) 1520; JETP 6 (1958) 1174

Le 61 Lee, Bull. Amer. Phys. Soc. 6 (1961) 79

Le 6la  Lehar, Paletkova, Skiivanek, and Vesela, Czechslov. J. Phys. 11 (1961) 229
Le 61b Leutz, Z. Physik 164 (1961) 78

Li 37 Livingston and Bethe, Revs. Mod. Phys. 9 (1937} 245

Li 33 Lindner, Phys. Rev. 89 (1933) 1150(L)

Li 53a  Lindner, Phys. Rev. 91 (1953) 642

Li 54 Lindqvist and Mitchell, ’hys. Rev. 95 (1954) 1533

Li 54a  Lindqvist and Mitchell, Phys. Rev. 95 (1954) 444

Li 35 Lidén and Starfelt, Phys. Rev. 97 (1955) 419

Li 53a  Little, Leonard, Prud’Homme, and Vincent, Phys. Rev. 98 (1955) 634

Pt

L

—

1 )
oot

5b  Lindqvist and Wu, Phys. Rev. 100 {(1953) 145
Li 56 Lidofsky and Fischer, Phys. Rev. 104 (1956) 759
Li 56a  Litherland, Paul, Bartholomew, and Gove, Phys. Rev. 102 (1956) 208
Li 57b  Lidofsky, Revs. Mod. Phys. 29 (1957) 77
Li 57c  Lindqgvist, Arkiv. f. Fysik 12 (1957) 495
Li 538a  Litherland and Gove (Chalk River), private communication (1958;
Li 58b  Litherland and Gove, Bull. Amer. Phys. Soc. 3 (1958) 200
Li 58¢  iitnherland, McManus, Paul, Bromley, and Gove, Canadian J. ['hys. 36 (1958) 378

Li 78d Lindstrom and Neuert, Z. Naturf. 13a (1958) 826

Ta 59 Litherland, Paul, Bartholomew, and Gove, Canadian J. Phys. 37 (1959) 53
Li 59a Litherland, Gove and Ferguson, Phys. Rev. 114 (1959) 1312

Li 60 Litherland and McCallum, Canadian §. Phys. 38 (1960) 927

Li 60a Lindenberger and Scheer, Z. Physik 158 (1960) 111

Li 60b  Lisle and Shaw, Proc. Phvs. Soc. 76 (1960) 929

Li 61 Lind and Dav, Annals of Physics 12 (1461) 485

Lo 53 Lockett and Thomas, Nucleonics 11 {1833) No. 3, 14

Lo 59 Lunguequeue, J. Phys. Rad. 20 (1959) 37(A) » i
Lo 60  Lovchikova, Zh. Eksp. Teor. Fiz. 38 (1960) 1434; JETP 11 (1960) 1033
Lo 61 1.6nsjo6 (Oslo Univ.), private communication (1961) )
Lu 50 Liischer, Ricamo, Scherrer, and Ziinti, Helv. Phys. Acta 23 (1950) 561
Lu 61 Lubitz and Goldman, Bull. Amer. Phys. Soc. 6 (1961) 295

Ly 37  Lyman, Phys. Rev. 51 (1837) 1

Ly 54 Lyon and Manning, Phys. Rev. 93 (1954) 501

Y4 55  Lvon and Handley, Phys. Rev. 100 (1955) 1280



Lv
Ly
Lv

P4

Ma
Ma
3}Ma
Ma
ia
3ia

Ma

Ma
Ma

Ma
Ma
Ma
Ma
Ma

Ma

36

38
59

; 3%a

@
&

St oW Wt W G Wt oW O o Ot QI%
G e 3 2 GO W Lo b
gg’#ﬁ?“i‘@' RV

[ ] ET}

G

QN =t =}
o]

: wt O
KARFEE

IS TR ]

1)
)
g

(3 2o

M
e

<
<
W

1R
-
Q

61d
49
50
54

c 3da

[51 BT B
L=

P. M. EXDT AND C. VAN DER LEUN

Lyon and Lazar, Phys. Rev. 101 (1956) 1524

Lynn, Firk, and Moxon, Nuclear Physics 5 {1958) 603
Lynch and Holland, Phys. Rev. 114 { 1959) 825

Lvon and Macklin, Phyvs. Rev. 114 {1959) 1619

Macklin, Lidofskv, and Wu, Phys. Rev. 78 (1950) 318{A)

Macklin, Feldman, Lidofsky, and Wu, Phys. Rev. 77 (1939; 137(L)

Mandeville, Swann, Chatterjee, and Van Patter, Phys. Rev 28 {1552 Z) 193
Martin and Breckon, Canadian J. Phys 38 {1952) 643

Marquez, Phvs. Rev. 92 (1953) 1511

Marquez, Phyq Rev. 90 (1953) 339(L)

Mayv and Foster, Phys. Rev. 90 (1953) 243

Marshall, Phvs. Rev. 91 (1933} 805

Marty, Nataf, and Prentki, J. Phys. Rad. 15 (1954} 134

Maver-Kuckuk, Z. Naturf. 9a (1954) 338

Maeder, Miller, and Wintersteiger, Helv. Phys. Acta 27 (1954) 3

Maeder and Stahelin, Helv. Phys. Acta 28 (1935) 193

Macq, Bull. classe s<i. Acad. roy. Belg. 41 (1955) 467

Marion, Bonner, and Cook, Phys. Rev. 100 (19535) 91, and private communication
Martin, Cork. and Burson, Phys. Rev. 102 (1956) 457

Marion, Slattery, and Chapman, Phys. Rev. 103 (1356) 676

MacGregor, Ball, and Booth, Phys. Rev. 108 (1957) 72¢
Marin, Movchet, and Poupaud, J. Phys. Rad. 18 (1957)
Magleby, Bull. Amer. Phys. Soc. 3 (1958) 19

Mann, Miskel, and Bloom, Phys. Rev. Lett. 1 (1958) 34
Mann, Miskel, and Bloom, Bull. Amer. Phys. Soc. 3 (1958) 326

MacDonald, Phys. Rewv. 110 (1958) 1420

MacGregor, Ball, and Booth, Phys. Rev. 111 (1958) 1155

March and Morton, Phil. Mag. 3 (1958) 1256

Mazari, M.I.T., Laboratory for Nuclear Science Progress Report, May 31 {1958) 109
Maver-Kuckuk and Nierhaus, Z. Physik 154 (1959) 383

MacGregor, Proc. of the Paris Conf., p. 609 and 612 (Dunod, Paris, 1959)

Machwe, Kent, and Snowdon, Phys. Rev. 114 (1959) 1563

Manning and Bartholomew, Phys. Rev. 115 (1959) 401

Maver-Kuckuk, Nierhaus, and Schmidt-Rohr, Z. Physik 157 (1959) 586
Mamasakhlisor and Kopaleishvili, Zh. Eksp. Teor. Fiz. 37 (1959) 131; JETP 10
(1960, 93

Mackin and Love, J. Inorganic Nuclear Chem. 10 (1959) 17

Macefield and Towle, Proc. Phvs. Soc. 76 {1960) 56

Martin, Quisenberrv, and Low, Phys. Rev. 120 (1960) 492

Mani, McCallum, and Ferguson, Nuclear Physics 19 (1960) 535

Mani, Tombrello, and Rao, Nuclear Physics 21 (1960) 344

Macfarlane and French, Revs. Mod. Phvs. 32 (1960) 567

Mazari, Dominguez, Jaidar, Rickards, Alba, Lopez, and Ortiz de Lopez, Proc. Internat.
Conf. Nuclidic Masses, Hamilton {1960)

Mani, Barnard, Tombrello, and Rao, Bull. Amer. Phvs. Soc. 6 (1961) 38

MacDonald and Douglas, Nuclear Physics 24 (1961) 614

Macefield, Towle, and Gilboy, Proc. Phyvs. Soc. 77 (1961) 1050

Marion, Revs. Mod. Phyvs. 33 (1961) 139 and 33 (1961) 623 (Errata)

McElhinneyv, Hanson, Becker, Duffteld, and Diven, Phys. Rev. 75 (1949) 542
McDaniel, Walker, and Stearns, Phvs. Rev. 80 (1950) 807

McClure, Phys. Rev. 94 (1954) 1637

McPherzon, Pederson, and Katz, Canadian J. Phvs. 32 (1954) 593

McCarthv, Phys. Rev. 97 (1955) 1234

MecXNair, Clover, and Wilson, Phil. Mag. 1 (195€) 199

McCormac, Steuer, Bond, and Hereford, Phys. Rev. 108 (1957) 116

693(L)



Mc
Mc
Mc
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Mi
Mi
Mi
Mi
Mi
Mi

Mi

Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi
Mi

Mo
Mo
Mo
Mo
Mo
Mo
M.
"o
Mo
Mo
Mo
Mo
Mo

Mo
Mo
Mo
Mo
Mo

1To
Mo

60b
61
6la
37
48
51
54
57
b87a
59
59a
60
60b
60c
50a
52
52a
53
53a
54

i 54a

55

56
57
58
59
59a
59b
59c
60a
61
6la

49
50
51
5la
52
Fea
53a
54
54a
55
55a
55¢
56

56a
56b
56c
56d
58

59
59a

ENERGY LEVELS OF LIGHT NUCLEIL III 313

l\l\léggaﬁum, Mani, and Ferguson, Nuclear Physics 16 (1960) 313

ullen and Kraushaar, Phys. Rev. 122 (1961) 555

McCallum, Phys. Rev. 123 (1961) 568

Meye, Z. Physik 105 (1937) 232

Metzger, Alder, and Huber, Helv. Phys. Acta 21 (1948) 27§

Meadows and Holt, Phys. Rev. 83 (1951) 1257(L)

Meyerhof and Lindstrom, Phys. Rev. 93 (1954) 949(A)

Merritt, Campion, and Hawkings, Canadian ]. Phys. 35 (1957) 16

Melkanoff, Nodvik, Saxon, and Woods, Phys. Rev. 106 (1957) 793

Mehta and Warke, Nuclear Physics 13 (1959) 451

Merzbacher, Crutchfield, and Newson, Annals of Physics 8 {1959) 194
Meichsner, Phys. Rev. 117 (1960) 489

Metzger, Swann, and Rasmussen, Nuclear Physics 16 (1960) 568

Meyer and Hintz, Phys. Rev. Lett. 5 (1960) 207

Mims, Halban, and Wilson, Nature 166 (1950) 1027(L)

Mileikowsky and Whaling, Phys. Rev. 88 (1952) 1254

Miskel and Perlman, Phys. Rev. 87 (1952) 543(L)

Middleton, El-Bedewi, and Tai, Proc. Phys. Soc. A 66 (1953) 95

Mize and Zaffarano, Phys. Rev. 89 (1953) 902(A)

Miskel and Perlman, Phys. Rev. 94 (1954) 1683

Michalowicz, J. Phys. Rad. 15 (1954) 156

Milani, Cooper, and Harris, Phys, Rev. 99 (1955) 645(A), and verbal report to Nuclear
Data Group

Milojevi¢, Bull. Inst. nat. Sciences ‘Boris Kidrich’ 6 (1958) 21

Milone, Ricamo, and Rubbhino, Nuovo Cimento 5 (1957) 528

Mihailovi¢ and Povh, Nuclear Physics 7 (1958) 296

Mihailovié, Pregl, Kernel, and Kregar, Phys. Rev. 114 (1957) 1621

Mikaélyan and Spivak, Zh. Eksp. Teor. Fiz. 37 (1959) 1168; JETP 10 (1960) 831
Miura, Wakatsuki, Hirao, and Okada, J. Phys. Soc. Japan 14 (1959) 239
Milman, Amsel, and Loyau, J. Phys. Rad. 20 (1959) 51

Mizobuchi, Katoh, and Ruan, J. Phys. Soc. Japan 15 (1960) 1737

Mitler, Nuclear Physics 23 (1961) 200

1liddleton and Hinds, Proc. Rutherford Jubilee Conf., Manchester (1961), and Nuclear
Physics (to be published)

Morganstern and Wolf, Phys. Rev. 76 (1949) 1261(L)

Motz and Humphreys, Phys. Rev. 80 (1950) 595

Mooring, Koester, Goldberg, Saxon, and Kaufmann, Phys. Rev. 54 (1951) 703
Morrison, Phys. Rev. 82 (1951) 209

Motz and Alburger, Phys. Rev. 86 (1952) 165

Motz, Phys. Rev. 85 (1952) 501(L)

Montalbetti, Katz, and Goldemberg, Phys. Rev. 91 (1953) 659

Moszkowski and Peaslee, Phys. Rev. 93 (1954) 455

Moljk and Curran, Phys. Rev. 96 (1954) 395

Morinaga, Phys. Rev. 97 (1955) 444

Morinaga, Phys. Rev. 97 (1955) 1185(L)

Morinaga, Phys. Rev. 100 (1955) 431(L)

Morinaga and Bleuler, Bull. Amer. Phys. Soc. 1 (1956) 30, and verbal report to
Nuclear Data Group

Motz, Phys. Rev. 104 (1956) 1353

Morinaga, Phys. Rev. 103 (1956) 504(L) ,
Morgan, Phys. Rev. 103 (1956) 1031, and verbal report to Nuclear Data Group
Morinaga and Bleuler, Phys. Rev. 103 (1956) 1423

Moore, Kelley, and Enge, M.I.T., Laboratory for Nuclear Science Progress Report,
May 31 (1958) 114

Moore, Krumwiede, and Milne, Bull. Amer. Phys. Soc. 4 (1959) 366

Morpurgo, Phys. Rev. 114 (1959) 1075



Mo

Mo
Mu
Mu
Mau
Mu
Mu
Mu
My

Na

Na :

Na

Na

Na

Na o
Na .

Na
Na
Ne
Ne
Ne
Ne

Ne

38b
58¢

64
602
61
49
3%a
3%b
[314]
61
14

53

54

3da
34b
HE 1

ot

=t Wt
&N

S oW
»‘J’:d‘-d‘ér&ug~l
oo

[STIT IS BERST I I |
&£

- 60

F. M. ENDT AND C. VAN DBR LEUN
Morinaga, Mutsuro, and Sugawara, Phys. Rev. 114 (1959) 1148
Motz, Carter and Fisher, Bull. Amer. Phys. Soc. 4 {1959) 477, and private communica-
tivn to Nuclear Data Group
Mouton and Smith, Nuclear Physics 16 (1960) 206
Morinaga and Ishii, Prog. in Theor. Phys. 23 (1960) 161
AMonaro, Vingiani, and Van Lieshout, Physica 27 (1961) 985
Mulder, Hoeksema, and Sizon, Physica 7 {1940) 849
Muller, Gelsema, and Endt, Physica 24 (1958) 577
Minnich, Z. Physik 153 (1958) 106
Muller, Annales de Physique 3 (1958) 739
Muto, J. Phys. Soc. Japan 15 (1960) 17
Mukherjee, Ganguly, and Majumder, Proc. Phys. Soc. 77 (1961) 508
Myers and Wattenberg, Phys. Rev. 75 (1949) 992(L)

Nahmias and Yuasa, Comptes Rendus 236 (1953) 2399

Nagy, Acta Physica Acad. Sci. Hung. 3 (1953) 15

Nathans and Halpern, Phys. Rev. 93 (1954) 437

Nahmias, J. Phys. Rad. 15 (1954) 568

Nahmias and Yuasa, Comptes Rendus 239 (1954) 47

Nahmias and Wapstra, J. Phys. Rad. 15 (1954) 570

Nathans and Yergin, Phys. Rev. 98 (1955) 1296

Nahmias and Yuasa, J. Phys. Rad. 17 (1956) 373(L)

Nakada, Anderson, Gardner, and Wong, Bull. Amer. Phys. Soc. 2 (1957) 32

Nair, Iyvengar, and Ramanna, Nuclear Physics 26 (1961} 193

Newton, Phys. Rev. 96 (1954) 241{L)

Nemilov, Zherebtsova, and Funstein, Phvsica 22 (19538) 1155(A)

Nemilov and Litvin, Zh. Eksp. Teor. Fiz. 38 (1936) 486; JETP 3 (1956) 523
Nemilov and Litvin, Zh. Eksp. Teor. Fiz. 31 (1436 7i9 (L); JETP 4 (1937) 606(L.)
Nethawav and Caretto, Phvs. Rev. 189 (1958) 304

Nessin, Eklund, and Kruse, Bull. Amer. Phvs. ~oc. 4 (195%; 18

Necsin, Eklund, and Kruse, Bull. Amer. Phuys, Soo 41858 278

Neuchadin, Teplov, and Tulinov, Zh. Eksp. Teor. Fie. 37 (36054 248, JETP 10 (196v) 387
Newson, Block, Nichols, Tavlor, Furr, and Merzbacher, Annals o Physics 8 (1939) 21!
Nemets anl Prokopets, Zh. Eksp. Teor. Fiz. 38 (196G) 693; JET P 11 (1960) 499
Nemets an 1 Prokopets, Izvest. Akad. Nauk, Ser. Fiz. 24 (1960) 3689

Neudachin Shevchenko, and Yudin, Zh. Eksp. Teor. Fiz. 39 (1960) 108; JETP 12
(1961) 79

Newton, N iclear FPhysics 21 (1960) 529

Nessin, Thesis, Columbia Univ. (1960)

Nelson, Carter, Mitchell, and Davis, Bull. Amer. Phys. Soc. 6 (1961) 235

Nelson, Plendl, and Oberholtzer, Proc. Rutherford Jubilee Conf., Manchester (1961)
Nier, Phys. Rev. 77 (1930) 789

Niisson, Trms. Chalmers Univ. Techn., Gothenburg, Nc. 125 (1952)

Nichols anc Jensen, Phys. Rev. 94 (1954) 369

Nielsen and Sheiine, Bull. Amer. Phys. Soc. 2 (1957) 260

Nigam and Sundaresan, Canadian J. Phys. 36 (1958) 571

Nichols, McAdams, ard Jensen, Phys. Rev. 122 (1961) 172

Nichols, McAdams, and Jensen, Phys. Rev. (to be published)

Nordhagen (Oslo Univ.), private communication (1969

Nordhagen, Nuclear Instr. and Methods 12 (1961) 291, and private communication
“wordhagen, Nuclear Physics 27 (1961) 112

Nordhagen and Smith (Utrecht Uaiv.), private communication (1961)

\ussbaum, Van Lieshout, and Wapstra, Phys. Rev. 92 (1953) 207(L)
Nurmia and Fink, Nuclear Physics 8 (1958) 139
N1'b6 and Grotdal, Nature 175 (1955) 130(L)

Nysten, Proc. of the Kingston Conf., p. 961 {Univ. of Toronto Press, 1960)



ENERGY LEVELS OF LIGHT NUCLEI. III 315

Od 58 Oda, Takeda, Hu, and Kato, J. Phys. Soc. Japan 14 (1959) 1255

Od 59a Oda, Takeda, Hu, and Kato, J. Phys. Soc. Japan 14 (1959) 396

Od 60  Oda, Takeda, Takano, Yamazaki, Hu, Kikuchi, Kobayashi, Matsuda, and Nagahara,
J. Phys. Soc. Japan 15 (1960) 760

Of 59 Ofer and Schwarzschild, Phys. Rev. Lett. 3 (1959) 384

Og 60  Ogata, Itoh, Masuda, Takamatsu, Kawashima, Masaike, and Kumabe, J. Phys. Soc.
Japan 15 (1960) 1719

Oh 61 Ohmura, Ejiri, Nakajima, Horie, Etoh, Ohuchi, and Nogami, J. Phys. Soc. Japan 16
(1961) 593

Ok 58

Okada, Miura, Wakatsuki, and Hirao, J. Phys. Soc. Japan 13 (1958) 541

Ok 60  Okano, J. Phys. Soc. Japan 15 (1960) 28

Ok 60a Okano, Tabata, Fukuda, and Muto, J. Phys. Soc. Japan 15 (1960) 1556

Ok 60b Okamoto, Proc. of the Japanese Conf. on Low Energy Nuclear Physics, JAERI,
p. 57 (1960)

01 51 Ollano and Roy, Nuovo Cimento 8 (1951) 77

Ol 54 Olsen and O’Kelly, Phys. Rev. 93 (1954) 1125(L)

Ol 55 Olness and Lewis, Phys. Rev. 99 (1955) 654(A)

Ol 58 Olness, Haeberli, and Lewis, Phys. Rev. 112 (1958) 1702

Ol 69 Olness and Parker, Bull. Amer. Phys. Soc. 5 (1960) 56

Op 58  Ophel, Proc. Phys. Soc. 72 (1958) 32!

Ov 49 Overstreet, Jacobson, and Stout, Phys. Rev. 75 (1949) 231

Ov 56 Ovchinnikov, Nemilov, Aleksandrova, and Lomonosov, Izvest. Akad. Nauk, Ser. Fiz.
20 (1956) 1417

Ov 389  Overseth and Peck, Phys. Rev. 115 (1959) 993

Pa 52a  Pagunelli and Quareni, Phys. Rev. 86 (1952) 423(L)

Pa 53 Paul and Clarke, Canadian J. Phys. 31 (1953) 267

Pa 54 PPaul, Gove, Bartholomew, and Litherland, Phys. Rev. 94 (1954) 749(A)
Pa 53 Pasechnik, Geneva Conference Report 8/P/714 (1955)

Pa 55a  Paul, Gove, Litherland, and Bartholomew, ’hvs. Rev. 99 (1955) 1339
Pa 55U  Patterson, Newson, and Merzbacher, Phys. Rev. 99 (1955) 1625(A)

Pa 53¢ DParis, Buechrer, and Endt, Phyvs. Rev. 100 (1955) 1317

Pa 36 Paul, Bartholomew, Gove, and Litherland, Ilull. Amer. Phys. Soc. 1 (1956) 39
Pa 36a  Pandya, Phys. Rev. 103 (1956) 956

Pa A7z Pandya and French, Bull. Amer. Phys. Soc. 2 (1957) 27

Pa 57b Page and Heinberg, Phys. Rev. 106 (1957) 1220

Pa 57c  Pandya, Phys. Rev. 108 (1957) 1312

Pa 57d Pandya, Prog. in Theor. Phys. 18 (1957) 668(i.)

>z A8 Parkinson, Phys. Rev. 110 (1958) 485

Pa 38a Paul and Montague, Xuclear Physics 8 (1958) 61

Pa 61 Parkinson, Bull. Amer. Phys. Soc. 6 (1961) 259, and private communication
Pa 6la Parry, Scott, and Swierszczewski, Proc. Phys. Eoc. 77 (1961) 230

Pa 61b Pandya and Shah, Nuclear Physics 24 (1961) 326

Pa 6lc Parr\:, Scott, and Swierszczewski, Proc. Phys. Soc. 77 (1961) 1024

Pa 61d Paul: Evans and Montague, Proc. Rutherford Jubilee Conf., Manchester (1961)
Pe 48  Peck, Phys. Rev. 73 (1948) 947

Pe 48a Perlman and Friedlander, Phys. Rev. 74 (19458) 442

Pe 53 Peaslee, Nuovo Cimento 10 (1953) 1349(L) i

Pe 56 Penning, Maltrud, Hopkins, and Scl:)r;idlt(; P)n::t Rev. 104 (195€) 710

e 5 denning and Schmidt, Phys. Rev. 105 (1957) 647

g«i ;Za ;zﬁ:;, Eustova, and Chubinskii, Tzvest. Akad. Nauk, Ser. Fiz. 21 (1457) 1013
Pe 59 Penfold and Garwin, Phys. Rev. 114 (1959) 1139

Pe 59a Persson and Johansson, Nuclear Physics 12 (1959) 432 )

Pe 59h Petersen, Ehlers, Ewbank, Marino, and Shugart, Phys. Rev. 116 (1959) 734
Pe 60 Peterson, Bratenahl, and Stcering, Phys. Rev. 1290 (1960) 521

Pe 61 Pellegrini, Nuciear Physics 24 (1961) 372



316 P. M. ENDT AND C. VAN DER LEUN

Ph 53 Phipps and Zaffarano, Report Iowa State College (1953) 443 '

55 Pieper, Stanford, and Von Herrmann, Phys. Rev. 98 (1955) 1185(A)
Pi 57 Pixley, Hester, and Lamb, Bull. Amer. Phys. Soc. 2 (1957) 377

0 Piraino, Paris, and Buechner, Phys. Rev. 119 (1960) 732

P1 49 Plain, Herb, Hudson, and Warren, Phys. Rev. 57 (1940) 187
Pi 60 Ploughe, Bleuler, and Tendam, Bull. Amer. Phys. Soc. 5 (1960) 247
Pl 61 Ploughe, Bleuler, and Tendam, Phys. Rev. 124 (1961) 818
Po 37 Pollard and Brasefield, Phys. Rev. 5t (1937) 8
Po 49a  Pontecorvo, Kirkwood, and Hanna, Phys. Rev. 75 (1949) 982(L)
Pn 52b Pool, Physica 18 (1952) 1304
Po 33 Pool and Kundu, Phys. Rev. 91 (1953) 462(A)
Po 56 Pohm, Waddell, and Jensen, Phys. Rev. 101 (1956) 1315
Po 37 Porter, Wagner, and Freedman, Phys. Rev. 107 (1657) 135
Po 59 Poularikas and Fink, Phys. Rev. 115 (1959) 989
Po 39a  Poelz and Schmidt-Rohr, Physikalisch Verhandlungen 10 (1959) 78
Po 61 Pollehn and Neuvert, Z. Naturf. 16a (19u1) 227
Po 6la  Pope, Freck, and Evans, Nuclear Physics 24 (1861) 657
Po 61b  Popov and Shapiro, Zh, Eksp. Teor. Fiz. 40 (1961) 1610; JETP 13 (1961) 1132
Pr 50 Pringle, Standil, and Roulston, Phys. Rev. 77 (1950) 841(L)
Pr 56 Prosser, Baumann, Brice, Read, and Krone, Phys. Rev. 104 (1956) 369
Pr 58 Preston and Hanna, Phys. Rev. 110 (1958) 1406
Pr 58a  Preston, Schiiter, Lee, and Rosenzweig, Bull. Amer. Phys. Soc. 3 (1958) 380
Pr 60 Prosser and Sellers, Bull. Amer. Phys. Soc. 5 (1960) 108
Pr 60a  Prétre, Brugger, and Steiger, Helv. Phys. Acta 33 (1960) 583(A)
Fr 61 Prosser, Neher, and Krone, Bull. Amer. Phys. Soc. 6 (1961) 250
Pr 6la  Presperin and Kulchitsky, Zh. Eksp. Teor. Fiz. 41 (1961) 60

Qu 56  Quinton and Doyle, Phys. Rev. 101 (1956) 669

Ra 49  Rae, Phil. Mag. 40 (1949) 1155

Ra 55 Rayburn, Lafferty, and Hahn, Phys. Rev. 98 (1955) 701

Ra 552 Ramanna, Veeraraghavan, and Iyengar, Nuovo Cimento 1 (19535) 623

Ra 56  Raz and French, Bull. Amer. Phys. Soc. 1 (1956) 223

Ra 56a Raz, Bull. Amer. Phys. Soc. 1 (1956) 336

Ra 57  Rakavy, Nuclear Physics 4 (1957) 375

Ra 58 Ranken, Bonner, Castillo-Bahena, Harlow, and Rabson, Phys. Rev. 112 (1958) 239

Ra 59a Rasmussen, Metzger, and Swann, Nuclear Physics 13 (1959) 95

Ra 60 Rabson, Bonner, Castillo-Bahena, Harlow, Haenni, and Ranken, Nuclear Physics 19
(1960) 314

Ra 6la TRasmussen, Metzger, and Swann, Phys. Rev. 123 (1961) 1386

Re 52 Reilley, Allen, Arthur, Bender, Ely, and Hausman, Phys. Rev. 86 (1952) 857

Re 52a  Reuterswird, Arkiv. . Fysik 4 (1952) 203

Re 54 Recksiedler and Hamermesh, Phys. Rev. 96 (1954) 109

Re 35 Renard, J. Phys. Rad. 16 (1955) 575

Re 56 Reynolds and Standing, Phys. Rev. 101 (1936) 158

Re 56a Reaterswird, Arkiv, f. Fysik 11 (1956) 1

Re 56b  Read and Krone, Phys. Rev. 104 (1956) 1018

Re 57 Renard, J. Phys. Rad. 18 (1957) 681

Rh 30 Rhoderick, Proc. Royal Soc. A 201 (1950) 348

Ri 37 Rideuour and Henderson, Phys. Rev. 52 (1937) 839

Ri 4: P'ezler, Phys. Z. 45 (1944) 191

Ri 50 Richards, Smith, and Browne, Phys. Rev. 8¢ (1950) 524

Ri 51 Rice mo, Nuovo Cimento 8 {1951) 383

Ri 55 Ring, Phys. Rev. 99 (1955) 137

Ri 58 Ridley, Nuclear Physics 6 (1958) 34

Ri 58b

Rightmire, Kohman, und Hintenberger, Z. Naturf. 13a (1958) 847



Ri 59
Ri 5%a
Ri 60

Ru
Ru
Ru
Ru

Ru .

Ru
Ry

Sa
Sa
Sa
Sa
Sa

Sa

Sa
Sa
Sa
Sa
Sa

Sa
Sa
Sa,

Sc
Sc

Sc
Sc

Ru !

Ru

55
Hia

38a
59

60

60a
60b
60c
60d
61

6la
61bL
6lc
61d
Gle

”

[T RN B TS B
ol e e e OO (o =
T

-1 S
(o2

LIRS P, B B 7 B
x

-

-
[=C
[

36
49a
S50
50a
33

58a
38
58a
60
60a

. 60b

60c
61
6la

48
50
a2
32a
54
Jda

ENERGY LEVELS OF LIGHT NUCLEI, III 317

R.igt‘ltmire, Simantou, and Kohman, Phys. Rev. 113 (1959) 1069

Rx.stl and Grotdal, Univ. i. Bergen Arbok N aturvitenskapelig Rekke No. 14 (1958)
Ricamo, Helv. Phys. Acta 33 (1960) 997(A)

Roderick, Lénsjo, and Meyerhof, Phys. Rev. 97 (1955) 97

Rothman, Hans, and Mandeville, Phys. Rev. 100 (1955) 83

Robinson, Purdue University, Nuclear Physics Progress Report AECU-3515 (1957)
Rossel and Weber, Helv. Phys. Acta 31 (1958) 727

Robert, Annales de Physique 4 (1959) 89

Robbins and Greenlees, Phys. Rev. 118 (1960) 803

Robinson and Johnson, Phys. Rev. 120 (1960) 1321

Rost and Austern, Phvs, Rev. 120 (1960) 1375

Romanov, Zh. Eksp. Teor. Fiz. 39 (1960) 1540; JETP 12 (1961) 1072

Robinson and Fink, Revs. Mod. Phys. 32 (1960 117

Robinson and Johnson, Phys. Rev. 123 (1961) 1349

Robinson, Rhode, and Johnson, Phys. Rev. 122 (1961) 879

Robinson, Lucas, and Johnson, Phys. Rev. 122 (1961) 202

Rosen, Brolley, and Stewart, Phys. Rev. 121 (1961) 1423

Rost, Austern, and Satchler, Bull. Amer. Phys. Soc. 6 (1961) 249

Rowe, Clegg, Salmon, and Newton, Proc. Rutherford Jubilee Conf., Manchester (1961)
Ruby and Richardson, Phys. Rev. 83 (1951) 698

Rudstam, Stevenson, and Folger, Phys. Rev. 87 (1952) 358

Rutherglen and Smith, Proc. Phys. Soc. A 6% (1953) 800

Rutherglen, Grant, Flack, and Deuchars, Proc. Phys. Scoc. A 67 (1954) 101
Russel, Taylor, and Cooper, Phyvs. Rev. 95 (1954) 99

Rubinson and Howland, Phys. Rev. 96 (1954) 1610

Rubenstein and Snyder, Phyvs. Rev. 99 (1955) 189

Rubin, Ajzenberg-Selove, and Mark, Phys. Rev. 104 (1956) 727

Rudstam, Thesis, Univ. of Uppsala (1956)

Rubin, Johnson, and Revnolds, Phys, Rev. 104 (1956) 1444

Rubi, I’hys. Rev. 108 (1957) 62

Russel, Bull. Amer. Phys. Soc. 3 (1938) 61

Rubin, Bailey, and Passel, Phys. Rev. 114 (1959) 1110

Rvtz, Staub, Winkler, and Zych, Proc. Rutherford Jubilee Conf., Manchester (1961)

Sagane, Phvs. Rev. 50 (1936) 1141

Sawver and Wiedenbeck, Phys. Rev. 76 (1949) 1535(L)

Sailor, Phys. Rev. 77 (1950) 794

Sawver and Wiedenbeck, Phys. Rev. 79 (1950) 490

Sarg-ent, Yaffe, and Gray, Canadian J. Phy 31 (1953) 235

Saraf, Phys. Rev. 102 (1956) 466

Sawicki, Physica 22 (1936) 1180(A)

Sawicki and Satchler, Nuclear Physics 7 (1958) 289

Sawicki, Nuclear Physics 7 (1958) 503

Satchler and Tobocman, Phys. Rev. 118 (1960) 1566

Saladin and Marmier, Helv. Phvs. Acta 33 (1860 299

Santos-Ocampo and Conway, Phys. Rev. 120 (1960) 2196

Saha and Gupta, Proc. Nat. Inst. Sci. India A 26 (1960) 486

Saden, Phvs. Rev. 123 (1961) 835 N

Saudinos, Beurt_v, Catillon, Chaminade, Crut, Faraggi, Papineau, and Thirion, Comptes
s 252 (1961) 260

gcel?gll)lerg, Sz(mlp.s'()m, and Mitchell, Rev. Sci. Instr. 19_(19:4§) 458

Schelberg, Sampson, and Cochran, Phys. Rev. 80 (1950) 57

Schrank and Richardson, Phys. Rev. 86 (1952) 248(L) ) i

Schoenfeld, Duborg, Preston, and Goodman, Phys. Rev. 85 (1952) 873

Scharfi-Goldhacer and McKeown, Phys. Rev. 95 (1954) 613(A)

Schwartz and De-Shalit, Phys. Rev. 94 (1954) 1257



318

Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc
Sc

Sh
Sh
Sh
Sh
Sh
Sh

Sh
Sh 5
Sh ¢
Sh ¢
Sh 3
Sh !
Sh ¢

Sh

Sh

Sh
Sh
Sh
Sh

34b
54c
54d
55
56
56a
56b
56¢
57
58
58a
58b
59a
39¢

681

6la
61b
6lc

> 40

-0

33

[
N

[= = R SRS BES) SRR RS, o )
O O E O A NGO
] » c oo

6la
6ip

P. M. ENDT AND C. VAN DER LEUN

Schneider, Martin, Sempert, and Sutter. Helv. Phys. Acta 27 (1854} 172(A)
Schwartz, Pliys. Rev. 94 (1854) 95

Scherrer, Allison, and Faust, Phys. Rev. 96 (1954) 386

Schitfer, Phys. Rev. 97 (1954) 428

Schwarzschild, Rustad, and Wu, Phys. Rev. 103 (1956) 1796

Scott and Segel, Phys. Rev. 162 (1956) 1557

Schwartz, Corbett, and Watson, Phys. Rev. 101 (1956) 1370

Schiffer, Gossett, Philips, and Young, Phys. Rev. 103 (1956) 134

Schopper, Phil. Mag. 2 (1957) 710

Schmitt, Bull. amer. Phys. Soc. 3 (1958} 27

Schiffer and Lee, Phys. Rev. 189 (1958) 2098

Schweizer, Phys. Rev. 110 (1958) 1414

Schrank 2nd Warburton, Bull. Amer. Phys. Soc. 4 (1959) 220

Schweizer and Richardson, Bull. Amer. Phys. Soc. 4 (1959) 459, and private communi-
cation

Schmitt and Halperin, Phys. Rev. 121 (1961) 827

Scott, Nuclear Physics 27 (1961) 490

Schardt, Phys. Rev. 122 (1961) 1671

Schlenker, Thesis, Iowa State Univ. (1961)

Seidlitz, Bleuler, and Tendain, Phys. Rev. 76 (1949 861(1.)

Seed, Phil. Mag. 44 (1953) 921/L)

Sehr, Z. Physik 137 (19534; 523

Seiler, Cooper, and Harris, Phys. Rev. 99 (1955) 340(A)

Selove, Phys. Rev. 181 (1956) 231

Severiens and Hanna, Phys. Rev. 184 (1956) 1612

Seidlitz, Bleuler, and Tendam, Phys. Rev. 110 (1958) 682

Seliger, Mann, and Cavallo, J. Research Nat. Bur. Standards 60 (1958) 447
Segel, Phys. Rev. 113 (1959) 844

Seward, Phys. Rev. 11° {1959} 514

Seward, Koch, Shafer, and Fultz, Bull. Amer. Phys. Snc. 5 (1963) 68
Seagondollar, Harris, and Rangan, Phys. Rev. 120 (1960) 251

Sevcik {Univ. of Michigan, Aan Arbor), private communication (1961)
Sherr, Phvs. Rev. 57 (1940) 937(L)

Shull and Feenberg, Phys. Rev. 75 (1949) 1768(L)

Shoemaker, Faulkner, Bouricius, Kaufmann and Mocring, Phys. Rev. 83 (1951) 1011
Sher, Halpern, and Mann, Phys. Rev. 84 (1951) 387

Sheiine, Phys. Rev. 82 (1951) 954(L)

Sheline, Holtzmark, and Fan, Phys. Rev. 83 (19:1) 919

Shapiro, Phys. Rev. 93 (1954) 290

Sherr and Miller, Phys. Rev. 93 (1954) 1076

Sherr. Li, and Christy, Phys. Rev. 96 (1954) 1258

Sheline, Johnson, Bell, Davis, and Mc%owan, Phys. Rev. 94 (1954) 1642
Shaw, Conzett, Slobodrian, and Summers-Gill, Bull. Amer. Phys. Soc. 1 (1950) 253
Sheline, Nuclear Physics 2 (1956) 382

Shimanskaia. Zh. Eksp. Teor. Fiz. 31 {1956) 393; JETP 4 (1957) 355
Shafroth, Strait, and Levesque, Bull. Amer. Phys. Soc. 3 (1958) 37

Shute and Fisher, Phil. Mag. 3 (1958) 726

Sharp, Friedman, and Chase, Bull. Amer. Phys. Soc. 3 (1958) 419

Shook, Phvs. Rev. 114 (1939) 310

Sharp, Chase, and Friedman, Bull. Amer. Phys. Soc. 4 (1959) 366

Stipley, Owen, and Madansky, Phys. Rev. 115 (1959) 122

Shline, Nielsen, and Sperduto, Nuclear Physics 14 (1959) 140

She'ine and Wildermuth, Nuclear Physics 21 (1980) 196

Shar.p, Chase, Warburton, and Friedman, Bull. Amer. Phys. Soc. 6 (1961) 46
Sheline and Harlan, Bull. Amer. Phys. Soc. 6 (1961) 249

Shoda, Kobayashi, Siina, Abe, and Kimura, J. Phys. Soc. Japan 16 (1961) 1031



Si 36
Si 46
Sio47
Si 47a
Si 50
Si 51
Si 52
S1 54
Si 57
Si 59
Si 59a
Si 59b
Si 59c
Si 59d
Si 8%e
Si 59f
Si 59g
Si 61

Si

52

St 59

Sm
Sm
Sm

Sm
Sm
Sm
Sm
Sm
Sm

Sm
Sm
Sm
Sm
Sn
So
So

So

42
51
54

57
58
58a
59
60
60a

61
6la
61lb
6lc
55
50
58

61

6la
52
aha
58
60
60a
61
51
50
51
51a

L 51b

52
52a
53

ENERGY LEVELS OF LIGHT NUCLEL Il 319

Sizco and Koene, Physica 3 (1936) 1053

Siegbahn, Phys. Rev. 70 (1946) 127

S%egbahn, Arkiv Mat. Astron. Fysik 34B (1947) No. 4

Sfegbahn and Johansson, Arkiv Mat. Astron. Fysik 34A (1947) No. 10
S¥egbahn and Du Toit, Arkiv f. Fysik 2 (1950) 211(A)

Sinclair and Holloway, Nature 167 (1951) 365(L)

Siegbahn, Arkiv f. Fysik 4 (1952) 223

Simaaton, Rightmire, Long, and Kohman, Phys. Rev. 96 (1954) 1711(L)
Sinclair, Phys. Rev. 107 (1957) 1306

Singh, Davis, and Krone, Bull. Amer. Phys. Soc. 4 (1959) 17

Simons, Nuclear Physics 10 (1959) 215

Simons, Soc. Sci. Fenni~a Comm. Phys. Math. 23 (1959) No. 3

Simons, Phys. Rev. 114 (1959) 569

Singh, Phys. Rev. 115 (1959) 445

Singh, Davis, and Krone, Phys. Rev. 115 (1959) 170

Singh, Phys. Rev. 115 (1959) 1015

Singh, Dosso, and Griffiths, Canadian J. Phys. 37 (1959) 1055 (L)

Simms, Benczer-Koller, and Wu, Phys. Rev. 121 (1961) 1169

Slitis and Siegbahn, Arkiv f. Fysik 4 (1952) 485

Slaus and Alford, Phys. Rev, 114 (1959) 1054

Smith, Phys. Rev. 61 (1942) 578

Smith and Anderson, Nature 168 (1951) 429(L)

Smith, Cooper, and Harris, Phys. Rev. 94 (1954) 749(A), and verbal report to Nuclear
Data Group

Smith and Breitenbecher, Bull Amer. Phys. Soc. 2 (1957) 59

Smith and Endt, Phys. Rev. 110 (1958) 397

Smith and Endt, Phys. Rev. 110 (1958) 1442

Smith, Proc. of the Paris Conf., p. 655 (Dunod, Paris, 1959)

Smith and Kuperus, Physica 26 (1960) 631(L)

Smulders, Smith, and Endt, Proc. of the Kingston Cenf., p. 316 (Univ. of Toronto
Press, 1960)

Smith and Steigert, Thys. Rev. 122 (1961) 1527

Smulders (Utrecht Univ.), private communication (1961)

Smith and Van Rinsvelt (Utrecht Univ.), private communication (1961)
Smith, “Charged particle cross sections”, Los Alamos Report LA-2424 (1961)
Snzll and Pleasonton, Phys. Rev. 100 (1955) 1396

Solomon, Phys. Rev. 79 (1950) $03(L)

Sorokin, Valter, Malakhov, and Taranov, Zh Eksp. Teor. Fiz. 35 (1958) 1386; IETP
8 (1959) 969

Sorokin, Popov, Storizhko, and Taranov, Zh. Eksp. Teor. Fiz. 40 (1961) 1253; JETP
13 (1961) 883

Sosnowski, Wilheimi, and Wojtkowska, Nuclear Physics 26 (1961) 280
Sperduto and Buechner, Phys. Rev. 88 (1952) 574

Spicer, Phys. Rev. 100 (1955) 791

Sperduto and Buechner, Phys. Rev. 109 (1958) ~462

Springer and Wiedemann, Z. Naturi. 15a (1960) 8287

Spivak and Mikaélyan, Zh. Eksp. Teor. Fiz. 39 (1960) 5?’4; JETP 12 (1961) 404
Spivak, Mikaélyan, Kutikov, and Apalin, Nuclear Physics 23 (1961) 169
Sreb, Phys. Rev. 81 (1951) 469(L) ’

Steffen, Phvs. Rev. 80 (1950) 115(

:::fit?,\'an- Patter, Buffchner, and Sperduto, Phys. Rev. 81 (1951) 747
Stevenson and Deutsch, Phys. Rev. 83 (1951) 1202

Stevenson and Deutsch, Phys. Rev. 84 (1951) 1071{L)

Stoddart and Gove, Phys. Rev. 87 (1952) 262

Stelson and Preston, Phys. Rev. 86 (1952) 807(L)

Stihelin and Preiswerk, Nuovo Cimento 10 (1953) 1219



320

St
St
St

St

St
St
St
St
St
St
St

St
St

St
St
5t
St
St
Su

Sw

Caze

Ta
Ta

Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta
Ta

ur o Qo Qv Gt
o e W2 O
[ o

O Gr O oWt St oW L
YIS e SRR W i s R
o T oW

3Ya
390
3%c
54d
60

66
6lz
61lb

AT SRR B
T

9a
390
60

60b
60c

[J]

1 61

30

52

- 56
;61
z 39

G0

[N TR B T I
wn&awca

PRSI A A
o

&

o Gt
[ ]

4

6GH
66
604

60e
Gt

Gl

a 6la

61b

p. M. ENDT AND C. VAN DER ~LEUN

Stahelin, Phys. Rev. 92 (1953) 1076(L)

Stahelin, Helv. Phys. Acta 26 (1953) 691

Stelson and Preston, Phys. Rev. 95 (1954) 974

Stelson, Phys. Rev. 96 (1954) 1584

Starfeit and Svantesson, Phys. Rev. 97 (1955) 708

Stribel, Z. Naturf. 11a (1956) 166(L)

Stribel, Z. Naturf. 11a (1956) 254(L)

Stanford and Pieper, Phys. Rev. 103 (1956) 637

Steffen, Purdue University, Nuclear Physics Progress Report AECU-3696 (1958)
Strominger, Hollander, and Seaborg, Revs. Mod. Phys. 30 (1958) 585
Stuart, Anderson, Gardner, McClure, Nakada, and Wong, Bull. Amer. Phys. Soc. 4
{1959) 257

Stetien, Phys. Rev. Lett. 3 (1959) 277

Stefien, Phys. Rev. 115 (1959) 980

St. Pierre, Macawe, and Lorrain, Phys. Rev. 115 (1959) 999

Storev and McNeill, Canadian J. Phys. 37 (1959) 1072(L)

Stelson and McGowan, Bull. Amer. Phvs. Soc. 5 (1960) 78

Storev, Jack, and Ward, Proc. Thys. Soc. 75 (1960) 526

Steflen, Phys. Rev. 123 (1961) 1787

Storev and Oleksiuk, Canadian J. Phys. 39 (1961) 917

Summers-Gill, Haslam, and Katz, Canadian J. Phvs. 31 (1953 70
Suttle and Libby, Anal. Chem. 27 (1953) 921

Sun and Wright, Phvs. Rev. 109 (1958} 109

Suzor and Charpak, J. Phys. Rad. 20 (1959) 25

Sukharevskii, Zh. Eksp. Teor. Fiz. 36 (1959) 1377; JETP 9 (1959) 981
Sukharevskii, Zh. Eksp. Teor. Fiz. 36 {1959) 52; JETP ¢ (1959) 37
Sukharevskii, Zh. Eksp. Teor. Fiz. 38 {1960) 219; JETP 11 (1969) 159
Sugivama, Tohei, Sugawara, Dazai, and Kanda, J. Phyvs. Soc. Japan 15 ({1960) 1909
Suffert, Endt, and Hoogenboom, Physica 25 {1960) 659

Subba Rao, Nuovo Cimento 20 (1961) 178

Swann, Mandeville, and ‘Whitehead. Phys. Rev. 79 (1950) 598

Swann and Mandeville, Phys. Rev. 87 (1852) 215(A)

Swann and Porter, Bull. Amer. Phvs. Soc. 1 (1856} 29

Swenson and Cindro, Phys. Rev. 123 (1961) 910

Szalay, Z. Physik 112 (1939) 24

Szilvasi, Geiger, and Dixon, J. Nuclear Energy 11A (1960) 131

Tangen, Det Kgl. Norske Videnskabers Selskabs Skrifter (1946) No.1
Takemoto, Dazai, and Chiba, Phys. Rev. 91 (1953) 1024(L)

Tauber and Wu, Phyvs. Rev. 93 (1954) 295

Tauber and Wu, Phys. Rev. 94 (1954) 1307

Taylor, Russell, and Cooper, Phys. Rev. 93 (1954) 1056

Talmi, Phys. Rev. 107 (1957) 326/L)

Talmi. Phvs. Rev. 107 (1957) 1601

Tai, Millburn, Kaplan, and Mover, Phvs. Rev. 109 {1958) 2086
Tanner. Phvs. Rev. 114 (1959 1060

Taylor, De S. Barros, Forsvth, Jaffe, and Ramavataram, Proc. Phys. Soc. 75 (1900) 772
Talbert and Stewart, Phys. Rev. 119 (1960) 272
Takeda. Ka.o, Hu,

and Takahashi, Proc. of the Kingston Conf., p. 400 {Univ. of
Torouto Press, 1960;
Twreda, J. Phys. Soc. Japan 15 (1960 557

+anaka, Furukawa, Mikumo, Iwata, Yagi, and Amano, J. Phys. Soc. Japan 15 {1960

Ta.:etani and Alford, Bull. Amer. Phys. Soc. 6 (1961) 38
Tav.or and Wood, Nuclear Physics 25 (1961} 642

Tanner, Thomas, and Earle, Proc. Rutherford Jubilee Con{., Manchester (1961}



ENERGY LEVELS OF LIGHT NUCLEL IiI 321

Te 54  Temmer and Heydenburg, Phys. Rev, 96 (1954) 426
Te 54a  Teener, Seagondollar, and Krone, Phys. Rev. 92 (1954) 1035
Te 56 Temmer and Heydenburg, Phys. Rev. 104 (1956) 989
Te 56b  Teplov, Zh. Eksp. Teor. Fiz, 31 (1956) 25; JETP 4 (1957) 31
Te 57 Teplov, lurev, and Markelova, Zh. Eksp. Teor. Fiz. 32 (1957) 15€; JETP 5 (1957) 156
Te 57a  Teplov and Iurev, Zh. Eksp. Teor. Fiz 33 (1957) 1313; JETP 6 {1958) 1011
Te 58 Temmer and Heydenburg, Phys. Rev. 111 (1958) 1303
ie Z?a Teplov and Iurev, Zh. Eksp. Teor. Fiz. 34 (1958) 334; JETP 7 (1958) 233
e

Tejera, Mazari, Jaidar, and Lopez, Revista Mexicana de Fisica 10 (1961) 229
Th 54 Thompson, Phys. Rev. 96 (1954) 369

Th 56  Thieberger and Talmi, Phys. Rev. 102 (1956) 923(L)

Th 57 Thieberger and De-Shalit, Nuclear Physics 4 (1957) 469

Th 57a  Thiry, Bull. Soc. Roy. Sci. Liége 26 (1957) 29

Th 58 Thoraton, Meads, and Collie, Phys. Rev. 109 (1958) 480

Th 58b Thorason, Cranberg, and Levin, Bull. Amer. Phys. Soc. 3 (1958) 365

Th 60  Thomas and Tanner, Proc, Phys. Soc. 75 (1250) 498

Th 60a Thankappan and Pandya, Nuclear Physics 19 (1960) 303

Ti 51 Ticho, Phys. Rev. 84 (1951) 847(L)

Ti 59 Tilley and Madansky, Phys. Rev. 116 (1959) 413

Ti 61 Tickle and Hecht, Bull. Amer. Phys. Soc. 6 (1961) 259, and private communication

To 51 Toms and Stephans, Phys. Rev. 82 (1951) 709

To 52 Toops, Sampson, and Steigert, Phys. Rev#85 (1952) 280

To 53 Toppel and Bloom, Phys. Rev. 91 (1253 473(A)

To 55a  Toller, Newson, and Merzbacher, Physy"Rev. 99 (1955) 1625(A)

To 55b Tommnovec and Cook, Phys. Rev. 180 (1955) 1254(4)

Te 55¢  Tobailem, J. Phys. Rad. 16 (1955) 48

To 57  Towle, Berenbaum, and Matthews, Proc. Phys. Soc. A 70 (1957) 84

To 58 Toms and McElhinney, Phys. Rev. 111 (1958) 561

To 39 Torki, Froc. of the Paris Couf., p. 557 (Dunod, Paris, 1959)

To 59a Tobocman, Phys. Rev. 115 (1959) 98

To 60  Tobin, Phys. Rev. 120 (1960) 175

To 60a Tohei, I. Phys. Soc. Japan 15 (1960) 372

Tr 56 Trumpy and Graue, Physica 22 (1956) 1155()

Tr 57 Trumpy, Nuclear Physics 2 (1957) 664

Ts 56 Tsytko and Antufev, Zh. Eksp. Teor. Fiz. 30 (1956) 1171; JETP 3 (1957) 993

Tu 51 Turner and Cavanagh, Phil. Mag. 42 (1951) 636

Tu 53 ‘Turner, Australian J. Phys. 6 (1953) 380

Tu 54  Turkevich and Samuels, Phys. Rev. 94 (1954) 364

Tu 57 Tutakin, Tsytko, Lvov, Valter, and Gonchar, Atomnava Energiva 3 {1937) 336,
J. Nuclear Energy 8 (1958) 253

Ty 54  Tyrén and Tove, Phys. Rev. 96 (1934) 773

Ty 58  Tyrén and Maris, Nuclear Physics 6 (1958) 146

Ul 61 Uhlmann, Frauenfelder, Lipkin, and Rossi, Phys. Rev. 122 (1961) 536
Ur 59 Urbanec, Kopecky, and Kajfosz, Czechoslov. j. Pays. 9 (1959) 544

Va 52 Van Patter and Buechner, Phys. Rev. 87 (1932 1

Va 52a Van Patter, Sperduto, Endt, Buechner, and Enge, Phys. Rev. 85 (1952) 142(L)
Va 52b Van Patter, Endt, Sperduto, and Buechrer, Phyt. Rev. 86 (1?52) 502

Va 53 Van Loef (Univ. of Wisconsin, Madison), private communication (1953)

Va. 56 Van Patter, Swann, Porter, and Mande: ille, Phyz. Rev. 103 (1956) 656

3 Varma, Proc. Phys. Soc. A 69 (1956) 641(L)

{7(; ggg VZ; der Leun, Endt, Kluyver, and Vrenken, Physica 22 (1956) 1223

Va 56e Van Heerden and Prowse, Phil. Mag. 1 (1956) 987(L) _

Va §57a Van Patter, Rothman, Porter, and Mandeville, Ph_vs.. Rev. 107 (19§7) 1.41 i
Va 57b Van Lieshout and Hayward (I.LK.O., Amsterdam), private communication (1957)



322

Va 57d
Ya 58

Va 58a
Va 58d
Va 38e
Ya 58f
Va 58g

Va 59

Va 3%a
Va 59b
Va 60
Va 60a
Ya 606
YVa 604
Va e

~ Va 80f
YVa 61
Va 6la

Va 6lc
Va 61d

Ve 56
Ve Ja
Ve 5%
Ve 59
Ve 60a

Ve 61
V1 59

V1 60

V1 61

Vo 57a
Vo 58
Vo 59
Vo 39a
Vo 60

Wa 37
Wa 39
Wa 41
Wa 48
Ya 50
Wa 52
Wa 53
Wa
Wa =n
Wa 56a
Wa 57
Wa 57a
Wa 59
Wa 59a

P. M. ENDT AND C. VAN DER LEUN

Van Patter, Porter, and Rothman, Phys. Rev. 106 (1957) 1016

Varma and Jack, Proc. Phys. Soc. 71 (1958) 100

Van der Leun and Endt, Phys. Rev. 110 (1958) 96

Van der Leun, Thesis, Univ. of Utrecht {1958)

Van der Leun and Endt, Physica 24 (1958) 1095

Vasilev and Shavtvalov, Izvest. Akad. Nauk, Ser. Fiz. 22 {1958) 788

Valter, Malakhov, Sorokin, and Taranov, Izvest. Akad. Nauk, Ser. Fiz. 22 (1958) 871
Vashakidze, Kopaleishvili, and Chilashvili, Zh. Eksp. Teor. Fiz. 37 (1859) 750; JETP
10 (1960) 535

Valter, Goncharov, Lvov, and Tsytko, Izvest. Akad. Nauk, Ser. Fiz. 23 (1959) 835
Vailter, Malakhov, Sorokin, and Taranov, Izvest. Akad. Nauk, Ser. Fiz. 23 (1959) 846
Van Qostrum, Thesis, Delft (1960)

Vanhuyse and Vanpraet, |. Phys. Rad. 21 (1960) 290

Vaughn, Imhof, Johnson, and Walt, Phys. Rev. 118 (1960) 683

Valter, Deineko, Sorokin, and Taranov, Izvest. Akad. Nauk, Ser. Fiz. 24 (1960) 884
Valter, Antufev, Gonchar, Lvov, Kopanets, and Tsytko, Izvest. Akad. Nauk, Ser. Fiz.
24 (1360) 891

Vasilev and Shavtvalov, Zh. Eksp. Teor. Fiz. 39 (1960) 1221; JETP 12 (1961 851
Vzn Oostrum, Hazewindus, Wapstra, Olness, and Parker, Nuclear Physics 25 (1961) 409
Vasilev, Romanovskii, and Timushev, Zh. Eksp. Teor. Fiz. 40 (1961) 972(1.); JETP
13 (1961) 678(L)

Valeivo, Thesis, Iowa State Univ. (1961)

Valter, Tsytko, Antufev, Koparnets, and Lvov, Izv:st. Akad. Nauk, Ser. Fiz. 25
11961) 854

"/ gors and Axel, Phys. Rev. 101 (1956) 1967

v egors arnd Duffield, Bull. Amer. Phys. Soc. 1 (1956) 206

Vertinski, Hurlimann, Stephens, and Winhold, Phys. Rev. 108 {1957) 779

Vervier, Nuclear Physics 9 (1959) 569

Velvukhov, Prokofev, and Starodubtsev, Zh. Eksp. Teor. Fiz. 39 (1960) 563; JETP
12 (981, 395

Vervier, Nuclear Phyvsics 26 (1961) 10

Viasov, Kalinin, Ogloblin, and Chuev, Zh. Eksp. Teor. Fiz. 37 (1359) 1187; JETP 10
(1960 844

Vlasov, Kalinin, Ogloblin, and Chuev, Zh. Eksp. Teor. Fiz. 39 (1950) 1468(L); JETP
12 (1961) 1020(L)

Viasov, Kalinin, Ogloblin, and Chuev, Izvest. Akad. Nauk, Ser. Fiz. 25 (1961) 115
Vor Herrmann and Pieper, Phys. Rev. 105 (1957) 1556

V' gelsang and McGruer, Phys, Rev. 109 (1958) 1663

Voshage und Hintenberger, Z. Naturf. 14a (1959) 194 (L)

Vorona, Olness, Haeberli, and Lewis, Phys. Rev. 116 (1959) 1563

Vogt and McManus, Phys. Rev. Lett. 4 (1960) 518

Walke, Phys. Rev. 52 (1937 663(L)

Watase and Itoh, Proc. Phys. Math. Soc. Japan 21 (193%) 626

Watase, Proc. Phys. Math. Suc. Japan 23 (1941) 618

Wiffler and Hirzel, Helv. Phys. Acta 21 (1948) 200

Warshaw, Chen, and Appleton, Phys. Rev. 80 (1950) 288(L)

Wapstra, Phys. Rev. 86 (1952) 561(L), and Arkiv f. Fysik 6 (1953) 263
Warstra and Veenendaal, Phys. Rev, 91 (1953) 426(L)

Yall, Phys. Rev. 96 (1954) 664

W iffler and Heinrich, Physica 22 (1956) 1146(2;

W tters, Phys. Rev. 103 (1956) 1763

“Wa.dorf and Wall, Phys. Rev. 187 (1957) 1602

Wade, Conzett, and Gonzalez-Vidal, Bull. Amer. Phys. Soc. 2 (1957) 386
Warner and Alford, Phys. Rev, 114 {1959) 1338

Wagner and Heitzmann, Z. Naturf. 14a (1959) 784



Wa 60
\Wa 60a
Wa 60b
Wa 60c

Wa 60d

We 44
We 51
We 52
We 54
We 56

We 57
Wh 39
Wh 41
Wh 60
Wh 60a
Wi 41
Wi 41a
Wi 49
Wi 51
Wi 36
‘Wi 56a
Wi 57
Wi 57a
Wi 58
Wi 60
Wi 6}
Wo 50
Wo 34
Wo 354a
Wo 36
Wo 60
Wr 53
Wr 57
Wu 49
Wu 50

Ya 31
Ya 58
Ya 58a
Ya 59
Ya 60
Ya 60a
Ya 60b

Ya 61
Ye 56
Yn 60
Yo 60
Yu 59

Za 359
Za 59a

ENERGY LEVELS OF LIGHT NUCLEIL IiI 323

Wagner and Heitzmann, Z. Naturf. 15a (1960) 74

Wallace and Welch, Phys. Rev. 117 (1960) 1297

Wakatsuki, Hirao, Okada, and Miura, Progr. in Theor. Phys. 24 (1960) 918
Wakatsuki, Hirao, Okada, Miura, Sugimoto, and Mizobuchi, J. Phys. Soc. Japan 15
(1960) 1141

Wakatsuki, Hirao, Okada, and Miura, Proc. of the i{ingston Conf., p. 971 (Univ. of
Toronto Press, 1960)

Weimer, Kurbatov, and Pool, Phys. Rev. 66 (1944) 209

Wennerblom, Zimen, and Ehn, Svensk. Kem. Tid. 63 (1951) 207
Westermark, Phys. Rev. 88 (1952) 573

Weinzierl, Z. Naturf. 9a (1954) 69

Wetherill, Wasserburg, Aldrich, Tilton, and Hayvden, Phys. Rev. 103 (#1387
Weddell, Phys. Rev. 104 (1956) 1069

Wetherill, Science 126 (1957) 545

White, Delsasso, Fox, and Creutz, Phys. Rev. 56 {1939) 512

White, Creutz, Delsasso, and Wilson, Phys. Rev. 59 (1941) 63

White and Buechner, Phys. Rev. 118 (1960) 1331

‘White, Phys. Rev. 119 (1969) 767

‘Wilkins, Phys. Rev. 60 (1941) 365

Witcher, Phys. Rev. 60 (1941) 32

Wilson and Bishop, Proc. Phys. Soc. A 62 (1949) 457(L)

Wilkinson and Carver, Phys. Rev, 83 (1951) 466(L)

Willard, Bair, Cohn, and Kingston, Buil. Amer. Phys. Soc. 1 (1956) 264
Wilkinson, Fhil. Mag. 1 (1956) 1031

Williamson znd Burton, Bull. Amer. Phys. Soc. 2 (1957) 182
Wicterberg, Z. Naturf. 12a (1957) 271

Williamson, Hudspeth, Morgan, and Moore, Phys. Rev. 110 (1958) 139
Williamson, Katman, and Burton, Phys. Rev. 117 (1960) 1325
Wilenzick, Mitchell, Seth, and Lewis, Phys. Rev. 121 (1961) 1150
Worth, Phys. Rev. 78 (1950) 378

Wong, Phys. Rev. 95 (1954) 761

Wolfsberg, Phys. Rev. 96 (1954) 1712(L)

Wolf, Phil. Mag. 1 (1956) 102(L)

Wolf, Nukleonik 2 (1960) 255

Wright, Phys. Rev. 90 (1953) 159(L)

Wright, Wyatt, Reynolds, Lvon, ard Handley, Nuclear Sci. and Eng. 2 (1957) 427
Wu, Towr.es, and Feldman, Phys. Rev. 76 (1949) 692(L)

Wu, Revs. Mod. Phyvs. 22 (1950) 386

Yaffe and Brown, Phyvs. Rev. 82 (1951) 332(A)

Yamabe, J. Phys. Soc. Japan 13 (1958) 237

Yamabe, Yamazaki, and Toi, J. Phys. Soc. Japan 13 (1958) 777

Yavin and Farwell, Nuclear Physics 12 (1959) 1

Yamamoto and Steigert, Phys. Rev. 117 (1960) 535 )
Yamabe, Kondo, Kato, Yamazaki, and Ruan, J. Phys. Soc. Japan l5‘( l'!)60) 2154
Yamaguchi, Nonaka, Mikumo, Hitaka, Umeda, and Tabata (Tokyo Univ.), as quoted
in Nuclear Sci. Abstr. 15 {1961) 1545 ‘

Yamamoto and Steigert, Phys. Rev 121 (1961} 600

Yergin, Phys. Rev. 104 (1956) 1340 .

Yntima, Zeidman, and Raz, Phys. Rev. 117 {1980) 801

Yoshiki, Phys. Rev. 117 (1960) 773 ‘

Yuasa, Proc. of the Paris Conf., p. 571 (Dunod, Paris, 1959)

Zatzick and Eubark, Bull. Amer. Phys. Soc. 4.(1959) 14_1
Zaika and Nemets, Izvest. Akad. Nauk, Ser. Fiz. 23 (1959) 1460



324

Za 60
Zz 81
Zi 60

Zi 81
Zu 30

P. M. ENDT AND C. VAN DER LEUN

Zaika, Nemets, and Prokopenko, Zh. Eksp. Teor. Fiz. 38 (1960) 287(L); JETP 11
(1960) 208; Izvest. Akad. Nauk, Ser. Fiz. 24 (1960) 872

Zatzick and Maxson, Bull. Amer. Phys. Soc. 6 (1961) 237

Zeldes, Ketelle, Brosi. Fultz, and Hibbs, Phys. Rev. 86 (1952) 811{L)

Ziegler, Nuclear Physics 17 (1960) 238

Zimmerman and Moe, Bull. Amer. Phys. Soc. 6 (1961) 47

Zucker and Watson, Phys. Rev. 80 (1950) 966



