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Introduction

The present compilation of information on the energy levels of nuclei with
Z = 11 to ?. = 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, 1961-x . In principle, the present
version should make the use of the two earlier versions unnecessary. All
imi,)ortant data contained in the latter are also given in the present paper.
This does not mean that the present bibliography is complete. Papers which
on)V have a historical interest and which are superseded by later, much more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 54a. 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.

The nuclei are presented in order of increasing A, and nuclei of the same A
in order of increasing Z.
t hor more recent information, see Addenda, p. 325 .

1



r p . M . ENDT AND C, VAN DER LEUN

Generally, each nuclear reaction is treated under the heading of the final

nucleus. Exceptions are reactions where resonances have been observed, which

are treated under the compound nucleus, and the ft decay of unstable nuclei,

treated under the parent nucleus, and then as the first reaction . In all other

cases. the order of the reactions is determined by the initial nucleus, starting

with the lowest-A nuclei and of each group of isob,,rs with the lowest-Z

element.
Following the last reaction discussed, for each nuk'.eus a list is given of

reactions "Not reported", but which could, if observed, give additional infor-

mation about the final nucleus. Only those reactions have been included. which
are in principle feasible with a stable initial nucleus and with a neutron,
proton, deuteron, triton, 3He- or alpha-particle as ingoing or outgoing 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 most 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 from two or more sources.
All electron capture and (3 decay f values have been recomputed, using the
weighted mean half-lives given in the text and the Q. 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. g energies are given in
MeV; the number of decimals given is limited such that the error is at most five
units of the last decimal. Bombarding energies indicated in the level diagram,
are liven in the laboratory system but plotted to scale in centre-of-mass
coordinates. .In this way the leaders, indicating resonances, and the correspond-ing energy levels in the compound nucleus will be found at equal heights.

Doubtful levels or transitions are marked by hatched lines. Uncertain exci-tation energies and uncertain spin and parity assignments are bracketed.Reactiùns 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 y 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 tl°e 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 I2C is equal to 12 units. The other
column gives the mass excess in the old l6® scale for compari;:on with older
data.
By far the most of these values have been taken from the table of Everling,

Etinig, Mattauch and wapstra (Ev 60, Ev 61) . The mass excesses of new nuclei
and a few c- sections, mostly due to recent measurements, have been included .
The reaction and decay energies used to compute these additions and cor-
rections 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, Qm , and the

binding energies in the compound nucleus of the bombarding particle, Eb,
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 Q 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, the magnetic dipole moment, y, and the electric quadrupole
moment, q, as found from the hyperfine structure, from optical spectroscopy,
nuclear resonance absorption or induction, atomic car molecular beam magnetic
resonance, andfor 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
an:iotated additions.

OTHER REVIEW ARTICLES

Nluch 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 compilations (Hu 58,
Sm 61c) have been mentioned above.
A general survey of nuclear reactions, levels, and spectra of light nuclei

appeared in the Er. cyclopedia of Physics (Bu 57c) ; an exposition of the system-
atics of nuclei between 160 and 4°Ca in the Proceedings of the Kingston Confer-
ence (Go 60c) .
The experimental data on nuclei between 5He and NNe have been couapiled

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 A == 18-34 nuclei (Ma 61b) ; calculations of
ft values ,N ith jj and LS coupling for A = 16-41 nuclei (Wi 57a) ; a discussion
of ,rotational levels in A = 16-25 nuclei (Ra 57) : a # coupling calculation of
the binding; energies of the calcium isotopes (Ta 57) .

Finally, the "Nuclear Data Sheets" have been of great benefit in checking
and completing the list of references .

We are particularly grateful to the many physicists who sent their results
in advance of publication .
The invaluable assistance of Miss Kitty van Bunnik and of H. M. van Zoost

-in the preparation of the manuscript has been much appreciated .
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TABLE 1

ass Excesses ( --A) in keV

"O

17F

'OF
19F

201;

10904
1,354.5
884.8

-1486.1
-13.5

- 12%
-ç- .3
-17 4.0

0.7
5.8

15641
6987.0
6213.3
4138.5
5907.1

21F -26 y 25 6191

1ANe 5314 ~ 40b 10641
19:Ve 1762 5 7387
20Ne -7041.3 -~- 0.5 -1120.8
2-'Ne -5729.1 -~ 1 .6 487.5
22Ne -8024.9 0.6 -1512.3
22Ne -5146 .;~ 5 1662
24Ne -5964 -a 40 1141

20Na 8280 --300 14200
21Na -2199 1 17 4018
22Na -- 5183.3 ,- 4.6 1329.3
23Na -9526.2 ± 1 .5 -2717 .6
QaNa ---- 8413.8 i 2.7 -1309.2
25Na -9357 , 10" -1956
28Na --7700 --?-300X 0

22M9 -140 4- 80d 6370
23Mg -5448 158 1360
24Mg --13930 .1 -?- 1.8 -682.5.4
2smg -13189.4 -?-- 1 .9 -5788.8
28M9 -16215.5 -'- 2 .2 -8,518.8
27M

g -14581 . 2 ' 3.7 -6588 .5
2&Mg -15015 --- 6 -6726

24Al 90 -?- 300 7190
25A1 -8928 -_~- 6 -1528
2gA1 -12201.5 -_~- 4.7 -4504 .8
27Al~ 1 -17199.2 - 2.0 -9206.4
2BA1 -16851.5 3.6 -8,562.8
29A1 -18217 6f -9632
30A1 -17150 ±250bb -8270

(12C = 0) ( 160 = 0)

1n 8071.34± 0.41 8367.37
iH 7288-73± 0.11 7584.76
2H 13135-26± 0.17 13727.42
BH 14949 .07± 0.36 15837.15
$He 14930.94+ 0.26 15819.02
4He 2425.11± 0.35 3609.22

12C 0 3552.33
14N 2863.60 --~ 0.16 7007 .98
180 -4736.43 , 0.26 0
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TABLE 1 (COntinued)

26Si -7150 -L 809 550

27Si -12384 + 8h -4391
28si -21491 .0 2.9 ---13202 .3

29Si -21897.4 3.4 --13312 .6
aosi - 24410.3 4.0 --15559 .5
31Si --22961 .1 4.6 --13784 .3
32Si -24084 + 15cc -14011

Zap -7690 +300 600

20p -16949 81 -8365
,lop -20192 91 -11312
alp -24437 .8 1 .5 -15261.0
$ap -24303 .2 2 .2 --14830 .4
33P -26334 .9 3 .4k --16566.0
34p -24830 +200 --14770

30S -14220 4-1101 --5340
3i5 -18988 4- 17m --9812
3âs - . 26011.7 -4- 1.0 --16538 .8
33S -26582.9 + 2.8 -16814,0
34S -29932.4 4- 2.9 --19867 .4
35S -28842.9 2.6 --18481 .9
36S -30653 -_~- 9 --19996
a7S -26980 90 --16020
38S -26800 ±150 ,-15560

32CI -13010 ±300 --3540
33Ci -21008 ± 12 --11239
34C1 -24413 4- 21 n --14348
36C1 -29010.2 _-L 2.6 --18649 .2
36C1 -29516 4- 5 --18859
3-,C1 -31765 .9 2.1 -20812.9
38C1 -29804 8 --18555
39C1 -29803 _~- 21 --18258
40C1 -27500 -1-500 --15700

35Ar -23040 300 -12680
3"Ar --30227.0 3.2 ---19570.1
37Ar -30949.9 2 .5 --19996 .9
"Ar -34719,9 2 .3 -23470.9
39Ar -33233 6 -21688
40Ar -35037.3 + 0.8 -23196.241Ar -33058 ± 11 -2092142Ar -34423 ± 40Y _ . .,1990

37K -24800 --1 50p --13850
38K - 2 8791 ±. 11 --1754239K - 33798.3 ;- 2.8 -22253.3o
40K -33524.5 3.3 -21683 .4.
41 K -35548.3 4.3 -23411 .242K -35006 20 --2257343K -36577 11_ --23848
44K --35360 -L200 -22330
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TABLE 1 (CO?ZUi6Ued)

39Ca -27300 ± 40q -15760
4®Ca -34846.0 ± 3.5 -23004.9
41Ca -35135 t 8 -22998
«Ca -3853-5.9 + 4.2 -26102.8
o8Ca -38394.0 ± 4.5 -25664.9
«Ca -41458.7 ± 4.5 -28433.6
41sCa -40807.0 ± 4.3 -27485.7
48Ca -43136 ± 10 -29519
47Ca -42334 ± 181' -28420
48Ca -44372 ± 139 -30163
»Ca -41445 ± 14$ -26940

44Sc -20900 ±200dd -9050
41Sc - 2864,0 lou -16503
42Sc -3228,0 60Z -19850
44Sc -36174 ± 11 -23445
44Sc -37811 7 -24786
4asc -41058.9 4.0 -27737.7
4®Sc -41754 ~- 5 -28137
47Sc -44330 9 v -30416
44Sc -44494 ± 10 -30284
49Sc -46 20 ± 40w -32010
a°Sc -45100 ±500 -3030-0

°4Ti -37656 ;~ 12 -24631
48Ti -39001 6 - 25679
48Ti -44119.2 3.5 -30502.0
47Ti -44935 ± 7 -31021
4eTi - 48483.6 -± 3.4 -34274.3
49Ti -48559.1 - - 3.3 -34053.8
48Ti -51425.7 4- 4.5 -36624.4
81Ti -49716 -!- 20 -34619

a 14N($He, n)18F -1181± l2 keV (see Aj 59)
b 18o($Hc, n)18Ne -3190± 40 keV (Aj 60)
c 21Na(p+)"1Ne 3522 -i- 30 keV (Sc 521

3532 ± 20 keV (Wa 60a)
d 2°Ne($He, n)$2Mg Q~ -40± 80 keV (Aj 61)
e 24Na(p, n)2$Mg Q- -4850- 7 keV (Ki 55a, Go 58f)

28Mg(ß+)a$Na Q- 4110± 10 keV (Wa 60a)
s4Mg($He, a)" 3Mg Q- 4048± 15 keV (Hi 59a)

t s'-AI(t, p)29A1 Q- 8678± 6 keV (Ja 60a)
24Mg($He, n) 48Si Q= 80 ± 80 keV (Aj 60)

b 27A1(p, n)27Sf Q - -55854- 10 keV (Ki 55a)

Q -5607--l- 8 keV (Ma 55c as corrected
in Ev 61)

Q -5591 y- 8 keV (Br 59f)
27Si(fl+)27A1 4870 ± 20 keV (Wa 60a)
28Si(sHe, «)27Si 3405 -- 15 keV (Hi 59a)

d 28Si(p, Y)29Y Q 2760± i3 keV (Ok ti0a)
Q 2750± 20 kPV (Va 60)

2BSi($He, d)29P Q -2731± 12 keV (Hi 60c)
88P(Y+)29S1 4960± 10 keV (Li 57b)

Q 4982 ± 20 keV (Wa 60a)



(Ba 59a)
(Va 58a)
(Br 59f)
(En 58 as corrected

in Ev61)
(see text)

1 30S(P+) 30P Q 5930±150 keV (J o 60)
6010±150 keV (Ro 61a)

m 3ip(p, n)3î5 Q --- --6253-± 20 keV (Br 59f)
m5(~4-)3ip Q .)440 ± 30 keV (Li 57b)

Q 5410± 30 keV (Wa 60a)
n 335

,(p, Y) 34CI Q 5120± 30 keV (Va 583)
34CI(ß+)345 Q 5520± 30 keV (Gr .5 6)
35Ar(ß+) 35C1 Q 5980± 40 keV (Ki 56)

Q 5950± 50 keV (Wa 60a)
37K(fl+ ) 37Ar Q 6120± 70 keV (Su 58)

Q 6170± 70 keV (Wa ,60a)
39K(p n)39Ca -7044± 70 keV (Br 59f)
39Ca(#+)39K 6600 100 keV (Li 57b)

Q 6512 25 keV (Ki 58)
Q 6450 60 keV (Wa 60a)

40Ca(7, n)39Ca Q - --15800±100 keV (Su 53)
r 47Ca(fl-

I
'47SC Q 1996-:1- 16 keV (see discussion

of "Ca decay)
e 48Ca(p, n)4"Sc Q -660± 30 keV (E1 58)

Q -660± 10 keV (JO 60a)
48Ca(d, p) 49Ca Q 2919± 6 keV (Br 56f as corrected

in Ev61)
n 40Ca("He, d) 41Sc Q --4410± 15 keV (Hi 60k)

40Ca(d, n)"Sc Q --1145 ± 15 keV (Ma 61c)
40Ca(p, y)4'Sc Q 1090± 20 keV (Bu 61a)

v 47SC(
F°
-)47Ti Q 605± 5 keV (Li 57b)

w 49Cd(ß-f49Sc Q 5080+ 60 keV (Li 57b)
495C(N-\ "Ti 2050-4- 501CCV (Ke 56)

x 26Na(12
-) 26Mg Q 8'7300 ±300 keV (Ro 61b)r 40Ar(t, p) 43Ar Q 7046 :E 40 keV (Ja 61d)

z 39K((x, n)42Sc Q -7160± 60 keV (Sm 61)aa 23.NL a(t, p) 25Na Q 7492± 12 keV (Hi 61a)2'Mg(t, a)ZSla Q 5664 .± 10 keV (Hi 61a)bb 30Aj(ß-)30Si Q 7290±250 keV (Ro 61)cc 3OSi(t, p)32Si Q 7304 ± 15 keV (Hï 61g)aa 405c@,)40Ca Q 13950±200 keV (Sc 59c)

P. M. ENDT AND

TABLE 1

C. VAN DER LEUN

(continued)

27A1(ix, n)3op Q . -2670± 30 keV

29Si(p, y)30P Q --- 5570± 30 keV

305i(I),
n)30p Q = -5005 30 keV

a2S(~1, oc)30P Q .= 4892 10 keV

33p(P-) 335 248± ~a keV
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TABLE 2

Natural Abunda ces and Nuclear Moments

Isotope
Natural

abundance
(%)

Nuclear moments
IA

(nucl. magneton)
4

(10-24 cm2)
10F 100 1 +2.6275
2ONe 90.92 0 <0.0002
21Ne 0.257 -0.66140 +0.09e
"Ne 8.82
22Na 3 1 .746
23Na 100 +2.2161 +0.10
24Na +1 .69
24Mg 78.7
25Mg 10.1 ? -0.8547 +0.14b
26Mg 11.2 0:~ s0

27AI 100 - +3.6385 +0.149
AASi 92.2 ;:k:~ 0
2sSi 4.7 +0.5548 <0.0001
30Si 3.1 --0
sip 100 1 + 1 .130Z
32P 1 -0.2523
32S 95.0 0
sas 0.76 -{- 0.6427 -0.064
34S 4.22 <0.002
3bs 1 .0 +0.045
36s 0.014 <0.01
35C1 75.53 +0.82091 -0.0789
36cl h + 1 .2839 -0.0168
37CI 24.47 .r +0.6833 -0.0621
3gAr 0.337 l
38Ar 0.063
4OAr 99.600 0
39K 93.08 1 -'- 0.3909
40K 0.0118 4 -1 .2964 -0.071-1
41.K 6.91 z +0.2151 +0.1
42K 2 -1 .137
43K

-á d -0.163d

"Ca 96.97 -0
42Ca 0.64
43Ca 0.145 -1.3153
44Ca 2.06
46Ca 0.0033
48Ca 0.)85
44sc 2c
44SCIII 6c
45sc 100 -á 4.749 ~~ .4dWV
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TABLE 2 (continued)

16 Bu WC.
1hBlfjl .
e Ha d31b .
d Pe .59b .
e Gr 58d �
t Fr 59 .

Natura Nuclear moments
Isotope abundance

(% (nucl. magneton) (10-24c,n8)
48Ti 7.99
47Ti 7.32 á -0,7871
48Ti 73.99
49Ti 5.46 -1.1023soli 5.25
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2ONa
(Not illustrated)

A.

	

2°Na(#+)2°Ne

	

Qm -- 15 320±300
The half-life is 0.25 sec (Al 50a), 0.23±0.08 sec (Sh 51b), 0.385±0.01 sec

(Bi 52a) .
The decay, at least partly, proceeds to states of 20Ne between 6.8 and

10.8 MeV which decay by a-particle emission . The possibility that the ß+
decay is super-allowed is discussed in Bo 55.

For a theoretical discussion of the 2°1ía spin, see De 53a.
B.

	

20Ne(p, n)2°Na

	

Qm = -16100±300
The threshold, at EP = 16.9 MeV, has been measured by a-particle detection

(Al 50a) .
C.

	

Not reported :
20Ne(3He, t)20Na Qm = --15340

21Na
(Fig. 21 .1, p. 12 ; table 21 .1, p. 13)

300

20Na, 2'Na

A.

	

21Na(#+)2'Ne

	

Qm = 3530±17
The weighted average of four half-lite measurements is 22.8 ± 0 .2 sec

(Sc 52, Ph 53, Ar 58, Wa 60a) .
The maximum positon energy is 2.50±0.03 MeV (Sc 52), 2.51±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 y 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 21Na

is the same as that of its mirror nucleus 21Ne, that is Jn = +. For the decay
to 2'Ne* = 0.35 MeV, log ft = 5.0.
B .

	

20Ne(p,
y)21Na

	

Qm = 2446±17
At Ep = 400 keV, the cros, section is (2.7±1 .0) x 10-2 pb (Pi 57) .
One resonance, at Ep = 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 they decay of the correspond-
ing 3.56 MeV level (Be 61) . A Jx = --+ (or ~+) assignment follows from the
angular distribution of the ground.-state transition kBe 61) . The level has
Î'p :!:_z-_ 0.7 keV (Ta 59), and. (2J+ ~)rpr~I F = 1 .13- 0.07 eV (jFh 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 21Na, found for protons in the 1 .35-4.4 Me`' range, are indicated in table
21 .2 (Va 53) .

C.

	

2°lß e(p, p°)2°Ne

	

Eb == 2446±17
Elastic scattering studies indicate ten resonanes in the range Ep = Cß.2-4.4



21Na

12

ZA5

pt ~

	

p~>
1

5.2'., -a 5.?5
i

4 .00

3.57
3.553.42

2 .14
2 .09
1 .95

32

T

3.83
357 I
3.55
3.4 2

	

`

2.73

2 .14

1 .95
1.s1

20Ne +p

-6.87

3.57
3 .55(3 .45) -'

2 .14

1 .1

P . M . ENDT AND G. VAN DER LEUN

2mp cz

Fig. 21 .1, Energy levels of 21Nit.

2 .65

0.22
20Ne+d_n

17 F+ a

6

-4.31
Ne+p- n
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TABLE 21.1

Energy levels of 2'Na

TABLE L .2

Resonances in Ov,e + p

21Na

13

a Br 47, Be 61.
b Co 54b .
0Va53.
d Ha 55a.
e Va 60d.
i üd 59a.
It Resonances in the yield of capture y rays or in the yield of "'Na P+ activity are indicated by y,
resonances for elastic scattering by po , and resonances in the yield of the 1 .63 MeV 1r ray from
2ONe(l) by pl .

E. (MeV)

0
0.34±0.02
1.72±0.05
2.42±0.02

Jn

1+
(,$-+), -+

+

TI or r
22.8±0.2 sec

Decay

ß+
y
y

Reactions

A., B, D, E, h,
B,
1>, D
D

2.81 ±0.04 (y) B, D
3.56 á}~ Q+) Y B, D
3.88+0.05 D
4 .17 1- 121 keV p C, D
4.31 1,3+ 17 keV p C, D
4.44 p C
4.48 -á+ 27 keV Y, 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 (Y), P B. c
5.83 ti 2 keV r, p B, C
5.84 i -, 25 keV y, p B, C
6.09 (2 p
6.26 p C
6.52 1.50 keY p C
7.45 P

$'Na*
MeV Decays (keV) rpo ir Jad

1 .165a 3.56 Y
1.81( 1 4.17 PO 180d, 1211e >0.7d
.1r53 << 4.31 Po Pi 6d . 17e >0.7d, 0.25e z +

2.09b 4.44 Px
2.135d , 0 4.48 Y Po Pn 17d,270 >0.7d, 0.84e -r

2.73b 5.05 Po p, doubled
3.176(1 5.47 Po Pi 110d, 80e > 0.7 d ~+
3.42d , c 5.70 (7) Po Pi ~s20d <0.1d
3.552d, e 5.83 Y Po Pr
3.566d- 0 5.84 7 Po pi 25d >0.7d
3.828d 6.09 Po Pi 6d 2 2
4.00b 6.26 Pi
4.28d 6.52 Po 15Ud >0.7d s+ :_+

5.25t 7.45 Po Pi



2iNa

14

MeV ; see table 21 .2 for energies, widths, spins, and parities (Ha 53, Ha 55a,

Va 60d) .
The resonanncs for inelastic proton scatteri:}Zg to 20Ne* == 1 .63 MeVgenerally

correspond ;'o those for elastic scattering (Ga 53, Co 54b) ; two resonances, at

ED - 2.09 and 4.00 MeV, are found from inelastic scattering only (Co 54b) .
Resonance cross sections are given in Cfa 53. tree also So 61 .
Angular distribution measurements of proton groups to 2°Ne(0) and (1) in

the Ep = 4.95--5.50 MeV region indicate a resonance at Ep = 5.25 MeV
(Od 59a) .
See Aj 59 for levels in 2oNe.

D.

	

GoNe(d, n)21Na

	

Q,n = 222±17

The ground-state Q value has been measured as 0.22 ±0 .03 , Me'v (Be 61), and
0.25 ±0.05 MeV (Gr 61) . Excited states :have been observed at 0.33 ±0.03 MeV
(Be 61, Gr 61), and at 1.77±0.05, 2.42±0.04, 2.80±0.06, 3.61±0.06 MeV
(Be 61) . See also Sw 52. From angular distribution measurements l! , =: (2,3)
(Gr 0) is found for the ground-state transition, Gp = 2, tIp2 --= 0.01 : (Be 61 ;
also 1P = 2 in Gr 61) for the transition to the 0.33 MeV level, and Ip = 0,
8p2 --- 0.17 (Be 61) for the transition to the 2.42 MeV lei, el .
A slow-neutron threshold has been ob~;erved with Q -== -2.201±0.007 MeV,

corresponding to 21Na* = 2.42 MeV (Ma 56b) . An earlier reported threshold
with Q = -1.24±0.02 MeV (Ma 56b) has probably to be ascribed to
22Ne(d, n)2`-Na (Gr 61) .

Recent measurements with time-of-flight neutron spectroscopy, at Ed =
2.4, 3.1, 4 .6, and 6.1 MeV, yield 21Na le ,;els at 0.36±0.04, 1.68±0.05, 2.82±
0.04, 3.88±0.05, 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 assts med
Qa value of 0.23 MeV instead of 0.22 IVCeV has been used in Aj 61 ; the excitation
energies given above have already been corrected accordingly.

P. M. ENDT AND C. VAN VER LEUN

E. 21NP(p, n)2'Na
4313±17

Observed, Cr 40.

F, 24N1g(Ps 2)2 'Na Qm .-- --. 6867±17
Observed, 13r 48, Sc ¬i2, Fu 60.

G. Not reported
19F(3He, n)21.,, ~ a Qm = --- 7573+172o;Ne(3He, d)21Na Q. = -- 3047±17
2ONe (a, t)2'Na Qm = --17366±172~Nefle, t)21Na Qw = -- 3548±172d':Na(p, t)2'Na Qm = -14988±17
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22Na
(Fig . 22.1, p. 16 ; tabee 22. 1., p . 15)

27,Na

A.

	

22Na(#+)?- 2Ne

	

Q. - 2841.5±4.6
The half-life is 2 .58±0.03 years (Me 57) .
The decay predominantly proceeds by ß-~ emission to the 1.27 MeV level of

22Ne. The #+ end point is 542±5 keV (Ma 50a), 540±5 keV (Wr 53), 545±2
keV (Da 58), 547.4±1 .0 keV (Ni 61a) ; log ft-_. 7.4.

TABLE 22.1

Energy levels of s$Na

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, (6.7±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,

Ex
(MeV ±keV) ,%n' tl or .P Decay Reactions

0 3+ ; 0 2.58±0.03 yr ß+, EC many
0.587± 4 1+ ; 0 (0.266±0.010) x 10-6 sec y B, D, I, L K, L, M
0.660± 4 0+; 1 <0.35 ---19-11 sec y B, D, K, L, M
0.892± 3 (1)+ y B, D, J, K, L, M
1 .532± 4 (<4)+ y B, D, J, K, L
1 .942± 5 y B, D, K, L
1 .949±10 y B, D, K, if-
1 .988± .5 y B, D, K, .L
2.217± 5 y B, D, E, IK, L
2.574± 5 D, K, L
2.973+ 5 D, K, L
3.065± 5 D, K, L
3.527± 5 D, K, L
3.713+ 8 D, K, L
3.949± 5 K, L
4.073 :E 10 K, L
4.323± 8 K, L
4.363±10 K, L
4.473± 8 K. L
4.531±10 K. I-
4.595±10 K, L
4.732 ± 10 K, L
4.778±10 K, L
7.474± 5 %:w6 keV E
7.569 < 2 keV y E
7.707 y
7.812 E
7.903 y E
7.980 y, E
8.035 y E
12.07 p C
12.38 p C



~Z

- 2~.,

-'r



22Na

ENERGY LEVELS OF LIGHT NUCLEI . 111

	

17

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,
A = -0.0027 ±{}.0004 (St 59a, St 58a), -A > 0.026 (Da 60a), obser`~ed in
the ßß-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/ß+ = 0.114

	

0.004,
averaged from 0.124±0.011 (Kr 54), 0.110-1-0.007 (Sh 54b), 0.122±0 .010
(Al 55), 0.109±0.007 (Ko 58b) . See also Ho 53b, Ma t4c, Se 54, Ch 55, Di 55.
Theory yields 0.1135 (Ko 58b).
A#+ transition to 22Ne(0) has been observed with an intensity 0.062 ±0.015

percent of the transition to 22Ne(1) . The fl+ end point is 1.83±0.06 MeV ; log ft
= 13.1 (Wr 53) . See also Mo 49.
The asymmetry parameter A of the ß-y circular polarization correlation,

1+A <v/c> cos 0, is A = +0.36±0.08 (Ap 59 ; also Ap 58), A = -{-0.35±0.02,
yielding the relation C~ _ (1 .0±U.2) CA for the axial-vector coupling constants
(St 59b) .

Longitudinal polarization of positons, Pa 57b.

B.

	

19F(a, n)22Na

	

Qm = -1949.0±4.7
Thresholds forthe production of slow neutrons are observed at E,, = 2.33 MeV

(22Na g.s.) and 3.04 MeV (22Na* = 0.59 MeV) (He 54b) . The groundstp'P Q
value has been measured as Qo - -1.950±0.015 MeV (Bu 56c, as corrected
in Wi 57), -1.959±0.010 MeV (Wi 60) . For a particles in the Ea = 3-6 MeV
range, neutron groups have been observed to the 2"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 Ea ----

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 18F(a, ny)22Na

a Te 58 ; Ea, := 3.9 MeV.
b 're .58 ; Ea --- 5.7 MeV ; y rays in this column are coincident with the 73 keV y ray.
e Ra 60 ; E,g = 4.9 MeV; without Doppler correction .
d Tctal internal conversion coefficient, (4.5±0.4) x 10-3, indicates A11 cha-actor (Ra 60) .
e Total internal conversion coefficient, (1 .14 c-0.3) x 10-4 , indicates E2 or M2 character (Ra 60) .

Ey$
(Me'i' I keV)

Evb
(MeV)

Eye
(MeV -I keV)

Intensity c
(relative)

Transition in 22Na
(E, in MeV)

0.073-L- 1 0.073 y ?d 0.66 ->. 0.59
0.593 0.593 0.586± 4e 36 0.59---)-o

(0.666) < 2 0.66 --~ 0
0.890±10 0.892± 5 25 0.89 -~ 0

1 .3 1.95 --~ 0.66 (+0.59)
1 .530±10 6 1.53 --~ 0

1 .55 2.22 -~ 0.66 (+0.59)
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by an E,, - 73±1 keV transition to 22Na(1), which in turn decays to the

ground state (Te 58) . The Jn = 0+, T = 1 assignment to the 0.66 MeV level

(see reaction L), and the internal conversion coefficient of the 73 keV y ray

(table 22.2) yield J-n -- 1+ (and thus T = 0) for the 0.5? MeY level . These

assignments are confirmed by the following data : the converson coefficient
of the 593 keV y ray indicating E2 or M2 character (Ra 60) ; the half-Ife of the
0.59 MeV level, a, -= 0.266 ±0.010 psec, ruling out a J-n =- 0+ (and thus T = 1)
assignment to this level (Te 58 ; see also Ho 58û) ; the half-life of the 0.66 MeV
level, -r# < 0.35 x 10 -9 sec, supporting a ®T = 1 assignment to the 73 keV
transition (Ho 58b ; see also Te 58) .

See 23Na for resonances.

C.

	

"Ne(d, p) 21Ne

	

Qm = 4534.4±1 .5

	

E,d = 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.

	

2°Ne(3He, p)22Na

	

Qm = 5784.2±4.6
Nine proton groups have been observed (see table 22.3) . A Y ray, 'with

Er = 73 keV, has been observed in coincidence with the proton groups to
22Na* = 0.66 and 1 .9-2.2 MeV (Te 58) .
E.

	

21Ne(p, y)22Na

	

Qm -= 6743.0±4 .9
Seven resonances have been reported, at Ep = 775 (I'

	

6 keV), 865
(l' C 2 keV), 1010, 1120, 1215, 1296, and 1354 keV. At EP = Vib keV, the
main capture radiation proceeds to the ground state ; at Ep -= 865 keV, to
2'-Na* - 2.25 MeV (Kr 60) .
Other energy determinations of the first resonance give Ep = 7C,5 keV

(Br 47), 766 .1±1 .8 keV (Ku 59a) .

F.

	

21Ne(d, n) 22Na

	

Qm .-_ 4518.3+4.9
Observed, La 37.

22Mg(ß+) 22Na
See 22Mg.

P. NI. ENDT AND C. VAN DErt LEUN

Qm -= 5040±80

H .

	

23Na(y, n)22Na

	

Qm = -12414.3±4 .9
The threshold has been measured as 12 .05±0.20 MeV (Sh 51a), and12.47 -±-(x.05 MeV (Ch 58). A search for isomeric states in 22Na with half-livesin the 10-5-10-1 sec range was unsuccessful (Ve 56) .
For yield curve, see Mo 53a.

23`

	

(p ,	)22.\LI.

	

Na

	

d

	

a

	

Qm = -10189-3±4 .9
Differential cross sections of groups to 22Na* .- 0 and 0.59 MeV, measured atEP = 18 MeV, yield In = 2 and On2 .= 0.021 for both groups (Be 58g, Ma 60d),.



23Na(d, t)22Na

	

Qm = -6156.6±4.9
At Ed = 14.8 MeV, triton groups have been observed to 22Na* = 0, 0.58,

0.89 and 1 .53 MeV ; Qu = -6.211±0.040 MeV. The angular distributions of
all four groups are best fitted with lg = 2 (Vo 58) . Reduced widths, normalized
to that of the 23Na(p, d)22Na ground-state transition (Be 58g), are : 0.2 = 0.021,
0.007, 0.012 and 0.004, respectively (Vo 58, Ma 60d) . For a theoretical dis-
cussion, see Ha 60a.
K.

	

23Na(3He, a) 22Na

	

Qm = 8162.9±4.9
At E(3He) = 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.

TABLE 22.3

E.nergy levels in 22Na (in MeV±1..eV) from 19F(a, n)22Na, 2aNe(3He, p ) 22_\"a, 23Na(d, t) 22Na,
23Na(3He, a) 22 1v a, 24Mg(d, a)22Na, and 2s1%Tg(p, (X)22' a

22Na
ENERGY LEVELS OF LIGHT NUCLEI . III
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all ± 10 keV

L.

	

24Mg(d , a) 22Na

	

Qm ---- 19633 .5-4-40
The a-particle groups, observed at Ed = 5 .0-7.5 MeV (Br 59d), and Ed =

5.70 and 5.90 MeV (Hi 60f) are listed in table 22 .3 ; Qo = 1 .954±0.007 MeV
(Br 59d) .

Hi 60f
( 3He, a) and

(d, a)

0

Br 59d
(d, a)

0

Br 59d
(p, a)

0

Te 58
(3He, p)

0

vo 58
g t)

0

Ba 59a
(m, n)

0
0.582 0.585±5 0.582±6
0.656 0.661±8 0.60 0.58 0.59+20--
0.889 0.893±5 0.891±6 0.90 0.89 0 .89 y 2v
1.527 1 .533±5 1 .55 1 .53 1.54 ±-20
1.933 1 .944±5
1 .949
1 .980 1 .99P±5 2.0 1.97 -r 40

2.210 2.2111)+5
2.567 2.576±5 2.6
2.965 2.975±5
3.060 3.066±5 3.0
3.532 3.526±5 3.5
3.712 3.713±8 3.75
3.951 3.949±5
4.073
4.322 4.3234-8
4.363
4.474 (4.472±8)
4.531
4.595
4.732
4.778



`~` e gr6up to the 0:66 MeV state, with T = 1, has an intensity of I--S percent

~~f t e ground-state gp~oup (see also Br 59d) . The second T = I level is expected

_ .~ ~ 1 .95 MeV ; none of the groups to 22Na*=1.933, I.949, and 1.980 MeV,

owev~er, is weak (Hi 60f~ . Angular distribution measurements at Ed =15 MeV,

~ ~it . ~V. B. A. analysis, yield L = 2 a.nd 0 for the groups to 22Na* = 0

tj.89 MeV, respectively (Fe 61) . The L = 0 assignment to the 0.89 Mc~'V

lei®e~I entails JT -- 1~- .
1®or cross section, see Cl 46, CI 46a.

2~~,~g(p' ~}22~,~a

	

Qm = -3142.55.0

At ~n = 7.5 MeV, ,r.-particle groups have been observed to th~P ground state
and to the three Iov~Test levels c.f 22Na, including thf; 0.66 Nle<<', T = 1 level ;
see table 2,.3 (Br 59d) .

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

~~ot re

	

rted
2~ .1g~1~, t~22~,1g

. 1í . E :~IDr AND C . VAN DEgt LEUN

(Fig . 22.2, p. 21}

At

	

~3 e~ .® 3.4 and 4 .5 MeV, neutron groups have been observed cor-respr~nding to 22~~fg(Oày with ~® _ --0.040.08 MeV, and to 22Mg~ ---_ 0.99~~ .~~ 1

	

e ' .

	

'o other levels with Ex < 2.5 MeV have been observed (Aj 61} .

Qm - -- 21450~80

2~~,1g~~`9 22~a

	

Qm = 5040~ 80
e decü.y should proceed to = 2~Ta* = 0 .66 MeV; with J~ = 0+, T = ~ .

er~~

	

the ~~'eli knod~~n ft value of this type of super-allowedi. 0+ --~- 0+ ~+ tran-
sitir~ns, and the ~m value derived frrom aeaction B, a ~2Mg half-life of about
4 sec can be estimated .

~` e (~ . i ~ sec l -~alf-life, observed from proton b~3mbardment of natural
agnesiurn with 6'3 ~vieV protons, and assigned either ~~0 23A1 or to 22Mg

~T~r j~j, then must be due to 23Aí .

Not reported
2Q~~e lt~ n'122~a Qm - 5 019.7~4.7
2o~Te(~, d~22Na Qm _ -I256ß.2~4 .7
2i~ïe(aHe~ d)2~Na ,- I249.8~4.9
2zNe(~ , t)22Na ~m .- --13069.7 ~4.9
22~e(p ' n)22~'a

nm _ - 3 624.2 ~ 4.6
22~el3~e~ të22~a ~m =_ - 2859.7~4.6
2.~~,fg(n, tj22~~

i' =_m -15624.5~4.9
2.~~1g(P' s~e}22~"a

~m -_ -16389.0~4.9
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5.2
21Na $ P

0.0
2°Ne+He-n

-_ 5.0
22Na

23Na

Fig. 22 .2 . Energy levels of

(Fig . 23.1, p. 22 ; table 23.1, p. 23)

22 g' 23Na

A.

	

(a) 19F(oa, n)22Na

	

Qm == -1949.0±4.7

	

Eb = 10465.3±1 .6
(b) 19F(a, p')22Ne

	

Qw =

	

1.675.2±0.8

	

Eb = 10465 .3 , - 1 .6
(c) 19F(oc, a') 19F

	

Eb = 10465 .3--'1 .6

(a) Fifteen Reonances have been found, for a particles in the energy range
Ea = 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 22NTe (1), for Ex == 0 .6

-2.8 MeV (Sh 54c), 1 .5-3.4 MeV (He 54b), and 2 .5--3 .5 MeV (W 60), are given
in table 23.2. See also Ire 58a.

See Aj 59 for proton groups.
(c) Resonances in the yield of 110 and 198 keV y rays, from 191'

	

-- 110 and
198 keV, are given in Sh 54c ('a=: 0.6-2.8 MeV) andHe54b(E. -= 1 .3-:? 1 lleV) ;
see table 23.2.

See Aj 59 for levels in 191,,.

The relative intensities of 18 Reonances in the (a, a'), (a, p'), and (,x, n')
reactions have been reported in He 54b ; and of 24 resonances in the (,x, a)
and (a, p') reactions in Sh 54c.
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B.

	

20Ne~x, p)23Na

	

Qm= -2378.7±1.5
One proton group, Q .= --2.54±0.20 MeV, has been. found with ThC` a

particles (Po 37 and Li 37) . For the differential cross section, see: Ya 60b.
See 24Mg for resonances.

C.

	

22Ne(p, y)23Na

	

Qm =8790.1±1 .5

Resonance energies for Ep --- 0.4--0.8 MeV l(Ku 59a), EP = 0.6-1 .8 MeV
(Si 59e, also Si 59), and EP = 0.6-0.95 MeV (Th 58) and the rritain modes of

ENERGY LEVELS OF LIGHT NUCLEI . III
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TABLE 23.1

Energy levels of 2s~.a

23Naa

decay are summarized in table 23.3 . See also Br 47. At EP = 640 key, the
isotropic angular distribution of the ground-state transition yo (Th 58) and its
radiative width, r, = 2.0±0.5 eV, favour the assignment J-" = 2 A
resonance absorption measurement gives Tyo = 2.7 ±1 .1 eV, and T -. Tp =
460±360 eV (Mo 60) . At E;, --= 854 key, angular distribution measurements
exclude f - I far the resonance level (Th 58) .
From y-ray spectra, angular distributions, and y-y angular correlations,

Ex
(MeV ± keV)

Jn rp, or T Decay Reactions

0 3+1 stable many
0.4392- 0.8 á+ (1.6±0.3) x 10-12 sec y C, F, G, H, 1, J, K, L, M, O, P
2.080 --f- 3 2+ y C,F,G,H,1,P
2.391 -i- 5 ,~ C, F, G. H, I
2.640 y 6 + ( +) y C,F,G.H
2.705 ± 7 (á-)+ y C, i-, G, H, I
2.984 + 6 4, 1)+ y- C,1,G,H,1
3.678 y 7 (á, W y C,11,1
3.850 -?- 8 «-72)+)+ y C,11,1
3.915 ±10 y C, 11, 1
4.431 -!-10 C,H,1
4.778 ±10 (2{) y C, H,
5.5 1
6.27 - -50 l+ E, 1
7.21 50 ( ., i)+ y C.E,1
7.79 -1- 20 ( +, li) E
8.431 ~10 E
9.008 ±15 E
9.202 ± 2 y C
9.208 - 2 C
9.249 4- 2 Y C
9.402 --~- 2 - ~` ~-- 0.46--0.36 keV y C
9.424 =- 2 y C
9.484 y 2 y 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
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1 :' .384
1 °? .398
12 434
l'.471

1 .3~~`~
1 .i~14
l . ~~
1 . r~~~4
°? .fj1 i
.2 ~~83
°? .1 ~ ~
°? . 2di7
°~ °.~dyi
°2 .'°S~8
°;.`3ß17
N.383
d' .4r~

~~"i F~1.
l~

	

naa:cA-= in the Field ~í the i .2î 1VíeV (~ 2~e*), 0.110 l~IeV (a 9 F*), and 0.59 ~V1eV (zz~-a~`) Y rays
are i ¬~di~ated l~~T pr , x, ~~ . and n g , respectively ; U = u!nres~olved .
~~ "-

	

. Frc~rrection for spaface contamination might lower the resonance energies by 10 to 20 keV.~~ 1-¬ ~- "~41~ .

F. ~sf . EtiDT AND C. ~'AN DER T.Et7N

TABLE 23.3
Resanances in 22tie(p, y)23=Va

P3ß .
;;~d,

~`~ ~~`$~°
~~t~:~' "ice :}8~ ó î'o a.nf Y~ indicate transitions to ga~;a~ .= 0 and 0.44 b?eV, respectively .thr~yt~gl~

	

a~ = ?.rí8 and 2.39 ~IeV have r-~t heen observed .

ptgoing
article

R ¬~ier- ~
encas ~

TABLE

Résonances

Ez
(~ZeV--~--keZ')

23.2

in 19F -fi a

s;a~~a~

(IfíeV)

,~
(keV)

Qn
(mb)

Outgoing
paa°ticleb

Refer-
ereces

p i ~ ~ 2.46 ± 10 I2.497 p l ai a~ a, c, d

Pi c 6 2.498 ~ 3 12.528 8 3 na a

Pi c ~ 2.53 ~ 10 12.555 Pa ~a a, c, d

p, e ; 2.ßOli ~_ 3 12.620 11 6 na a

p 1 c. d
; 2.63 =~ 1() 12.639

~
nl a, aQ a,C,d

Pi c 2 .î30 _ := 3 12.721 6 14 no a

Ps `~ ' 2.738-~ 3 12.728 9 p~ an a, c

P2 c , 2.78 12.74o Pl ai ^'` c, d

pb
c. d ~ 2.81 ~ 10 12.786 Fi a

pl c 2.84 _10 12.812 16 pa na a~, d

~ . a , 2.8 ( ~ 10 2 no 8
p i xF c ~ 2.90 ~ 10 12.862 2 p~ ai ocy, n a a, d
pi c 2.94 ==10 12.895 10 no a
P, ul c " d ! 3.01 ~-1Q 12.953 3.5 p l oc~ n® u, a

P~ ~e ~ ~. a ~ 3 .0. ~=10 13.002 7 a i na s, a
~c~ ~ r y 3.12 _ ~ 10 13.044 3.5 na n i a

p, ~ c " d s 3.15 -~ 10 13.06I 25 pi ai oc~ na n1 a d
aF c ~ 3.25 ~ 10 13.151 20 na nl ~3

p~ a, x~ c . ~ 3.30 ~ 10 13.193 'Z5 p i al a2 rb n a a, ~

p : c ~ 3.38 -10 13.~~41 25 na a
3.47 ~ 10 13.333 17 na n i a

wk`": j ~~le~'=keV) Deva~,-e EP
Ike~~

zs~ja~
(MeV) Decayc

431 .c~ 1 .3~ 9 . ZtJ2 _ °~ I010b 9.756 Y~<3~~ . 9 _ l . :l ~~ 9.208 =_ 2 1280b I0.014 Y1
1443b 10.170 Y~dá r'.f .~§ - i .ß ~ . rr, `i .402 _~_- L' Yo 1500 t' 10.225 Y~fr~~°~ .3 1 . f a ~i .424 2 1553 b 10.278 Y;!d .484 r 2 1593 b 10.314 Y:~i .ß12 î ° 0 Ï 1821 d 10.340!~t°f r~ . (3 .85 .5 î'o Yfl 1828d 10.347~3y~~. `i .ß~s2 1721 h 10.43ß Y~c~f4~~~.

49.89°?) 1833d i0.543
Si .7ti2 Y~ Y~
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23Na

Fig. 23 .2 . Gamma-ray branchings of 23Na lower levels . Brandings of the 2.08, 2.39, 2.64, and 2.98
MeV levels are averages from values in Go 57b, Fr 582, Si 59e, Kr 602, Li 61, Br 61c. At the 2.71
MeV level the Kr 602 results are given ; a yi intensity of 100°,ío is reported in Fr 582 and Br ., .c .
Brandrings of levels above 3 MeV are from Br 61c.

at 5 i'esonances in the Ep = 600-1030 keV region, branchings of 23Na lower
levels up to Eg == 5 MeV, and spins and parities have been determined, as
given in fig. 23.2 (Br 61c) .
D.

	

22Ne(p, p')22Ne

	

Eb -= 8790.1±1 .5
Resonances both for elastic scattering and for inelastic scattering to 22Ne* =

1.27 MeV have been observed at E,, = 2.4-"), 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.

	

22Ne(d,n) 23Na

	

Qm = 6565.4±1 .6
At Ed = 2.83 MeV, neutron groups have been observed to 23Na* = 6.27

±0.05, 7.21±0.05, and 7.72±0.05 MeV. Angular distribution measurements
yield l,, = 0, 2, and 2, and (21-}-1)8,,2 = 0.012, 0.073, and 0.02,1, respectively
(Gr 61) .
Two slow-neutron thresholds, with Q = -1.866±0.010 and --2 .443±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 Q
(Ma 56b-~, h

wei hted, mean of the half-life measun-,ments is 37.6±0.1 sec (Pe 57,

Nu 58, Al 59a) . Also Br 50d, Ri -58 .

e23N. 7e(ß-)Ma

P. M . ENDT AND C . VAN DER LEUN

1,2

	

0.02 MeV, earlier reported as to be due to 20Ne,(d, n) 23LNa
noa reaction (r-,- All

to be assigned to the 22Ne(d, n)N

Qla == 4 380V 5

TABLE 23.4

Re%nances in the yield of E7 == 1 .27 MeV from 22 .\'e(p, plY)2 2Ne(Va 53)~

a

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

allowed character of the 0 transitions to 23Na(O) ancl (1), with J" = -3+Y
respectively, limits the spin of 23 .N'e to J--

	

or -"+. The same possi-
bilities follow froM

	

22Ne(d, 023N' e anpil r distribution

	

(Bumeasurement

	

_rsnj)

The electron-neutrino angular correlation is consistent with pure axial-
vector interaction (K 59, Bo 59 ; see, however, Ri 58).

finance fluorescence measurements yield r, == (1 .5 X0.3} x 1()-io sec
, anct r, = 1 .5®ó:D X 10"2 sec (W 61)

for 23Na(l). The latter value
ment v th the value reported in Ra 59a (see reaction H) .

E~
AIX)

23 .1*- a*
(ITeD

Relative
yield I

EP
'M .,V)

23rTa#

(MeV)
Relative

yield

1 .;5:, 10A70 SA35 12375 70

1115 10120 3A70 11110 120

lAno 10475 3160 11195 270

1130 10830 50 3185 11220 90

0190 IOSSS 22 4040 12475 20

2120 77 3185 12115 so

2 .24(1 40 3.723 12.355 910

2.35.5 1 .045 10 3.755 12.380 320

2.405 11 .0190 10 3.800 12.405 45

2.430 11 .115 45 3145 12.470 120

2 .565 11 .245 40 3195 12115 35

2110 11j85 40 3120 12040 370

2.675 11 .3150 3.940 12.560 90

2 .-49 :, 11 .46,5 40 3.985 12.600 150

2.835 11 . :500 130 4 .035 12 .650 130

2 .96 ;55 11 .; .50 85 4.055 12.670 170
2 .940 11 .600 30 4.090 12.700 160
2 . . .5 11 .625 40 4.125 12 .735 290
3.0120 11 .680 .50 4.165 12.775 280
3M55 160 4.190 12100 350
3.105 lu 4!35 12540 120
MO 4155 12160 210
.3 .21 .5 160 4.300 12-905 255
3 . 11,130 11 .975 3 :, 4 .345 12.945 360

12.025 185



G.

	

23Na(n, n')23Na
The gamma rays from inelastic neutron scattering, listed in table 23 .6, can

be fitted into the 23Na level scheme as indicated in the last column of this table
{Fr 58a, Mo 56c, W'o 56, Li 61) . Gamma rays of 0.15 and 0.61 MeV, ,:observed

a Excitation energies in MeV.

23.2 .
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TABLE 23.5

The fl- decay of 23Ne

Pe 57
Ge .55, Ge 56, Ov 56, Pe 57

Pe 57
>2.0

	

<0.2

	

Pe 57
3.0

	

<0.06

	

Ov 56, also Ge 55, Ge 56

a A super-allowed branch (see Ki 55, Fe 55) does not occur ; Pe 57 .
b This value is in better agreement with Qm than the results of earlier measurements : 4.21 ±0.01
MeV (Br 50d), and 3.9 y0.3 MeV (Ge 55, Ge 56) .
The 0.438 and 1.647 MeV y rays ai'e coincident ; their intensity ratio is 100 : (3 .0-!-0 .3), Pe 57 ;
see also Go 56 . The 0.438 MeV y ray is coincident with #,-, the 1 .647 MeV y ray with

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

TABLE 23.6

Gamma rays (MeV J- keV) from 23Na(n, n'y)23Na

References

23Na

at En = 0.8 MeV (Mo 56c), have not been found in other 23Na(n, n')2SNa* ex-
periments. See also Le 61a, An 60d.
The branching ratio of the decay to 23Na(0) and (1) is 0.19±0.04 for

23Na*(2.08), 3.0±0.6 for 23h'a*(2 .39), and 1 for 23Na*(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 .
At En --- 2.45 MeV, an inelastic neutron group has been observed, correspond-

ing to 23Na* = 0.46±0.05 MeV (Cr 56a) . The angular distribution and cross

Fr 58
En = 0.5-3.7 MeV

Li 61
En = 0.5--3.2 MeV

Mo 56c
En = 5.1 MeV

Wo 56
En = 2.5 MeV

Assignmenta

0.438± 5 0.44 0.439 0.45-4- 20 0.44 -->. 0
0.650 2.71 --),.2.08

1 .643+_ 8 1 .61 1.63 1 .69 -1- 20 2.08 0.44
1 .954±15 1 .90 2.39 -~ 0.44,
2.088 4-15 2 .05 2.07 2.2 i 100 2.08 -~ 0
2.27 _20 2 .71 -~ 0.44
2.386±10 2.37 2.39-0
2.56 +20 2 .98 - " 0.44
2.635+15 2.64 2.64 -~ 0
2.979 + 15 2.96 3.01 2.98 -~ 0

End point
(MeV)

Ey
(MeV±keV)

Branching
(%) log f 11

4.39±0.05b 67 -4- 3 5.25

- 3.96±0.04 0.438± 3e 32 12 5.38

~3- 2.4 0.1 1.647 18e , a 1.00-±0.15 5,88
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distribution of the fluorescence radiation indicates that x > 0 (Ra 59a) .
Measurement cf the angular distribution and polarization of the 44=0 keV
Y ray yields x = +0.045±0.015 (Mi 60a) .

	

.
The 2.08 MeV level in 23Na is excited at the E:., = 2.89 MeV resonance.

The branching ratio of the decay to 23N- (1) and (0) is about 20. The ground-
state transition is anisotropic, excluding J =_ I for 23Na* = 2.08 MeV (Go 57b) .
The decay of 23Na 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 24Mg.

1 .

	

23Na(d, d')23Na

Deuteron groups corresponding to levels in 23Na. are listed it table 123 .7
(Bo 50, El 56a, Vo 58) . The angular distributions of the groups to 23Na* =- 2;.08,
2.71, and 3.85 MeV are tx! ,mpatible with l = 2, (E) 56a) . Theory, El 60.

2'iNa'3He,3He" ) 23Na,
The ratio of the radiation yield for 3He -and a-induced Coulomb excitation

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

	

23Na(a, al)23Na
The angular distribution of the 0.44 MeV y ray following Coulomb excitation

'with 2 .5 .MeV a particles eliminates the possibility of a ja =

	

+ assignment to
23Na* = 0.44 MeV. This establishes the

	

assignment to this leve., J
= y is ruled out by a comparison of its mean life, zm, and its partial mean life
rm(E2), Te 56 ; see also reaction H.
For the yield ratio of 3He- and a-induced reactions : see reaction J (Br 59c) .

L.

	

23Na+heavy ions (14N, 111''0, 2°Ne)
A 0.44 MeV y ray has been observed from Coulonrlb excitation by 15.6 MeV

14N (Al 56), 9-11 MeV 160 (Go 60d), and 9-11 MeV 2°N'e ions (St 60) .
The reduced transition probability B (E2) for excitation of 23Na(1) is

(1 .1 ±0.2) X 10 -5° e2cm4 (St 60), 0.95 x10-50 e2cm4 (Go 60dß, yielding a partial
mean life r.(E2) = (6.2±0.6) X 10-1U sec, and 7.

	

X 10-1° sec, respectively .
M.

N .
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 55.

O.

	

24Mg(n, d)23Na

	

Qm = --9467.8-2.2

A 0.45 ±0.02 MeV V ray observed from a natural Mg target, at E� =14 MeV,
is attributed to this reaction (De 60) .

2 Mg(ß+)23Na Qm --- 4078±15
See 23Mg.
24Mg(Y, P) 23Na Qm = -11.692.6±2.2



REMARKS

r

2sMg(1

	

)QwNa

	

Q. = 7047.1 X2.3
cx

rnanciired value 0. = 7.019±0.013 MeV differs from the value computed

other mass links between 23Na and 25Mg. Levels in 23Na at 0.427 ±0.018

3~-0.015 MeV have been observed from this reaction (En

	

2) .

y, x) Na

	

Qin = -10098.0±2.3

Cross section for 21.5 MeV bremsstrahlung, To 58.

The decay of 23~°a levels, up to 5 MeV, as summarized in fig. 23.2, is consistent
%ith the results of strong-coupling collective calculations. Proposed rotational
bands- are indicated in fig. 23.2 (Kr 60a, Br 61c) . See also A 58C I! 58c.

Qm = 4078±15
e weighted mean of the reported half-lives is 12.04±0.09 sec

o 51, Hu 54, Mi 58, Wa 60a ; see also Ba 46, Ed 52) .
decay mainly proceeds to 23Na(O) ; the fl+ end point is 2.99±0.019 MeV

(Bo 51), 2.95±0.07 INIeV (Hu 54t %09VO.0i MeV (Wa 60a) . The decay is
suppal-lowed (log ft = 3-7), determining the spin and parity of 23Mg as J.+.
Gamma-annihi)ation coi;icidence measurements indicate a (9.1±0.5)%branch to 23.Na* = 0.44 MeV (Ta 60c) ; log ft == 4 .5. A (6.5±2.5)% intensity

ied n t ;;4d.

P . M . ENDT AND C. VAN DER LEUN

nmg
(Fig. 23.3, p. 31 ; table 23.8, p. 32)

Vh 39,

Nak n WIg

	

Q. = -4861±15
slow-neutron threshold has been observed at EP = 5.061±0.007 MeV,g Q =-- -4.850 111,eV (Ki 55a, Go 558f) .
ois section, Ta .58. For resonances, see 24Mg.

Not reported :
2'N,~(t, n)23Na QM 10674.912.1

2-'Ne(3He, p)23Na QM = 11439.4±2 .0

21,Xe(«, d)"Na QM = - 6913.1±2.0
22~Ne( e, d)23Na QM = 3297.0±1 .,b

t)23Na QM = -11022.6±1 .,5
24Mg(d, 3He)23Na QM = 6199.4±2.2
24Mg(t, a)23,X," a Q. = 8120.1±2..3
2511g(e t)"Na QM 10540.9±2.4

g(p, 3He)23Na QM -11305.4±2.3
26Mg(y =Na A 18217+17
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4D2
20Mg+3He-ac

Differential cross sections, VI 61 .

:Fig . 23 .3 . Energy levels of z3lbfg .

2.
23A I

	

0-13S

11 ß +

-10.30
24M9+ d -t

D.

	

24Mg(d, t) 23Mg

	

Qm --- -10296±15

25

-16.55
24M 9+Y-nf

C.

	

24Mg(y, n) 23n,1t,y Qm = -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 24Mg for yield and resonances .

E.

	

24Mg(3He, a) 23Mg

	

m = 4024±15
j1t E(3He) = 5.7 and 5.9 MeV, the ground-state Q value has been measured

as 4.048±0.015 MeV, and a-particle groups have been observed to 23NIg levels
at 0.451 ±0.010, 2.048 0.010, 2.356 ±0.015, 2.71.2 ±0.010, 2.768 ±0.010, 2 .904 ~-
0.010, 3.792±0.010,3.856±0.010,3.968±0.010, and4.353±0.015 MeV(Hi59a),
and at E(3He) = 5.23 MeV, to levels at 0.449±0.005, 2.038±0.008, and
2.350±0.008 MeV (De 59) . At E(3He) = 5.5 MeV angular distributions have



been measured of a-particle groups leading to 23Mg(O) and (1). Interpretation

ir, terms ci stripping plus heavy particle pick-up leads to ja j)+ for

both states (Pa 61c) .
F.

. 23A19 24Na,6

	

a

(Met,' c keA

P . M . ENDT AND C . VAN DER LEUN

TABLE 23.8

Energy levels of 23Mg

J.

-.3i+

	

112.04±0.09 sec
0.449 4
2042 6
135i 7
2.î12m 10
1768-_10
2SA+10
3192110
1856 a 10
1968 -~ 10
4153 =-15

23AI
(Not illustrated)

24Naa

-rj Decay Reactions

P' A, B, C, D, E
j E
D, 'E
D, E
P, E
D, E
E
E
E
E
E

A 113 sec half-We, observed from bombardment of natural mag-nesium
with 23 MeVprotons, might be assigned to 23AI ; see Ty 54 and 22Mg, reaction A.
Coulomb energy systematics yield ar, estimated 2W---23NIg mass difference

of 12.5 MeV. The 23AI half-life calculated from this mass difference arAd from
the log ft values found for the analog 23Ne(fl-)23Na decay, is iv reasonable
agreement with the experimental half-life, if the possibility of 2a.A'l decay to
higher excited 23Mg states is taken into account.

(Fig . 24.1, p. 34 ; table 24.1, p. 33)
A.

	

(a) 24Na(f -)24Mg

	

Qm = 5516.3±2 .7
The weighted mean of fourteen half-life determinations is 14.968±0.009 hr

(Wi 49, as corrected in Sr 51, So 50, Co 50a, Si 51, Sr 51, B152, Lo 53, To 55c,
u 56a, Wr 57, Ca 58a, Da 58, Po 59,TvVo 60) .
The decay prelominantly proceeds to the 4.12 MeV level of 24Mg followed

'Not reported :
20N.Xe(a, n)23Mg Qin 7240±15
"1 "qe(3He, n)23Mg QM = 6,578±15
Ma(Me, JvMg9 Q = -M 4097±15
NMQ d)"Mg QM = -14328±15
25NI2j'g(p ' t)23Mg QM = -15402±15
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by two ;~ rays in cascade through the 1 .37 MeV lev(,., . The fl- end point is
1 .391±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 24Na

24Na

is reported in Da 58), and by the isotropy of the ß-y angular correlation
(Be 50, St 51a, St 58a, St 59a) . A Compton-spectrometer determination of the
-y-ray energies (Mo 59c) yields 2.7527±,0.0001 MeV (also He 52 : 2 .7535±
0.0010 MeV, and Kn 59 : 2 .759±0.003 MeV), and 1 .3676±-O ..0002 MeV (also
He 52 : 1.3680±0.0010 MeV, and Kn 59 : 1 .368±0.001 MeV) . The intensity

Ex
(hleV±keV) Jn tl Deca," Reactions

0 4+ 14.968--r--0.009 hr 0- many
0.473± 3 1 + 19.6 -~- 0.4 msec C, F, G, K
0.564± 8 (2)+ y C, F, G
1.347± 4 1+ y C, F, G
1.844± 8 (1,2)+ y C, F
1 .884± 8 «4)+ 7 C, F
2.464± 8 (<3)- y C, F
2.561± 8 «4)+ 7 C, F
2.98 ±20 «4)+ F
3.22 -~ 20 (<6)+ F
3.37 ±20 «3)-3) - F
3.409± 8 y C, F
3.582± 9 (1, 2)+ (Y) C, F
3.623± 9 ( <4)~- y C, F
3.648± 9 1y) C, F
3.738± 8 F
3.850± 8 7 C, l'
3.899± 8 (Y) C, F
3.929± 8 «3)- (r) C, F
3.97 +20 F
4.184± 8 (7) C, F
4.202± 8 (<3)- (Y) C, F
4.219± 8 (Y) C, F
4.44 ±20 «3)- y C, F
4.53 ±20 «3)- F
4.558± 9 Y C, F
4.62 ±20 «3)- F
4.69 -20 (Ç3) - F
4.75 ±20 «3)- 7 C. F
4.95 ±20 (1, 2)+ F
5.13 ±80 y C, F
6.930 :1: 4 2+ D

6.962- 7.78 ; 230 levels, see reactions D, C
11 .95 -14.40 ; 12 levels, see reaction F
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of a 4.12 MeV cross-over y ray is !5~: 9 X 10-x° percent (Gu 58a ; also Bi 50) .
A 3.85±0.04 MeV y ray with a 0.09±0.02 percent intensity indicates a (3 -

transition to the 5.22 MeV level of 24Mg. The intensity of a 5.22 MeV y ray to
the ground state is < 2 X 10-s percent (Ar 60 ; also Gu 58a, Tu 51, Be 51,
To 55b) . Logft = 6.6.
A 0.003 percent high-energy ß- component, proceeding to the 1.3"r tileV

level (end point 4.17MeV) has been reported (Tu 51 ; also Gr 50a) . Logft --=12.7.
The intensity of the 4.24 MeV y ray, following the ß- decay to

s4Mg* = 4.24 MeV, is (1 .5±0.5) X 10-i" percent per disintegration (Ar 60) .
Logft = 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 ray (Es 56), the y--,y angular
correlation fa 41, Br 50c, Ch 50), and the internal pair- formation c-oeificients
(7.1±0.2)X 10-4 for E. = 2.75 MeV (BI 52 ; also Ra 49; Mi 50a, C1 51, S1 52)
and (0.6±0.1) X 10-4 for E,, = 1 .37 MeV (B152, also 5152" . The E2 character of
Ey = 2.75 MeV is also consistent with the shape of the internal pair spectrum
(BI 52), the angular correlation between e+ and e- (Si 52), and the internal
conversion coefficient a = 3 X 10 -s (Si 50). The E2 character of Ey =1 .37 MeV
is confirmed by measurements of the mean life of 24Mg(1) ; the results from
different methods are compared in table 24.9. The experimental results summa-
rized above and the Jx = 4+ value (St 58b, table 2) of the 24Na ground state
uniquely determine the spin sequence P = 0+, 2+, 4+ for 24Mg* = _ 1.37 and
4.12 MeV. The same spin assignments c.m be obtained from the y--y angular
correlation measurements alone.

Measurements of the ß-y circular polarization correlation (Sc 57, Bo 58,
Ma 59, St 59b, BI 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) 24Nam (ß)24Mg : see reaction G.
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B.

	

22Ne(d, y)24Na

	

Qm = 1324.3±2.7
At Ed == 1.6 MeV, no 2'4Na activity has been observed from deuteron bom-

bardment of natural neon ; a < 0.4 pb (Á155b).

C.

	

23Na(n, y) 24Na

	

Qm= 6958.9-1-2 .6
Two thermal neutron capture cross section measurements are reported

yielding 505±10 mb, 536 ±10 mb (see Ifu 58) ; a recent measurement gives
531±8 mb (VVo 60). Capture cross sections at different energies, ranging from
En = 25 k:eV to 14.5 MeV, are given in u 58, Bo 58b, Ko 58d, Ly 59a. In-
completely resolved resonances have been found in the range En = 20-1000 keV
a 59) .
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TABLE 24.!

Gamma rats from thermal neutron capture in 23Na

Ki äl e

	

l~to 56a~ Bu 56e b

E},

	

I e
(M~V-1-keV)

	

v

~tagneci~ C(~mpton spectrometer .
r, :~Iag

	

~ic p~.ir spectrometer .
(' ~Yagr~e ~.ic lens sic°trometer°
of °1°`~.E,,_cr`"stal scintillation. spectrometer .
~° Intensities in ga

	

mas per 100 çaptt~res.
:~.~ r~;~'~`~efl In Ba rJ~C.
~`he capturing state is indicated by C ; excitation energies are in ~ieti' .

Gr 58c
~ssignment~

The observed thermalneutron capture y rays are listed- in table 24.2, together
°it

	

the inten~ ities and t~~e ~~~a levels between which they presumedly occur
Gr 5~c,

	

i 5t,

	

u 56e,

	

r 56e, Mo 5fia} . The fi .Ofi

	

eV ground-state transition
not been observed ; its intensity is < 0.1 per 100 captures . Notable is the

absence ~f the 0.56

	

e

	

y ray. "The upper limit for its intensity is 3 per 10+0

6.42~30
5.62~30

21
5.7

C -~ 0°56
C --~ 1 .3 .5

(5.35~ 50) (0 .5)

é :~ .12 ., :ff)i 0.8 :s.13=~30 1 (5.08~50) (1 .2) C -~ 1 .84

~ .r$t1 -_ :gtf~ 1 . r (4.9ï ~70) (1 .3)
(4 "72t50) (1 .3) 4.75 -~ 0

4,:~ ~-- 40 2. l (4.54f50) (i .3) C -~ 2 .46

~, 4 .3~1 -,~ át)~ ~? .á (4.29~50) (0 .7) 4°75 --~ 0°47

4.18 -= 4t) 2, i 4.20 --~ 0; 4.75 ~ 0.56

3.~)î~á - ~ " 17 .2 3.9~ -3U 8 4.0350 14 .6 4.44 -~ 0°47 ; 4.56 -~ 0.56

3° ¬~li .~t3_ 7 .°.i 3.85 ~30 5 3 .90~0 ;4°44-~0.5C

C3.fä8 ~ :ff1i 1 .3

18 3 °590 -;-25 18 3.64~50 13.2 C-x3.41 ; 3.62 ~0
a.:r6 ~30 i 3.56°30 8 ~

3.40~ 50 (2.3)
3.3f1 -` °~t1 3 (3.31 ~ 70) (5) C -~ 3.62
3.10 _'t1 9.5 3.070y20 7 (3.i1 ~50) (8.2) C -~ 3.90 ; 4.44 --~ 1.35
°' .84 ___ ~t1 7 F3r 5f~~ 3.41 --> 0.56

C ~-> 4.20
C ~ 4.4~,

?.41 _3t1 l0"á (2.36~50) (13.5) C -~ 4.5fÀ
?.LI ~-30 7"5 2.210r 15 C2.20~--50) (22.6) C --~ 4.75

13
2.46-047

~ l .1i7 ~3t1) á. :~ 1 .900y 20 ~ 3 05.13 ; 1 .88-~0
1 .fsli -10 7 .á l .66 y50 5 1 °630?- 8 10
1 .3 :í --1 t) 6. .5 1 .3; -~-30 6 1 .84 -~ 0.4?
ff .8î :,~ 1 t) 44 0.86 ~ 20 34 0.877 5.. 30 f 10 1.35 -a 0 ..47
(f).79f'` 1á) 4.3 1.35 a 0 i6
~f) "710-~ 1 :') 2.36 --~ I ~~4
f1 .47 .-~ -~ i f1 74 0.48 ` 20 60 0.473r 4 50~10 0.47 -~ 0

~0.090 0.56 --~ 4.47
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captures. The 0.56 MeV level decays through, the 0.47 MeV level (Gr 55a) .
A level at 4.44 MeV is proposed in addition to the levels known from
23Na(d, p)24Na ; most of the observed y rays can then be fitted in the 24Na
level scheme (Gr 58c) . Later measurements on the 23Na(,,i, p)24Na reaction
confirm the existence of a level at 4.44±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 23Na(d, p)24Na reaction (Da 61

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 :1 . .37 MeV.
D.

	

23Na(n, n)23Na

	

Eb == 6958.9-' ?.6
For cross section, see Ifu 58, La 60a.
With high resolution (AE.< 0.5 keV) 230 resonances in the total cross

section have been found for En < 860 keV. The energies and probable values
of J, rn, and In are listed in Hi 60b (86 resonances9 with En < 250 keV), Hi 61b
(71 resonances in the range En = 350-630 keV), and Hi 61i (73 resonances
in the range En = 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 En = 860 keV. T- ~ reduced
neutronwidths and the strength function are discussed (Hi 60b, Hi 61b, H ï 61 i) .
Only one resonance has been found for En < 50 keV. The shapit of this

resonance, with a peak cross section a = (600 b, is best fitted with the parame-
ters En = 2.95 keV, fin = 0.22 keV, J = 2, and In = 0, if strong interference
is assumed with a bound level located at En = -30 keV, with J = 2, In = 0
(Hi 60b) . Earlier lower resolution experiments indicated J" = 1+, a lower
cross section, a larger width, and En == 2 .85±0.04 keV (Ly 58, Go 58a, BI 58a) ;
r. < 0.34±0.01 eV (Ly 58) . The second resonance, at En = 54.1 keV, has
J = 3, In = 1 and Fn = 0.75 keV (Hi 60b, Me 59a, BI 58b, Cr 57) .

In the energy range En = 0.44-0 .80

	

eV, the inelastic scattering cross
section shows resonances at En = 542, 602, 633, 710, and 780 keV (Ha 56) .
See 23Na for y rays from inelastic scattering .
E .

	

23Na(n, p)23Ne

	

Qm = -350-7±-5

	

Eb = 6958.9 -- 2.fß
The cross section in the range En = 3.3-8.2 MeV shows poorly reso1t,ed

resonances at En = 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 24Na* =- 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 ±0.05 MeV (Wi 58,
Bo t7a) . Cross section in the range E� = 5.7-90,.4 MeV (Bu 61b), and at
En= 14 MeV (Al 61) .
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.

	

Na(d, p)24Na

	

Qm = 4734.2±2.6

The ground-state Q value is 4.731±0.007 MeV (Sp 52), 4.723±0.008 MeV

(Mi 52), 4 .731 ±0.010 eV (Pi 60), 4.736±0.005 MeV (Te 61) . At Ed =1.5-2 .2

:klef', nineteen levels in 24Na have been found by magn'aic analysis (Sp 52) .

Additional levels have been reported in Da 61a, Et 60L, ; see table 24.3, also

'4Na* a

( ',% IeV--L keV)

0
0.472-~ 81
0.v64- 81
1 .341= 81
r ."4 :~- 8 1
1 .884=_- 8 1
2 .464 8
2 .561 ~ 81,
2.98 � , 20
3.22 20
3.37 4-20
3.409 d_ 8
3.582± 9
3.623 - 9
3.648- 9
3 .®38

	

8
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TABLE 24.3

Legels in 24.Na from a3,~\-a(d, p)24Na

(2.j+ l)6n2k

X 103

2b, e, a, t, 9, á

	

320
2b, h ; also !, 9, d

	

210
ot, d, h ; also Y, 9

	

80
ob. e, t, 9, h

	

270
Oh

	

220

sara*a

(MeV- . - keV)

24Ne(fl-)24Na

	

Qm = 2450 �~ 40

a

	

(2,j + 1)On t k
n

	

X 103

3.850± 8 L 1
3.899± 8 3
3.929± 8

	

1 h , b

	

50
3.97 ±20

	

(1)h

	

(14)
4.184+ 81

	

(2) h

	

(100)
4.202± 81

	

1 h , b

	

90
4.219± 8i
4.44 ±20

	

1 h

	

25
4.53 ±20

	

1 h

	

40
4.558± 9

	

(2) h, 1 b

	

(50)
4.62 ±20

	

1 h

	

14
4.69 ±20

	

1 h

	

22
4.75 ±20

	

lh, b

	

95
4.95 t20

	

0h

	

22
5.13 j-80b

a Excitation energies with 8-9 keV error are from Sp 52 (Ed = 1 .5-2.2 MeV) ; with 20 keV error
frorn Da 61a (Ed = 7.77 MeV).

b ";l 60c ; Ed = 8.6 MeV.
e Vo .58 : Ed = 14.8 MeV.
d Di 58 ; Ed _ 2.95 MeV.
e Ta 53 ; Ed = 1.15 MeV.
t Sh 54 ; Ed = 3 MeV.
F Dr 54c, Ed ! 10 MeV.
h Da 61a, Ed

	

7.77 MeV (preliminary) .
t In Da 61a the excitation energ, 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.
The ground-state reduced width has been given in Vo 58, Ma 60 d. The relative reduced widths
reported in Da 61a have been normalized to this value .

1 Recently reported excitation energies (in MeV±keV) ï 0.472±6, 0.568±4, 1 .347±4, 1.847±8,
1 .593 + 8, 2.563-3-10, 3.754±8, 4.191-x-10, 4.210±8 (ja 61a) .

for la values and reduced widths (Sc 61a, Da 61a, El 60c, Vo 58, Di 58, Br 54c,
54, Ta 1-5 3) . Recently re

	

iced excitation energies (Ja 61a) are given in a
note of table V-3.

Absorption measurements, En 54a.

The half-life of 24Ne, produced in the 22Ne(t, p)24Ne reaction, is 3.38±0.02 sec .

2 h 160
1 h - 10-25
2 h 55
2 h 260
4 h 190
1 h(b) 250
Ob 400
0h 120
2 h 150
(2) h (90)
(3) h (230)
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The (92 ±2)% branch to 24Na*(0.473), with end point 1 .98±0.05 MeV, and the
(8 -!- 2)% branch to 24Na*(1 .35) , with end. point 1.10±0.05 MeV are allowed ;
both have log ft = 4.4, and show linear Fermi plots (Dr 56) .
The first level in 24Na, de-excited by a ,172±5 keV (100%) y ray is isomeric

(Dr 56) . Its half-life is 18.3±0.6 msec (GI 61c), 19.9±Q.3 msec (Sc 61b),
20±1 msec (Al 60a), 20±2 msec (Ca 59), establishing the character of E1, =
473 keV as octupole (see also Dr 56, Po 59a) . The allowed character of the P
decay then gives J-n(0.473) = 1+. The observed weak fl- branch, with end point

6 MeV, may be explained as a transition from this state to 24Mg(0) .
A 878±9 keV (8±2)% y ray de-excites the 1 .35 MeV level to 24Na*(0.47) .

Upper limits of y branchings to 24Na* = 0 and 0.56 MeV are 1% and 0.50,1
00respectively . The decay is in agreement with a P _ 1+ assignment to this

level following from the allowed character of the ß decay (JR = 0+ or 1+), and
the 23Na(d, p) 24Na angular distribution measurements (Jx -= 1+ or 2+) (Dr 56) .

The- 0.56 MeV level probably has Jn = 2+, since 23Na(d, p) 24Na angular
distribution measurements yieldP - 1+ or 2+, whereas a Ix = 1+ assignment
would imply an allowed ß- transition to this level .

H.

	

24Mg(n, p)24Na

	

Qm == -4733.7±2.8
At En =14 MeV proton groups, corresponding to groups of levels in 24.1;a,

have heen observed ; angular distributions have been measured (Co 59'-, Co 60b) .
Fora comparison between the 23Na(d, p) 24Na and 24Mg(n, p) 24Na protc n spectra,
see BI 57a.
For cross sectien, see Hu 58, Ke 59, De 60a, Ga 60b, Ha 61 . Differeutial cross

section, Ve 57, Za 59, Ha 61 .

1.

	

25Mg(y, p) 24Na

	

Qm = -12064.4±3.1
The threshold has been measured as 11 .5±1 .0 MeV (Mc 49) . Cross section,

Ka54,To51.

J.

	

24Mg(ci, a)24Na

	

QM = 2908.6+3 .5
Cross section for Ed up to 14 MeV, Cl 46, CI 46a.

K.

	

27AI(n, oe) 24Na

	

Qm = -3139.1-4-2 .9
The cross section has been measured at several neutron energies in t he range

En = 6-21 MeV; Hu 58, and Ku 57, Ke 59, Ke 59b, Kh 59a, Po 5- ), Ce 60,
De 60a, Ma 60b, Sc 61, Ba 61b.

L.

39

Not reported
21Ne(a, p) 24Na = -m 2178.9±3.1
22Ne(t, n)24Na Qm = 7266.7 ±2 .8
22Ne(3He, p) 24Na m = 8031 .2 4- 2.7
22Ne(a, d)24Na Qm = -10321 .3±2.7
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Na(t, d) 24Na
a(w %e) Na

Mg(t , 3He) 2ANa
25Mg(v QuNa
J1 3HQNNa
g(t, a)uNaa

Myn t)"Na
2GMg(O 3He)uNa
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QM =

	

701.3±2 .6

QM = -13618.2±2 .6

QM =

	

5498.1±2.7

QM =

	

9839.6±31

QM =

	

6571.2±3 .1
QM 7748.3±3.1

QM -14679.4±3.5
Q in = -15443.9±3.5

A theoretical discussion of the 24Na spin is given in De 53a, In 53, Hi 54,
Sr 54c.

he yields of these reactions have been measured in the ß(1.2C) = 9-27 MeV
range at several angles . Elastic scattering angular distributions were measured
at several energies . The elastic scattering cross section and angular distribution
are in accordance NNith Mott scattering up to 7-f:(12C) = 11 MeV. Sharp resonan-
ces (Flab -, 260 keV) are observed at E(12C) = 11 .30, 11.96, 12.64, and 13.00
MeV, corresponding to 24Mg* = 19.58, 1191, 20.25, and 20.43 MeV (Al 60,
Al 60c, Br 60g, R.: 60h) . Analysis of the cross section, yields (8+) aud (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.

12C(16(7 , CC)24Mg

	

Qin = 6768.6±1 .8
From magnetic analysis at E(160) = 24 MeV, new levels, not found from the-,,

23Na(31fe, d)NMg reaction (Hi 60i), have been observed at 24Mg* = 6 .44±0.02,
11 .08±0.03, and 1113±103 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 a(O') must be zero for final states of anomalous

ty, yield- natural parity for all states up to Ex == 7.35 MeV except for the1% Ir 1f)ev 3- level (iii 6 .
C.

--
20.Ne(Y, p)23Na

	

Q. == -2378.7±1 .5

	

Eb == 9313.9-x-1 .9
as been observed Athe E. = 1923 MeV resonance (table 24.5) . At the other

(Fig .

24

24 .2, p. 41 ; table 24.4, p. 42)

(a) 22Ç! 12C' y) Qm = 139301 = 1.8
(b) 12C(12C, n)23M9 Qm = -- 2623 ±15 Eb = 13 93011 1 .8
(c) ly(12C , p) 231Na Qm = 2237.5± 1.5 Eb = 139301 -~-1 . 8
(d) 12C(I2C~ 120Ne L = 46112± 0.6 Eb = 13930.1±1 .8
(e) 12C(I2C, 12C) ä2C Eb = 1393a.1-., 1 .8
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TABLE 24.4

En+ergS. tevels of 2~~,T3

0

	

(s$
1 .36s6-~- 0.2

	

2¢

	

(1 .2-?- ®.2D x IO°~2 sec
4. ~ 203

	

0.2

	

4~

5. .:24 ~ 3

	

37
5 ~ $ 4¢

.

	

-ty, 20
"e .350 ® $

	

2+
7.56I

	

�~10
®.

	

20

	

y10
.. ®46

	

~10
i.30$ I0
3.120 10
3.35á

	

;i IO

	

(3{~
3.439 $IO
3.654 -~- I0
3.364 y IO
9m004 ~I
a7m ~Y®
9.232 ~~-� 12
9.456 1Iv
9,51 i ~-1 : :
~m326 -,i 12
9~960 ~I5
IO.~Ï?5 I5
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H
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E,H
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E, H
Eg 13

(Y)

	

Hr T
(Y~

	

Hr ~
Y

	

E, H
E, H
E, Y1

I~3.055 -~-15 Y Br H
I0.161 -= I5 (Y) Hr x
(I0.30 ~,50j H
I0.353 ~20 y E, H
I0.5ê d 20 H
I~1.66I -1-20 Y E, H
80.7?3 `~0 H
10.322 20 H
1.0.916 ~20 H
l1 .U1C~ ~i20 H
11 .03 ~30 B
1 ~ .133 .y25 H
1 .313 ~d5 H

11 .3®9 -_~- 5 I- a D,
11 .~50 y 5 0~° a D, H
11 .516 ~ 5 2+ a D, H

a B, D
ll .~i7 ~ 5 1° 3 Y2 keE'__ a D, H
11 .933 2 Y E
11 .963 3 2+ a D, E
11 .533 W 2 2f yr a E
12.U17 -?- 3 yr a E
12.051 ~ 2 Y E
12 . fl 33 -<- 2 I Y E
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20Ne(a, a)"Ne resonances in table 24.5 the proton width is smaller than I %
of the oe-particle width (Go 54c).
For non-resonance data, see 23Na.

D.

	

20Ne(«, M)UNe

	

-2= 9313.9 -+ 1 .9
Thirteen sharp resonances have been observed in the neon e!astic cross

section at four different scattering angles for E,, = 2-4 MeV. Eleven resonances
are assigned to 20Ne (table 24.5) and twc-.-.) to 22Ne. The widths for ce-particle
emission to 20Ne(l) and for proton emission to 23Na(O) and (1) are smaller than
I% of the width for ground-state oe-particl ; 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-f-a are generally in good agreement

Ex

TABLE 24.4 (continued)

(MeV±keV) -rj or r Decay Reactions

12.259 ± 2 (2+,3-) 7, P, 2 D, E
12.340 ± 2 3+ 71 p E
12188 0- 7 2 keV p E
12.400 2 7, p. 2 E
12.405 2 y' p, 2 E
12.455 5 5 ±2 keV p, 2 D, E
12.472 5 2+ 4 ±1 keV P, 2 D, E
12.504 5 4+ p, 2 D. E
12128 2 7 .5 ±1.0 keV

2111 P, 2 E
11574 5 2+ 4 ± 1 keV P, u Q Q E
12138 ± 2 4 ly E
12.657 + 2 -Y, (p) F.,
12.659 ± 2 3- (p), X .C.
12.669 2 2- 5 1 keV 7, P, ot E
12132 2 7, p, a E
12137 ± 2 5 ±1 keV P, 2 E
12.779 0+ 30 ±5 keV 2 E
12.805 ± 2 2+ 1.2 ±0.2 keV 7, p, oe E
12.816 ± 2 1+ 3.5 ±0.7 keV ly, P, OC E
12.844 ± 2 (2-) 0.3 ±0.1 keV 2', P, a E
12.850 ± 2 (3+) 0.4 ±0.1 keV P, oe E
12.893 2 1+ 0.4 ±0.2 keV P, Ge E
12.920 2 l- 5.2 ±0.4 keV 71 P, ot E
12154 1 2 3+ 1.5 ±0.3 keV 7, P, 2 E
12.963 ± 2 2.8 ±0.6 keV P, 2 E
12167 ± 2 3.0 ±1.0 keV - p E
12.997 ~ 2 (0-) 0.8 ±0.4 keV p E
13.027 ± 2 3+ 0.75±0.3 ke`i' 7, P, 2 E
13.049 ± 2 4+ 7,- P, ce E
13.088 ± 2 3- 7.5 ±1.0 keV 7, p. ce E

For higher levais, see reactions A, E, F, L



TABLE 24 .5

1Ze~tmnar~c~° !ca`~el~ in ra~Tg as observed from the z°\e(a, ~c)zs~e reaction (Go 54c)

:~~1 ~ 9.9l17

~~1it

	

t ose fro

	

~s~'a -;- p (table 24 .6) ; ~

	

g excitation energies from 2°Ne - t- a

are on the average ;about 8 keV high.

E .

	

(a) 2~~-a(P'' Y) 2~~'Tó

	

Qm = 11692.6 X2.2
(b) ~~~a( '

	

)23~a

	

~b = 11692.6 X2 .2
(c) 2a~ta(P' ~)2o~"e

	

Q~ = 2378 .7 ~ 1.5

	

Eb = 11692.6i2.2

resonances in these reactions, and in the yields of 0.44 NIeV and 1.63 ~leV
;~ rays from the 2sß-a(p, po)2s~ja(1) and 23~Ta(P' a~)2o~te(1) reactions, are given
in table `?4.6 . The table covers the region up to ~p

= 1.5 eV. For resonances
in the ~~ = I . .5-2.5 ~ eV regiord, see St 54. The yield of y® ar~d yl has ~~een
easurpd in the ~~ = 4.0-11 .tß I~eV region . goad but pronounceoi resonances

ap~°ear at ~p = (4.6), 5.9.5, and 7.~~5 í~VIeV (Ge 59), and 6.® and 9. :i~ 1VIeV ; the
l~.tter shows considerable fine structure (Go 61b). The a-particle yield has been
assured up to

	

p = 12 ~VIeV lAd 61a) .
For relative r-ray yields, see references below table 24.6 ; also Te ~~4a, 1V'y 55 .
The Y-ray brcc c ir~g (~f the ßn8, 511, 591, 676, 738, and 743 keV resonances

and o nir~etearY

	

: ~ lc)wer levels (Gl 61a) is shown in fig. 24.3 . For other
rneasurera~~nts o t e y spectrum at the 308 keV resonance, see C,a 53, Ta 53,
~~, .54~.,

	

i 54a, Gr 5.5p, Lo 59. For spectra at other resonances, see also Gr 55e,
e 54,
Z`he spin and parity a.sslgninE°.nts at the 308, 511, 594, and 675 keV resonances

(fir ~~5ej, anCl at t e 1392 keV z°eso ance (

	

e 54) are based on rneasurernents -of
-ray spFctta, angular distributions, y--Y angular correlations, and partial

~~9irit s. See also Si 5

	

, Si 59~c . These investigations yield J
n - 2~- for the

4 .23 á cV

	

g level an

	

=3 for t e 5.22 l~ eV level. The spin and parity
~.ssign

	

ants given in St 54a area based on ao an

	

ar

	

°stribution rneasurerr~ents,
those in

	

a 56

	

al ly o

	

® and so

	

e on y angular

	

°stribution measurements.

r 5h .

E1~DT A:~D C. VAN DE£f LEL'1I

1: $
E ~íet°i

za~,jg~

(1Ie "̀) (keV)
82x

° .488 11 .387 (0.5) (O.U6) 1_

(1) (0.06) ®+
(0.5) (0.08) 2+

°'.y03 11 .ê33 IO i v 0.16 0+

;,Ug~? 11 .865 81= 2 0.14 1_

3.184 1 I .967 (0 .5) (0.01) ~+

3.548 12.2 ï0 (1) (0.03 ~ 3_

3 . `e 89 12 .463 Â -l- 2 0.0`? 1 _

3.801 1 ~ .481 5~1 0.03 ?'+

3.839 1 ~ . .513 (1) (D .080 4 ~-

3.923 1 ?.,s3 6-'-1 0.03 `?+
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Fig. 24 .3 . Gamma-ray branchings of 24Mg levels . The y® upper limit at tie 4 .12 MeV le%-el l1&'
been established from the 2aSa(fl-)24Mg decay . TI , .e branching of the 4.23 :alex' level is an average
of values given by many authors, e.g . GI 61a, Ba 60, Mi 59b, Co 61cí . The branchings of the 6.00)

and 6.44 MeV levels are from Co 61d. Branchings of the 5.22 MeV 'eve , and of all higher levels
are from GI 61a.

24
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~ABLE 24.11

lZ~s®îla~lCeB lil 2~Na.~ .P

78

n 61 . r~.I' erZergle~ relat~we~ to E~ .r 890.E keV for ~'41(P~, yj~Si resonance.
i ha 5S, l~r 56 .

	

® x i~ th~r p® solemn iriáicates that proton elastic srotterirag has been observed .
erected for a systematic difference (as observed at neighbouring resonances) with the more accur~.te values
gi~" ~:n lr~ :fin 61 .

~ Gl 61a .
F`r~.~rn relative ~"ield : in 1"ía .55c and Wa 60 normalized to 0.36 e~I at E~ ~ 30E keV.

i

	

~e e54 . ~`h~; geotsd yields might ~; too large by a factor of ~ 5 compared to those given in C-1 61a; seerefla~ave yield cu.f-ve in Pr t `+p also CUl 6Ib .
Levels also observed from ~o1,'e-}-~ elastic scattering see table 24.5) .
l'ro

	

relative °Melds lr~ Fl 54 norrnallzed to the absolute yields in (mil 61a .
rc~rn r°elati~re yield curve in 13a 5a, no

	

a.lized to 170 e~ at E~ ® 581 key.
~t the 308p 511, 581, 743, E71, 1161, 1272, and (1317) keël resonanncs ground-state y transitions have beenob r~red ~~1 61a,

	

e 54~.
~y C`yr 5~~e .

	

~ ~~ 54a.

	

~ ~e 53.

~ e`t y (iîe~) tlre y a Po i P~ Oi0 ~1

~SO. î 11 .933 <0.02c 0.003
l .5~1 11 .968~ < 0.005'~, 0.2 ~

3~~ .~ ~ ~J .~~p
L/p 1I .988 <0.02C 0.36h < O.U21 0.04h .'-

338 ~_«-1.5~t 12.G17 {~ 0.011 O.lil

373.E ~- t~ .3~, ~, c 12.051 < 0.02~ U.O101
.~ 1 .4 -_9- t~ .3 ~p ~, ~ 12.183 < 0.05c 0.30~ < 0.081 < 0.003~ 1 } ~

E~1 .3_- 0.4~a c 12 .259~ < 0.06~ 0.7n x 170 1 0.14b 2-n, 3-r

6î6.O -.-G.<3~ " C I2.340 < 0.07C 2.0~ x <0.31 < 0.01 n 3+ p

7.~~yi 12.388 7 -,.- 2 t x 0-i

î38.1 ~0.4 ~. c. e I2.400 < 0.09~ 0.34b x 0.05~ 0.26h

î43.a_-0.4~, ~® e 12.405 < O.lc 0.45~ 0.~05h 0.06h

îE15~p ~ 12.455~ 5 ~2i x 110m 1-i

13t9 ~ 12.472~ 4 ~li x 60m -~~,+i

~46 1. ~ 12 ..,04~ < 1 i x 4+ i

î 1.5~0.6ie I2.528 7.5 ~i.0e 13i ~: < 0.2i ;, 1i l-ri

919i , ~ 12.574~ 4 ~li x I50~ 2+r

~386.0 -:-:- Ci.6 é 12.638 ~ < 0.4e 4.6i < 1.5i < 0.4i 4~i
It~06.5-_-4.5~ 12.657 < 0.35e 3 i' i

~ 140 i, i
l ß08.0 -r 1 .0~ 12.659 < 0.7e ` .~OOm s0i~ i 3-~
1tl19.0=_0.6e 12.669 5.0 $1 .Oe 18i ;< 130i weaki 2-i
1!.184.8 -_~-0.6~ 12.732 < 0.55~ Ii 4i
1g89.î -_-0.5~ 12.737 5.0 ' i .0e < 0.8i 60i :00~ 30i
1133tp ~ 12 .779 30 ~-5i ~ :ï00m G+s
11 ¬~i.0-1 .Oe 1á,.805 1 .2 +0.2E 2.7i 180~~ 400~ 170i 2+i, g
1172.4 ` O. :~e 12.816 3.5 ~0.7Q 13i x 9S weaki 1+i
1 °'t)1 .8 r l .0~ 12.844 0.3 =0.1 i 6.4i x weaki weaki (2-) i
1 °°®tlî.6~l .0e 12.850 0.4 ~O. .Ei < li x 130i ll0i (3+)i
1352.4 ~ f) .6~ 12.893 0.4 =0.2E < l i x 100i 80j 1+i, r
1?81 .O~I.Oe 12 .920 5.2 ~0.42 Ei x 1300i 750~ 9i 1-i, e
1316.7 ~0.7Q 12.954 1.5 -~- 0.3 e 54 í x weaki we~.lr. i 3+i
13r6.2 ~ l .n~ 12 .9ß3 2 . ~ ~o.6 ~ ~ x 34 ~,i . ~
1329.l ó 1 .Oe 12.967 3.0 ~ I.0 e ~

< 3 i x 1700i

I3tï0.E~0.?e .' 2.997 0 . 8 ~0.~ e < 3 i x l00i < L i (®-~ i
1392 .0~ 1.tJe i3.027 0.75-`-0.3~ 201 x 1501 we~~ki 3+i, i
1415.1---0.8é 13.049 < 0.2~ 70i x 80i 100~ weaki 4+i
1456.3~`).8~ 13.088 7.5 ~ i.0~ l0i x 3000i 400m 50i 3-i

Iía 55c . ~ :~ 59a . C Wa 60. ~ Fl 54 . .



The 1+ assignment to the LG32 keV resonance in Se 53 follows from an X -Y
angular correlation measurement . The odd parity assigned to the 591 keV
resonance is in agreement with a polarization measurement cf 10.8 MeV capture
radiation (Hu 56) . The angular distribution and internal conversion coefficient,
of the 0.44 MeV y ray from 23Na(p, p"13Na have been measured at the 1281
and 1456 keV resonances (Be,56a, see 23Na) . For po angular distribution
measurements at the 871 and 919 key resonances, see also De 56.

For aon-resonance data, see Aj 159 (for 20NQ and 23Na.

24Mg*

F.

	

23Na(p, 1~)23Mg

	

Qm = -4861±15

	

Eb = 11692 .6=' 2 .
Broad resonances in the 23Mg activity yield have been observed at EP = 5.31,

5.61, 6.00, 6 .20, and 6.43 MeV 01 51) . For threshold determinations, see 231,1g .

G.

	

23.Nia(d, n) 9
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For results from angular distribution measurements, see table 24 .7 .

a

Qm = 9467.94-2.2

TABLE 24.7

NTeutron groups from 23Na(d, n)24Mg

(2j+ 1)0,2c 1b

24AM

(2J+ 1)0P2C

&A 55 ; Ed

	

175 %V; neutron detection with nuclear emulsions.
b El 57 ; Ed

	

9.02 MeV ; neutron detection with a triple ionization chamber.
c As computed in Ma 60d from Ca 55 and El 57, respectively . See also Ma 60d for theoret-cal
comments .

At Ed = 5 MeV, V rays from the deuteron bombardment of sodium have beell
observed with a magnetic pair spectrometer at E,, = 6.42±0.04, 7 .12±0.03,
7.34±0.03, 7.50±0.03, (7.9±0.1), 8.50±0.03, 8.64±0.04,(8.77±0.04), 9.()2- ., --
0.04, 9.40±0.04, 9.86±0.04, (10.0±0.1), (10.4±0.1), and 10.72±0.04 MeV.
Most of these might result from the "Na(Q n)"Mg reaction .. de-excite g know
24Mg levels to the ground or first excited state (Ek 60) .

(MeV)
0

1.37
4.12
413

0

-
2+0

ab,.Aute
mTak
weak

034t 4012

P

2+0

relative

9, 1 .7
&22 - weak
&3 isotropic
14 0 (2) 103(107) 0 14
8.4 0 1038 0(+2) 141
115 0 32



23 a(á e, d)241 g

	

Q~ == 6199 .4X2.2

The best survey of

	

: g levels up to EX = lI .9 Me~T has been performed with

this reaction . See table 24 .8 . T'he levels above II .35 i eV check well v̀i.th levels

f® n

	

rons 2~lTe-~-~ elastïc scattering (see table 24.5) .

~, at . E~n~ A~v~ c . VAN DER LEUN

1 .

	

2~Na(x, t)2~Mg

	

~ = -8120.1 X2.3

:angular d stributions of several groups have bien measured at ~ a = 40 MeV.

The group to

	

g(I) is strong and has lp = 2 (fil 60} .

24~ï a(

	

-)

	

. g

	

~m - 5516. 3 ~2 . 7

See ~4Na.

Ii .

	

24~,1g(Y' Y) i g
In the fluorescence radiation from a Mg

brerrlsstra lung a Y ray is observed with Fv = 10° l~;í X0.06

	

e~i (T'o t~0},

TABLE 24.8

l,eve~s in 2~ilZg (Ex in hle~+'_~-keV) from 23Na(~He, d) 2~Mga

~ f-li éífji . High resolution magnetic analysis at five angles ; E(3He)-_ 8.47 and 10.19 MeV.
~ ;~rlssibly- a doublet .

10.:~ '0.14 Met' (l~u 60 ; see also F3u 60b), and 10.5 Me~1 (Se 60} . From self-
ab~sorption rneasurernen~.a the radiation width is determined as ~~.8~1 .5 eV
(~To 60), and 180~50 e~ (13u 60b), and the total width as 1 . 7 X0.4 ke~~ (~u 60b} .
Z` e an

	

lar distribution points to dipole absorption ( u 60} .
For other 246 g(y, Y)~l g experiments, see 24Na, reaction A, and ~°~Mg,

reaction C~ .

: g(Y' n)23`
g

	

~m = -16553~I5
~°u-o peaks in the activation cross section have been observed at ~v = 17 .2

~~ . ? and ~. 9 .
2

-?-

	

. 2 . e~I ( f~i 60 ; see also ~ a 54) . They check with peaks in the~:2~~a(p, Y)2~~~1g cross section (Ge 59) .
For theory on giant-rescsnance splitting, see ~l 61e .

ro the differ~:ntial cross section for inelastic scattering of 18'7 etir
electrons the radiation width of G4á g(1) has been determined as ~ = 0.3?i ±0.03
rne ' ~l-le 5h)° For c~c

	

arison with other results, see table 24.9 .,
Y

sample ü~.radiated by betatron

i .620 -~-- I0 9.0~14 -12 10.0._. 5 i~ 15~ 10. 916y20
7.7~ ® -10 9.148 ~12 10.161 ;--15~ 11 .010±20

-~.l'?'lvatum â.808~10 9.?~`2bs-1? (10.30 ~5(1) 11 .188~2~r
4.23j~ 8 8.120 I0 9.456 -' 12 10 .353211 11 . 313 -~-~:ï
.ï .?24 - 8 8.357 - IU 9 .517 ~12 10.577 y`'0 11.380_-'?5
U.C`05 ^ 8 8.439 -=10 9 .8?6 ~_ l r 10 . J61120 11 .446 `?5
á .:35U- 8 8.65-1-`10 9.960 -15 10.723±2U 11.511=``?.5
â.561-_ICi 8.864-=10 10.025 -,_15 10.822--20 1i .861 ;25



N.

	

24Mg(n, n')24Mg
At En = 2.56 MeV, only one V ray (E. = 1.368±0.010 MeV,i from inelastic

neutron scattering on )"Jg can be assigned to '24g (Da 56c) . See also Sc 54d,
a 55, Pa 58b, An 60d, Le, 61a. At En = 14 MeV many more y rays are observed

of which E. = 2.78±0.02 MeV (E. = 4.12-->1 .37 MeV) and E., ~--_ 3 .9 MeV
(ER = 5.22->1.37 MeV) may be attributed to 24Mg(n, n') 14 g (De 60) .
The differential and integral cross section for elastic scattering (La 57b,

Th 58b, Be 59) and for inelastic scattering (Cr 56a, Ala. 57, Hu 58, Ma 58f,
Th 58b, Cr 59, Ma 59a, Bc 61c, 1- 1 60a) has been measured at several neutron
energies . For theoretical work oi '.4Mg+n scattering, see Ca 56, Ma 59f.
The elastic scattering of polarized neutrons has been investigated at

E, = 3.1 MeV (Mc 57) . The

	

'El,

	

1.37 MeV) angular correlation has'],
been measured at E,,, = 3.45 MeV (Br 60f, Pr 60a),
For older references, see ED 54a.
For resonances, see 25 . . g.

0.

	

24 g(1>> hi} NAfg

By electrostatic analysis the first level in 24Mg has been determined at
E,, = 1.371±0.002 MeV (Do 53) ; by magnetic analysis the second and third
level at F.. = 4.13±0.02 and 4.24±0.02 MeV, respectively (Ha 52) . See also
Od 60, Ty 58.
From 24Mg(p, py)24Mg' y-ray angular distribution and y--y angular r -rrelation

measurements it follows that the 24Mg levels at 4.23, 5 .22, 6.00, and 6.44 MeV
have Ix = 2+, 3+, 4, arid 0, resp,-ctively. The branching percentages of the
4.23 MeV level to 24Mg(O) and 24 g(1) are 74% and 26%, respectively (same
branching ratio given in Mi 59b ; 77% and 23% in Co 61d) . The latter transition
(24--*2+) has an. E2/M1 amplitude mixing ratio of x = +23±9. The decay of the
5.22 MeV level to 24Mg(j) is pure quadrupole (Ba 60, Br 60e, Go 60c, Br 61b,
Br 61d) . The branchings of the 6.00 and 6.44 MeV levels, reported in Co 61 d,
are shown in fig. 24 .3 . See also Li 58b, Wa 60c.
From. resonant scattering and self-absorption of 1 .37 MeV y rays the width

of 2%g(1) has been determined as F = 0. -12 ±0.15 me'V (Me 60b) . For com-
parison with other results, see table 24.9. For the theory of -this process, seeVa 59.

`The differential cross section for elastic scattering and for inelastic scattering
leading to 24Mg(1) has been measured at many different proton energies (hi 56a,
Co 57C Gr 57b, Ya 58, Ya 58a, Ne 60, Ne 60b, Od 60, Ri 61c) . For the theory
of these reactions see Me 57a, Sa 58k Ma 59f, Ro 61d. The p-y (E., = 1 .37 MCV)
angular correlation (La 59, Se 59a, Yo 60, Br 61), and the polarization of
elastically scattered protons (Ro 60, Sa 60a, Ya 601.'R, Ro 61c) have also been
investi~s -_, t,

or old w references, see En 57, En 54a.
or resonantes, see as
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(Do 53), and by magnetic analysis as L585±1015 MeV (Fr 50b), 1195±
0.007 MeV (Va 52a), 1.596±0.006 MeV (Va 57d), 1 .603 ±0.007 MeV (Ma 60e) .
The first level in 24Mg is found at 1 .366±0.004 MeV(Do53), 1 .366±0.006 MeV

(Va 57d) . The internal conversion coefficient of the 1.37 MeV y ray has been
determined as a = (1 .3±0.3) x 10-5 (Ra 58) . Transition- to 24 g(2) and (3}
have also been observed (Re 52) .
For measurements of differential and integral cross section, see Fi 58, Fu 58,

Ku 59, Fu 60, Og 60, Ad 61a.
For resonances, see 28Si

Z.

REMARKS

The lowest T = I state (I- = 4+) i aj 24Mg has not yet been located. A com-
parison of Coulomb energies of neighbouring nuclides shows that both the
9.46 MeV and the 9.52 MeV states are acceptable candidates .

For rotation bands in 24Mg, see Pe 57a, Co 61d . The K" = 0+ and 2+ bands
are shown in fig. 24.3 .

Results of 24

	

g( 1 ) mean-life measurements are compared in table .̀!4 .9 . AT'lost

ENERGY LEVELS OF LIGHT NUCLEI. 111

	

5 1

TABLE 24.9

)Mean life determinations () f 24N, fg* = 1 .37 IleV

24

results are in agreement with an average of T. = (1 .7 X0.2) X 10-12 sec, v-ith
the values given in Co 55c and Bu 59a deviating appreciably.
The jx assignments to the 6.00 and 6.44 MeV levels follow from combining

the data found from reactions B and 0. The 2+ assignment to the 7.35 MeV

Method TM(10-12 sec) Reference

fl-y coinci . ence < 3000 En 53
flpp coincidence 36 -~-25 Co 55c
e statt, cross section 10 ± 42 He 56
res. fluorescence 426~ 0.02 Bu 59a
res. fluorescence 1 .7 ± 0.4 De 7th, De äS13

1 5.1
res. fluorescence 01)

- 14 Ar 59

res. fluorescence 1 .1 i 0.4 Of JO
Coul . excit. 'IN, "10, 20, 22`e 1 .3 ± 0.4 An 60
CoW. excit 1110 15 Go 60d

-4- 0.8
res. fluorescence 1 .6 - t4 Ife 6:)b

Not reported :
W-Ne(a, n)"Mg QM 2554 .8±2.4
22Ne(3He, n)24Mg9 QM 12764 .8±1 .9
251 g(3He,j)24Mg QM 13246.5±2.1
26 g(p, t)24Mg

Q
M 9945.8±2 .7
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level follows from the experimental facts : a) that it shows a ground-state V
transition, b) that it is excited from the 3+ 12.340 MeV level (see fig. 24.3),
and c) that it has natural ?arity (reaction B) .
The parity of the 11 .988 MeV level should be even and not odd (table 24.6)

because it de-excites to 0+ and 4+ states (fig . 24.3) .
The 12.259 MeV level, finally, should have

	

2+ because it de-excites to
0+ and 3+ states

	

AQ and emits a particles . This is in conflict with aY-ray
polarization measuremen"t (Hu 56), yielding odd parity, and with the 20N( - . -ra
elastic scattering experiment (reaction D), yielding jx == 3-.

I
(Not illustrated ; see fig. 24.2, p. 41)

A.

	

24A1(#+) 24Mg

	

Qm = 14020±',r')00

The half-life is 2.09±0.01 sec (weighted mean of Bi 52, GI 55, Br 54a) .
Positons with ass end point of - 8.5 MeV, and the y rays listed in table 24.13,

have been reported. One per several thousand disintegrations proceeds through
an excited state in 24Mg which emits oe particles with E,, ~ 2 MeV (GI 55) .
The #+ decay seems to be best explained by assuming a 30% 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 (Ix == 2+) and 4.12 MeV (11, = 4+) levels, through

a A 55.
b Br 54a.

TABLE 24.10

24

7 .12 and 4.22 MeV y rays ; a 15% branch to a 9.5 MeV level, de-exciting to the
4.12 MeV level through a 5.35 MeV V ray ; and finally a weak transition to a
level at ~ 11 MeV, de-exciting through a emission (GI 55) .
The T =_ 0 member of the T = 1 triplet to which the 24Na and 24AI groundstates also belong, is expected at about 9 .5 MeV(see 24Mg, "Remarks") . TheY-rayintens.' -des indicate log ft = 3.8 for the P+ transition to the 9.5 MeV level(GI 55), which is consistent with the expected favoured character of thistransition (Bo 55, Wi 56a) . A possible fl-y directional correlation in the 2-{Aldecay, as a consequence of a conserved vector current, is discussed in Be 58d.

EY&(MeV)

Gamma rays from the

Rel . intensitya

24AI(P+)24Mg decay
E 1)_J '
(MeV)

Transition in 24Mg,
(E, in MeV)

119±0, 40 118±104 117 0
213±106 32 250±106 4 J 1.37
122±110 15 121±112 8 36 4.12035±110 6 517±114 9.5 -> 4.12

(506 ±118)
7A2±110 7 7121020 806 " 117



I

g(p, n)24AI

	

Qm = -14800±300
The threshold is at 15.4 ±0.3 MeV (131 52) . Cross sections at E,, = 18 and

32 MeV, Ta 58. Neutron angular distribution at E,) == 23 MeV, Co 5.5b. Also
054.

C.

1..'li
(NIev)

24
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53

Tb
(sec)

A.

The weighted mean of the reported half-life measurements is 59.6±0.7 sec
(Hu 44, Ri 44, BI 47, Iw 55, N., 56 ; see also Ba 46, Pe 48a) .
The main branch (65%, Go 56, Ma 55 ; 50%, Na 54b. BI 47) proceeding to

25Mg(O) has an end point of 3.7±0.3 MeV (131 47), 3.65 :,70.25 MeV (Na 54b),
4.0 X0.2 MeV (Ma 55) .

TAME 211

Enct -gy levels of 25Na

0

	

V

	

59.6±0.7

	

A, B. C, D, E, F
0-090-5.746, 29 tavela, sve table 25.4 and reactions

	

C, F,

TABLn 25.2

Gaminia rays following the fl- decay of 25.Xalb

Decay Reactions

a Energies in keV ; re!ative intensities bracketed (980 key' V ray normalized to 100) .

1, 25N

From the analysis of the y spectrum (see Me 25.2,',, and the fl_y coincidenee
spectrum 3.5%, 25%, and 6.5% branches have been found to 25Mg* = ().59,
0.98, and 1 .62 Met, respectively (Ma 55) . Investigation of they spectrum with
a large NaI crystal show, however, that the #- branching to the 0.59 Met'
level is probably less than I% (Go 56) . See table 25.3 for branchings, log
values, spins, and parities.

1W 55 "Ma 55 Na 56 Go 56 Assigntnwit

410 384±10 ( 44± 4) 370±10 (108) 400 95 -~- 4) -"lmg(2) - (1)
590 576±10( 59± 7) 580±10 (135) 580 89~5) 251lg(1 ) - (0/
980 978±15 (100=1 15) 975 (lao) 98(1 (100=3) 25~t 1g(2) - (0)

1603±20 ( 40± 7) 1610 ( 33 ~.3) 25Mg(3) - (0)
1960 «2.4) ?5Mg(4) - 10)

Not reported :
24 g(3 e' t,24 1 Qra = ---14040±300

5 a

(Fig. 25.1, p. 54 ; table 25.1, p. 53)

25Na(fl-)25Mg Qm = 3832±10
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TABLE 25.3

The (3- decay of ~~ ti a

The absence of a measurable transition to 25

	

g(1), v,~ith J~ = 2-+> and the
allowed character of the transitions to 25 g(0) and (2), with Jz = + and 2+,

respectively, imply a J~ = ~+ assignment te~ 2~Na(0) (Go 56) .
.~ discussion of the possibility of favoured transitions is giverfi in Iii 55, Fe 55.

Beta branchings computed from the 2~Mg rotational band stru~:aure are
discussed in I,i 58c.

C .
shirty proton groups have been observed at Et ,. 6 Me`I. For the excitation

energy of 25Na levels, see table 25.4 ; Q~ = 7.49~ ~0.012 MW' (~Ii 61 ~ 1 .

gi .

	

~~Mg(n, p) 25Na

	

Q~ _ -3049~lU
For cross section at .E p ~. 14

	

eV, see

	

a 53, Al 61 . Sec also

	

u 44,

TABLE 25.4

Energy levels ®f Z~Na (EX in ~IPV -_1- keV} from =~i~a (t, p,i 2~Na
and ~s y1g(t, a)aStiTa (1-Ii 61a)

44 .

(t, p) (t, a) ~verage (t . P) (t, a) Werage

0 0 0 4.339 4.340 4.340 ï
0.090 0.091 0.090 ~-- 5 4.448 4.151 4.4 .50

_=-
10

1 .U69 1 .067 1.06£~~î 4. ~09 4. î12 4. î10 -10
?.200 }̀.20? 2.204. ~7 ~ 4.79? 4.804 4.t~~00~ 10
2.418 `? .41 î 2.418~7 I 4.964 4.960 4.462 -!-10
2. ï87 `) . 78S 2.788 ~5 Î 5.144 5 .149 .5.146~1U
2.912 2.914 2 .913 ~5 j 5.18:i 5.194 ci.190 -~-10
3.351 3.355 3.353 ~5 i 5.223 5 .223 :i . 2r'3 =- lU
3.456 3.457 3.456 ~7 ~ 5.344 5.3i0 4) .34ï 111_-_
3.685 3.684 3.685 ~7 5.378 5 .3it~ ,i .3 ï8~10
3.925 3.930 3 .928 i'î :~ .463 :~ .467 5.46:i -~-10
3.9ai2 3.953 3.952 ~'7 5.484 3.484 ~=12
3.996 3.995 3.9~35 +'7 5.691 .5 .689 .? .690 -~-1 `?
4.137 4.136 4.136~7 5.714 5 .71°? :i .ï 13 ~1°'
4.285 4.288 4.286~ 7 5.749 5.744 :~ . ï46~ 12

zs~,lg~
(~IeV) Jn

-

(Bl 47)
Branching

__.(Na 54b)
ratio (®®_

(N1a -5.5)
___(C~c'

:ifs)_
.

Irc,g ft

(Go .56)

0.:~8 + 3..5 ~ 1 ~ 6.9
0.95 z_+ ~ 45 ti 50 2.5 30 5.2
1 .61 ( z)+ 6.5 5 .5 .6
I .Si6 ?+ ~ 1 :> 5.9

Q~ _ -353210

Observed (®1 5t) .

'~vTa(t' P) 25~a Qm = 7491~10
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E.

	

26M
g('Y' P)"N -'

	

Qm = -14148±10

The threshold ii at E. === 14.0±1 .0 MeV (Mc 49) . For yield curves and cross

sec6ons, see Ba 45, Mc 49, Ed 52, Ka 54. nscus4on of relative (,y, p) and (y, n)

cross sections, Ailo, 55.

F.

	

26Mg(t~ a)25Na

	

Qrn ~ 5665±10
+, le rou s at E --- 6Magnetic analysis 01 LIB: ~4-FCLL

	

I,

	

r
t
-Ir

levels listed in table 25.4 ; Q0 == 5.664±0.010 .me -%, k

0

nW
9 M

u

25

(Fig . 25 .2, p. 57 ; table 25.5, p. 58)

eV yields the 25Na
i 61a) .

A.

	

22.Ne(oc, 11)25Mg

	

Q. = --481.6±2.0
In the range E. = 2.2-3 MeV, a 0.58 MeV 7, ray has been found in coincidence

with neutrons (De 61c) . See also 0151 . For resoi,ances, see 26 f
24M§n j)25AIg

	

m = 7330.7±'2, .19

	

Q
The thermal neutron capture cross section of naturai magriesium is 63±3

mb ; those of 24NL Ig, 25Mg, and 26Mg are 34±10, 280±90, an(I ,7±5 mb, and
the abundances 78.6, 10.1, and 11 .3 0 ', respectively . Appro.),imately 450, , ' of/0

the thermal neutron capture in natural magnesium should th as occur in 241,Ig
58) .

Gamma rays from capture of thermal neutrons in natural magnesium are
listed in table 25.6 xNrith intensities and probable assignments kCa 57b, Gr 58c,

r 56e, Ma 59c ; see also Ki 51, Ki 53a) .
The intensity of the ~, rays feeding 25Mg*(3.41) and the branching of the

de-excitation ,., rays lead to the assignment J" = !,-- to this level (Ki 54a) .
The angWar correlationsz, of two cascades through the 3.41 MeV level corrobo-
rate this assignment (Ala 59c) . The comparatively large intensities of the y
rays feeding and de-exciting 25_Nlg* = 4 .28 _MeV, suggest that this level is the
analogue ~f 25AI* = 3.85 MeV, With T" =-- -!-. T~-is assignment would be in2
agreement with the (d, p) stripping re ,~iilts- which indicate 11, = I (Ca 57b ;
reaction D) .

Theoretical discusion mi the rclati ;e yitlds of the (n, y) and (d, p) reactions.
Or 58K A59a.

Cross section at higher E, Hu 5~~. Be 58c.

Not reported :
25Mg(t, 3H,25Na Qrn = - 3814±10
26Mg(v d)25Na Q. = -11923±10
26Mg(d, 3He)25Na Qm = - 8655±10

'2'#Al(n, 3He)25Na Qm = -14702±10
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W2)

W97 1
2

	

-%0-r4u
6Mg+y-nf

	

26 + A
Fig. 25 .2.

Energy
levels of 25Xfg.

14.7
-T--

	

t0t

" 2.68

-219

M30
y =5
~! 0.084 Z331

-- 5.106
24M 94d-p

24M9 +n

=61 5/2
%l 723 S

2nC 2

p* ~1.

-Po*100

	

'Vo, 3.25

25
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TABLE 25.5

4,270- 5

	

W4.3;ï 1 -- ti
(~ .-13Ys _ ._ 1 tt}
(4.482 A0)
(4.639 1-10)
(1 . tititi a~ t 0)
4.7 ( r .l -1~ 14)
-1 .717
(1 .lllti ..~:_ ll)

AL 7
:î.l13N î
(5 .1-ldl -- 10)
(5.21 1o)
5.244 ---10

149i

5.470 - -- ;
:, .J1-

	

1la

-411411

1

	

0?1 :~1-1 1

	

10 r

a ® -14

	

.Y

	

Î

1, - y_ 1 1 -,eil 9 f

	

.,Í
�r,

	

2.1 F r!
vl

2Yw t

	

°`

D, r`
D, r

,° ;s
7330.7±2.1

á . - mf° ,-a ,w~'rrä¢°.nt � at räf,Eltrolt energies up to 82 MeV, Hu 58,
pffrin, 'ro , i <' .

	

ía

	

.7

	

eV, Be 58b. Cr 60 .
~rr1 E

	

in

	

.7. A large

-

9 ;1

Energy levels of s5Mg

tl or I' Decay Reactions

stable many
(3.4 ±0.3) x 10-9 sec 1' many

< 10 -10 sec y many

(1 .7-' 0.4) x 10-14 sec y many
D, F, G, H, 141, N
D, H, M, ".I
D,H,M,N
D, M, N
D,H,1,N
B,D,H,1,N
D,H,N
D, N
D, N

7P B, D, N
D, N"
D
D
D
D
l), N
D, N
D

a B,D. 'Ik:
(,°) B, l), N

D
D
D, .<
D

B,1,N
ti reacrinms D, N

0.5 keV n C,D,N
D, N
D, N
D, N

, NÎ
C,D,N
D, N
D, N

1"~ .- t0 kei,' ti C, D, N

0 _~k +

0.584± 4 +
0.970± 4 1$+
1 .611± 4 CD
1 .962 ± 9k s +
2.565± 4 .1+

2.73t3± 4

+

)
.'' .s113_1 4 ( ;
3.399=L 4 (± +

3.!P113 2, Ë

4.055 _ .i
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TABLE 2.i.Û

Gamma ra~"s from capture of thermal neutrons in natural 1~Tg

U Final Probable
(1~leV ~keV)

	

I~'~

	

(NieV~l~eV)

	

Iy
b

	

nucleus

	

transition s

11 .089 ~`?5

	

0.03
10.08 =}:10

	

0.0$

8.93 --~ 20

	

0.06
8.55 ~:'0

	

0.06

2fi~,lg

2s~,Tg

2syf~
a

2s~,ig

2s~,Tg

a Ca aïb ; magnetic pair spectrometer. Intensi';les in gammas per 100 captures .
b Gr :i8c ; Compton spectrometer . Intensities in gammas per 100 captures .
c See also Br 56e.
a Br 56e ; two-crystal scintillation spectrometer .
~ Coincident with Ey .. ? 1~TeV (ívla 59c) .
~ Excitation energies in DTeV ; C is the capturing state.

ZS

value for the left-right asymmetry in the scattering of polarized neutrons 1?as
been found at the 25"r key resonance (EI 60b} . For non-resonance information,
see 2~:VIg .

I) .

	

24 g(d, P)2à g

	

Q~ _-_ 510G .0~2 .1

~iYty levels, with excitation energies up to EK ---- 7.G4 NIeV, have been
found from high resolution magnetic analysis . For energies, widths, anc~ h,

values, see tables 25 .8a and 25.9 (En 52b, En 5~b, I-~i 58,

	

i 61d, ßíi 61h,
NIi 61a, Pa G1) ; Qo = 5.09?'

	

0.00î IVfeV (En 52b, En 54b), 5.112 X0.012

	

fed°
(

	

a 60eß, 5.096 X0.012

	

et/ (

	

i 61h). For ~, discussion of the doublet character
of the 3.41

	

eE' level, see reaction N (

	

i Gld) . Earlier low-resolution rrYeast~re-

3.149~10
i.3S .-!-30
7.16 ;~30
6.735 -~-1a
6.440~ 8

3
0.06
0.11
1 . ~?
0 . S+

8.14 -y 30 3 . .5 2fi~TQ
h

(25~Tg)
2fi1,Tg

2~~,Tg

2i~la
r~

25~£~

C ~?.1)-1
(C -~ 0}
C -~ 3.9$
C -~ 0..58

C -; U.98
.ï .î6 ~-'10 0.6
:ï . :ï1 -L10 0.6 (2j~~~) (:ï . .ï 1 -~ 0)
.ï .442 ~ l'_' 3 2~~I~ C -~ 0.99
:ï .0:ï :`-'0 1 .7
-1 .93 -~ `?0 ?. î 4 . lal ~- 30 3
-1 .7î _~30 O.G
-1 .11 . .t_ 10 ~ . .i
3.S)18_~ $ 47 3.91-~-10 30 2s~ig C ~ 3.41
3.552 rL 14 K 3.58 _.1_ 30 3 ( 2 ~-~Iá) 3.56 -~ 0

:~tirg 3.$1 --~ 0
3.290 ~ 10 9 3.31-~20 ï 25~,gg 4.`?7 - . 0.98
3.054 -}_ 1 ~~ ço 3.U6 ~ 20 7 2s~Tg C ~~ 4.27

2~~Tg 3.41 -~ O.i8

1.43 --ç_ 20 :, 2s~,.Tn 3.41 -~ (~.98

1.83_~20e 11 ; "?~ld 2fi~Tá 1 . 81 --~- 0

1 .14e 2fi;~Tg .94 -~ 1.81e

1.Oe
13~~ 2s~Tg (3.94 --~ 2.94) e
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0

E�E�
(keV)

a Hu 58 .
b ~Ze 59c .
e M 58b.
d Br 58e.
De 58e.
Fi 5l .

25mg*

(MeV)

P . M_ ENDT AND C. VAN DER LEUN

TABY.E 25.7

Resonances in 24Mg+n total cross section

84± 3
275± 8
430± 5
2290±10
2680±10

ments (Kr 55, Ho 53, Al 49a, Am 52} me generally in good agreement with the

results summarized in these tables .
Proton-gamma coincidence experiments indicate transitions from the first

four excited states of 25Mg to `'S g(0), and from 2s g(2) and (`1) t® 2s g(1)
(emu 58b) . For conclusions about J,9 values from y branching ratios, see reac-
tion H.
The angular distribution of the proton group to 25Mg* == 3.41 MeV, and the

angular corn lation between the proton and the resulting de-excitation 'Y rays,
measured at Ed

	

2= 2 to 4 MeV, yields J- = L"'- - for the 3.41 MeV level (Co, 57b) .
t Ed = 15) MeV, the angular distribution is in good agreement with the

distorted-wave stripping theory (Ma 60a) . The polarization of the proton group
to 25Mg* = 3.41 MeV is in agreement with the magnitude predicted from
(d, py) angular correlation measurements (jo 61, Is 61a) .

For a discussion of the spins and reduced widths of the 3.90 and x.97 Me`'
levels, see Mi 61a.

For a discussion of the reduced mridths in 15Mg and "Al found from (d, p),
(p, p), (n, y), and (d, n) reactions, see fir 58b, Bo 59a, Ma 60d, Mi 61a ; also
Ne 59b.

E .

	

24Mg(t, d)-5Mg

	

Qm === 1073 .1±2.1
At Ed = 5.5 M(N, the angular distributions of the deuteron groups to2ä

	

gß == 0 and 0.59 MeV yield 1. = 2 and 0, respectively (De 61b) .
F.

	

25Na(j5-)25Mg

	

Qin = 3832±10
See Wa.

G.

	

25

	

(n, n')25í g

At neutron energies of about 3 MeV, y rays bave been observed of 0.38±0.02,
0.59±0.02 (Sc 54Q, Q95±0.025 (Pa 58b),

	

1.616±1016 (Da 560,

	

and

7.411 ,. 65 7 .8± 0.5 4-2 a, b, e, (f)
7.59.5 80 ±20 i- a, b, f
7.744 30 4- 10 w) a, f
9.530 3.8 d, (e)
9.900 5.53 a, (1
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TABLE 25.8a
Levels of 25Mg, with E, < 4.4 MeV, from 24.,Nfg(d, p)251

25

_ d

all ±10 keV

a Hi 61h ; Ed = 5.5-6.0 MeV.
b ja 61a.
C En 52b, En 54b ; Ed = 1 .8 MeV.
Ma 60d, Hi 58 ; the relative reduced widths given in Ali 61a are in accordance with all values
given in this column, except for the 2.56 MP.V level, where 29 is found instead of 19 . The
3.90 MeV level is not considered in Mi 61a to be formed by stripping-, if it has In := 2, then
(2j ~-1)0n2 ;S, 0.007.The absolute widths for 25Afg(O) and (4) in Ha 60c are in good agreement
with those tabulated .
Hi 58.
Ho 53.

9 Q59a.
Ha 60c.
Co 57b.

j Ala 60a
k Stripping analysis favours the 1, == 2 rather than the 1, == 3 assignment. The total cross section

of the -*?Al(d, a)"Alg a-particle group to this level favours j = A (Mi 61a) . This is incontradic-
tion with the suggestion that this level is the analogue of the 3.72 NT feV, J,

	

-

	

1evel in Q5Al
(Go 37d).Very recent D.W.B.A. analysis of the Mi 61a results, however, has shown that the
3.96 MeV level has 1, == 3, and not 1, = 2 (Dr. Hinds, Aldermaston, private communication) .

In Pa 61 (preliminary) .
n Mi 61a.
0 Hi 61d, doublet at 3.398±0.007 and 3.407±0,007 lkfeV, distance 9±2 keV. Observed at
Ed = 6.0 MeV from the 24Mg(d, p) 25Mg and 27AI(d, a) 25Mg reactions.

1 .92±0.04 MeV (Pa 58ój . See also Pa 55, Ra 55, Ho 59a, Le 61a. At En =1 4 Met',

a 1 .60±0.01 MeV y ray has been observed (De 60) .

Cross section, Da 56c.

esonances, see 26Mg.

EXI%
(MeV)

0

Exb
( 1t,rev±kev)

0

Ex'
(Mev±keV)

0

ill

2e, f, g. 1, " m, a

(2j+ 1)0
;< 103

57
1579 0195 ±4 0.582± 6 oe 0 1, u a 42
0.973 0.983±4 0.976± 6 2e, f, m, n 29
1.609 1 .620±4 1.612± 6 (2}m
1.962 1.977±5 1 .957± 6 2e, f, g, b, j, m, n 26
2,564 2.572±5 2.565± 6 0e, m, n 19
1737 2.742± 8 isotropic -
2.800 2.815Á8 2.806+ 7 2e, m, n 48
13980
14070 3.405± 7 In f, 4 J, m, n 76
1900 3.915=4 3.899± 8 29, (1,2) ni 40
3.96,5 3.977±4 3.972±10 (2, 3) m, n. k 53or80
4.054 4.053 Ä4 (4.052±10)
4.268 4.282±4 (4.265 ± 7) je, m, n 22
4.351 4.352±4
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TABLE 25.ób

i,e~els of ~S~,,T g, with E~ < 4.4 ~feV, from 2'~1(d, a)~5h1g

25À
g(pp

p^125

® sezve~i inelastic proton groups are shown irl- table 25 .10 (

	

~~, 52, Sc 59a ;
also Fi 54) .

Yields of the 1 .96, 1 .61, 0.9~, and (0.4 0-~-0.5~) 1VIe~i y radi ation h ave been
measured a:~ f,~nctions of the proton energy in the 1 .5 tc~ 3.01VIeiI rangy ~Go 56) .
See also Ii i 59b, ~p = ~.0-5.4 Met'. y comparing the y spectra at dí~ferent
resonances, and by n~.easuring y-y coincidences, branching ratïc~s of the levels
at 0.9~, 1 .61_, and l .9ß Me~i have been obtained (see fig . 25.2} . Spins and
parities of the lower levels agree with these branching ratios, hyperfine--
structure n~easurernents, (d, p~ angular distributions, log ft values in the decay
of ~'~Va and 25A1, shell model predictions, ~,nd c.~.a5siiication, of corresponding
levels i t e mirror nucleus ~5A1 (Go 5ß) . Angular distribution and linear
polarization rneas~.~rem.ents, at the Ep = 1. .91 and 2.41 ~Ie`1 resonances, yield
the

	

2/_ 1 a°nplitude rni~,:ing ratios x - -}-0.30

	

0.15 and -{-a.15 ~0.05 for
the 0. ~ -~ 0 and 0.9~ --~ 0 .58 transitions, respectively (

	

c Sla) . A theoretical
disc~a "~sion of the rotational bands in 2sMg has been given ín hi 5~c ; see also
b.~ ~ I t 66

	

ernarhS" .
~°he first le~~el,

	

e-excited by a 5$~~ 5 l~e~ y ray° 4

	

a 55), has a half-~lifp
~~ .= (3 .5 X0.2) X 1®-~ sec (~e 60a), (2.1 X0.7) X 10-s sec (

	

i .59a) . The reduced

t' Sh 59c ; Ed - 7 . :i acrid 8.6 A~IeV .
c En 52b, En .54b ; F_~ = 2 .1 :~IeV .
t~ Ja 61a .
e I-ü 61d ; doublet at 3.398-._0 .007 and 3.4U7~0.007 1~IeV, found from tl:e 2'Al(d, a)$'~Tg
and ~~1~Ig(d, g)25~g reactions .

EXa

(~1IeV)

b

(:~ZeV)

F_ cx
(1VIeV ~-keV)

E~
(~IeV keV)

® 0 t) 0
0.584 --~ 6

0 .37y 0.11î ;i 0.977~,10 0.976~ 10

1 .609 1 .608 1 .6IU ~ 10 1.616~ 10

1 .1158 I .963 i.Sí58 ~ 10 1 .973 ~ 1Q~

2.564 2.568 2.558~ 10 .572~ lU

2.731 `~ .741 ~ .7~9 ~-10 'w .741 ~ 15

`? . 711 Z.806 d.791-!-15 `~ .815~,?~IO

3.398e 3.404 3 .404 ~ 12
3.407 e
3.1102 3.91 :í 3 . 896 ~ 15
3.966 3.97 :i 3.960 ~ 15
4.D5î 4.061 4.0.57~15
4 . =?69 4.280
4.350 all _~ ,. 7 keV

all -=-10 keV
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6.1

a J a 61a ; 24Mg(d, p) 2SMg .
b Hi 61h ; 24Mg(d, p) 25Mg and 2'AI(d, a)25 ;~íg, Ed --- 5.5-6.0 1IeV.
e Relative reduced widths given in Mi 61a, adjusted to the value (2J .ß 1)02 2 = 0.048 given in
Ma 60d for the 7.40 MoV level.

d Pa 61 (preliminary) .
e Hi 58 ; low resolution ; level assignment not obvious in all cases .
f To .tit ; 27A1(d, a)2sMg, Ed = 10.8 MeV.
g l' = 13-+-3 keV (Hi 61h), see also table ?5 .7 .
h T= 80-4-20 keV (Hi 61h), see also table 25.7 .
f Mi 61a.

ti

1 Ma 60d, Hi 58.
k The stripping states at 4.72, 5.27, and 5.79 MeV, reported in Hi 58, were not confirmed (Ali 61a) .

transition probabilities of 25Mg(1) and 25A1(l ;. difter by a factor of ;; this is
discussed in Fe 60a. The half-life of 25Mg*(0.98) is less than 10 -9 sec (Fe 60a) .
Resonance fluorescence experiments yield a mean life -rm = 2. 5±®:4 x 10 --14 sec
for 2,5Mg = 1.61 MeV, assuming J -= Y . The angular distribution of scattered
radiation yields an E2/M1 amplitude ratio x = -0.19±0.015 and
.ß(E2)/B(E2) S,P ==6.5 (Ra 61a) .

For resonances, see 2l Al.

Levels of 2-1Mg, with EX > 4.4
TABLE 25.9

MeV, from 24Mg(d, p)2J 'M,fg and 27AI(d, ac)2jAIg

EXa
(MeV _;keV)

EXb
(MeV) ln(d' p)

(2J .--1)Bn2C
x 103 i

E b

(MeV --- keV) t°(d' p}
(?J _ l )e112C

.- 103

4 .436+9 6.558-1- 10
4,432-4 6.668 ~-10
4.639 A-9 6.768 - 10 Ie, 1 7. 2
4.666- , _6 6.825-1010 > 1 e

4.704 (2) li 6.872 - -10
4.727-4 4.712 6.901+10
4.946+4 6.944-10
5.020+-4 5.005 7.025 y10
5.123-±--4 5.108 7 .076-10 21 4.9
5.140i4 7.171-10
5.217±9 1 .215 ~- 10 ..)1

5 244 Xk 7 .270-~=10 .3 1
.5 .287 4 .365-10 ? 4. ::

5.454 7.400--10K 1e , 1 48i
5.479-:.'-4 5.465 o e, 1 71 7 .486 ! 10

5.512 1j 7.512 =,_ 10
5.523 (2) d (7.538 _ 10)
5.738 7.564 _-=10

5.78.5 Xk 7.57 --2011 1 e (4?) i

5.851 7 .623 --10
5.967 7.640 - 10
6.032 7.85 --40£
6.074 8.05e ' (1) e (32) 1

6.159 8.62 _y50f

6.350 9.06 -~- 40 f
6.423 9.75 -_í-40f

6.457 10.78 ---40f
all ± 10 ke,V ~. l l .89 '50f



mately this excitation energy

J.

	

2'Mg(14N, 14N')25N[g

5

See 2

26

26

g(d, d')

(#+)25Mg

P. M . ENDT AND C. VAN DUR LEUN

TA9LE 2110

Levels in 25Mg from 2r,.,,Nfg(p, pl)25Mg and 215Mg(d, dl)25Mg

25

b (p~ pl) ; Ep = 17 Me'~T (Se 59a) .
e (d, dl) ; Ed = 15 MeV (BI 61a) .

9
Observed inelastic deuteron groups are listed in table 25 .10. The only strong

groups are those correspondingwith levels at 1.61 and 3.40 MeV. It is suggested
that this last group mainly excites, not the 3.409 MeV, In =_ 3 - level, but aY

2

	

ground-state rotational-band level which should appear at approxi-
I 61a) .

Qm = 4261±6

y Coulomb excitation with 12.2, 16.8, 18.0, and 21 .5 MeV 14bl ions
the partial E2 mean Gives of 25 g( 1), (2), and (3) have been measured as
(19±1.7) x 10-9, (1 .7±0.4) x 10 -10, and (9.0±1 .6) XIO-13 sec, respectively
n 611 .

Ép n)25Mg

	

Qm= _11097.4±2.7

he threshold has been measured as 11 .15±0.20 MeV (Sh 51a) . The cross
section shows a maximum at E. -, 17 MeV (.r R:, 2.5 Met) (Ka 54) . See,
however, via 55, Ye 56. Theoretical discussion of the observed cross section,
o55.

YJ Q25Mg

	

Q. == -4839.8±2.7
Iriton groups observed at Ed == 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

odel, an admixture of higher rotational bands was found in the 26Mg ground-
state wave function (Ha 60c, Ma 60d) . See also X161 .A

EXa
(MeV)

E, b
(MeV)

EX e
(MeV)

011±0 02 0A8
OIS

112±102 1 .6 1 .61
1 .98 ±0.02
256±OA2
216±0.02 2 .8
3A1±0.02 14 3A0
351 ±0.02 4.0

a (P , P') ; Ep = 8 MeV (Fla 52) .
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24Mg(q 3He)25Mg
9

26 g(P,
d)25 g'

26Mg (3j' . 1_ e, a)25Mg
9

)25mg

27AI(n, t)25
27AI(p, 3

Y LEV OF LIGJIT INUCLEL III

TABLE 2111

Ewni 11 fiNzIg50, 0s'N19 (Ha 60c, Ma, 60d)

Qy 103

N

	

2'

	

(d' a)25Mg

	

m=6700.5±2 .2Q
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 Q0-- 6.694 ±0.010 MeV (En 52b, En 54b), 6.718±0.005 MeV
(Ma 60e), 6.687 ±0.010 MeV (Sh 59c), 6.691 X0.012 MeV (Hi 61h) . For excitation
energies below 16 Met 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 9±2 keV separation . The higher member is the well known 1. = I state
observed in the 24Mg(d31 p) 25Mg reaction . A ja

	

assignment for the lower2
member, suggested by mirror nucleus arguments, is supported by the observed
relative intensities of the a-particle groups (Hi 61d) .
Angular distributions . of 44 x-particle groups, measured at E. = 10 Met

yield total cross sections . For the states of known spin, the proportionality of
the total cross section of the individual groups and (21+ 1), is obeyed surpris-
ingly well (Hi 61e) . G&mma rays from deuteron bombardment of aluminium,
see Be 55. Cross section measurements, Cí 61,

65

0.

	

28Si(n, a)25Mg

	

Qm = --.-2655.4±3.*4 .
From the bombardment of a silicon surf~ce barrier counter with E

	

5-8
MeV neutrons, a-particle groups have been observed to the four known ,lowest
states in 25Mg (De 61d) .
P.

	

Not reported :
23Na(t, n)2"Mg	'Q. == :

	

10540.9 ±2 .4
23Na(3He, p)25Mg

	

Q
M ='

	

11305.4±2.3
23Na(,%, d) 25Mg

	

QU 7 047.0±2.4
Qm -13246.5±2.1
Q.« 8872 .7±2 .7
Q. ==

	

9479.8±2 .7
Qin

	

-=10887.5±2 .3
QM = --11 651 .9 ±2.3

0 2 31
W58 f) z5
098 2 14
imt (4)
1 .90 2 1 .8
217 0 17
214
2.80 2 19
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66

A.

he half-life is 7 .23±0.03 sec (weighted mean of ja 60a, Wa 60a, Mu 58,

r 58 ; the value given in Hu 54b, 7 .62 ±0.13 see, deviates appreciably ; see

also Br 48, Gr 54) .
The decay almost entirely proceeds to the 2,5Mg ground state ; end p~)int

3.24±C,.03 2,1[eV (EI 51 127±103 WV (Wa 6Oa ; also Hu 54c) ; logft = 3.6.
weak 1. 6-,±0.0 MeV V ray has been detected, indicating that about 0. 1%
the 19- transitions go to lk g* = 1 .61 MeV (Ma 55) . For this transitio
It

	

5.3. Upper limits Ir transitions to 115Mg* = 0.98 and 0.58 MeV arc

f
9

(fl+)25Mg	4261±625A1

EN
(MeV -±- keV)

0

	

?.+
0.455 -~- 2

	

j+
0949~ 3

	

1+2

P. M . ENDT AND C . VAN DER LEUN

5

(Fig . 25.3, p. 67 ; table 25.12, p. 66)

TA13LE 25.1?
Emergy levels of 25AI

Tj or r

	

Decay

	

Reactions

?.23±0.03 sec

	

jî+
(i .88±0.10) x 10-9 sec

	

y
A, B, D, E, F, G
B, D
BD

1.610±20
1 .810-j-20
2.502 :-_ 6
2.689 :1: 6
2139±10

+

+

j+
43 +

< 1.0 AV
< 0.4 AV

,
)j
13, D
B, -D
B, D
B

3,0771 6 1.3 ni- 0.4 AV Y. P C
(1424~ 7) y B
3.439± 6 < 10 AV y B
&72 &3 CV yp P

36 AV 7, P C
si AV Y, P 13, C

4.047 ~ 9 q, < 10 Av y B
4.22 -aa+ > 0.12 AV Y. P B, C
159 Q > 0 47 AV Yb P C
190 >j ce 10 CV P C
5.06 1 1 (11 +) < 16 AV P C
(5.09) P C
110 ON %50 KV P C
130 W 2 AV P C
180 4- P C

e iá + P C
&70

P C
014 (4) P C
7.32 =. 20 AV P C
(15)

P C
078 (4) 340 ±50 AV C
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Pl

5.72 ]	5.72~
5A -;

5.24
505--~

4 .60--~

293
i2n12 -
2=-

2-01-

24

25

PO

2AO-

2.01-

1661.62 :
IA9

a6231 --I

g+p

ENERGY LEVELS OF LIGHT NUCLEI . III

wi
1-83~
W1
IA9 I

1200
W84;-
W26-

OA188~
Q22d -

Fig . 25 .3 . Enen

2,c2

I

levels of 26AI ; for 7 decay, see also fig . 25.4 .

tl

(2)
M)

0

25



68

	

P . M . ENDT AND C. VAN DER LEUN

0.4 1M0 ( aM 55 ; also St 56, Ta 600 and 19% (Ta 60c), respectively. See also

El .55, Ch 56, Va 56b.
LonpuWal #+ polarization measurements, Pr 58.

UM§y y)25AAl

	

Qjn =-- 2287 ±6
Ten resonances in the -ray yield are listed in table 25.13. The listed energies

of the lowest three resonances are weighted mean values of several precision
measurements.

Measuremer,ts of y-ray spectra, angular distributions, coincidence spectra,
t-y angular correlations, and y-ray polarizations, yield decay modes, partial

I
Fig 25 .4 . Gamma-ray branchings in 25A1 (Li 56a, Gà 58E, Li 59a) .

KT! 112 *

"Aths, sons, and parities of the resonance levels (values and references in
table 25.13 ; branching ratios in fig. 25.4) . Levels below the prot6n binding
energy: - ave been found at 455±2 keV (Cr 56, Va 56b, rig 56 ; Go 58e),
94 9 =3 keV (Go PC 1610+20 keV, and 18 10 ±20 keef (Q 56a) ; for ja values
and branching i Ai os, see fie, 25.4 . Delayed y-y coincidencemeasurements ygeldAI*a half-life -r, == (1 .88±0.10) x 10 -9 sec for 25,

	

= 0.455 MeV (Go 60f) . The
resonance con-espondhig to the level at 2739±10 keV has not been, found ;(2js i) r,,

	

r< 0.6 mel'. This level could be the fourth term (J- == 7 +) of the
5-- I Dana on the nr--,t excited state (Go 8e), also "Remarks".
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ENERGY LEVELS OF LICeáIT NUCLEI. III

	

Fj!;

~ABI,E 25.13

~egd~laraces in z 4Mg-f-p

The symbols y, po ; pl , and ps refer to prutot~ capture, elastic proton scatterin~;, and inelastic ~ca,tteriná
to saMB~ = 1 .37 and 4.24 MeV, respectively,

~ Ca 53 .

(. .

	

2~Mg(p~ p~)~~M¬~

	

b = 2 .rß a -

Elastic proton scattering shows eight resonances in the energy range
Ep = 0.4 to 3.9 MeV (N~o 5I} ; partïal--wave analysis (Ko 52) yields widths and
J~, values of the corresponding le~~els~ see table 25.13.

Eleven resonances for inelastic ~POton scattE~ring to "4 gß(1 .37} have been
observed for protons in the energy range ~p = 2 t-o 5 .5

	

eV (I,i 56a, I,e 56a,
i 59bß. Yield curve up to ~'~ = 7.®

	

eV, ~e 59a. The angular distribution
of ~~, = 1.37 MeV, measured at

	

~ ~ 5.05 MeV, yields J = () for the resonance
level.

	

esonances in the yield of ,~y -~- 4 .23 MeV, de-exciting 2~~,
¬;(3), have been

found at Ep = 5.24 c.nd 5.72 Me~~ (

	

a 60 ~ also

	

i 59b) ; see table 25.13.
~Or nOn-reSOnanCe ~lata, Set 24

z~

(kev) (Me~

____

Decay (keV) (meV) (eV) J

223.8 ~ l).8~, ~, r 2.502 y~, ~, h, i, t ~ 1 .0~, Q 13 . 7 :~ ~~ i

418.8~0.2~ , ~, q, r 2.689 yc " ~ " s { 0.4q 14 ~ 7 .z-~,, s, ~
8v3.1 ~0.5p , ~ 3.077 y~, a, I po e 1.3~ 0.4~ 110 ~ 20 ;;_, í , I, n,~

(1184 ~3) q (3.424) ;p
1200 i 1 ~ 3.439 ,rd C 10~ 5.,5~ 1 .1 ( ~)~
1490r 3.72 ~,a P®e 0.3n 12 ~ 2
1620e 3.84 ~~~ p®e 36n 520 s100 é-~~, n
1660e 3.88 ,r t Pu a 0.1 n 45 ~ 9 i+ ct, n, t
l 833 ~ 7n 4.047 Yu ~ l0u Iu (~, t)+u
?010d~ e 4.22 ya Poe Pi a, ~ } C.12a 340 ~ 70 120 z_~ d, r

2400d" e 4.59 yd p®e pi~' ~ > 0.47d 60 ~ 12 700 L`~~ r

dt20d 4.90 paa C 10~ 40
r890d
(?920) ~ (5.09) Pi d
?930v 5.10 Pi`~, r ~ .50~ 6é00 (~ `)~~ t

3140e 5.3U po e 2®0n r -
3660e 5.80 P® e Pi t

~-r

40000
46000 6.70 pi ~
,50500 7.14 pt~ (`~)"
5240 "v 7. 32 pa "~ 100 ~20 "v

v 54000 ~ 7.5 pi0

1-l~a 55 . ~ Cr 56 . n Ko 52 . s Z"~~ 53 .
-' Ag 56 . f Va 56b. 0 Mi 59b. t Cru ~i8e .

~I Li 56a. i Ch 56. p Ku 59a, . u Li :3~9a.
e A~Io 51 . I Gr .55c . Q An 59~~. ~" ~a 60c.
r Le 5íla . ~ Ta 46. r LVa 59a. n Ba 60 .



2~

t

	

~ = 4.0

	

eV, neutron groups have been observed to ~;~

	

* = 0

l~ --® 2,	~~= 2.

	

X 1 -~), 0.45

	

0.03 ~lp, = 0, 6p2 == 7.3 X 10_3}, 0.95

	

0.03
_.

	

~

	

2.51 ~0.05,

	

2.70~0.05, (2 . 92) ,~~~ - 29

	

®~

	

~ 3.

	

- ),

	

.i . 81 ~0.04,

	

(

	

.

	

9

and 3,09 ~O. fi	ev~lp =-- 1) (Go 53,

	

a 60d) . 1 he ground-state Q value is

0.07 .Y0.06

	

e

	

(Go 53}.

g~d ' n}2~

	

1

	

~-62 ~6

24 g~a1 t)~5

	

Qm =
---~.752~~~6

goss®section rneasure ent a.t .~~ = 4~ 1VieV, Go 60e.

2sj g~P~ n}G~

	

Qm = --5044 ~~E~

Threshold measured as gyp -- 5.1 l~e

	

( l 51}, 5.25 ~L®.1 l~e

	

BSc 54b), and
5.289 .E ®®025

	

e~i (

	

i 55a}. For résonances, see 2~.

2~

	

~p' t)26

	

m _-._ --15931~fi

~ot reported

goss-section rneasurernent at E~ -~ 32 l~e~, Go 60e.

e }25
25 g/3 ~' t)25~1

The stri °rag si °lar~ty of the excitation. energies, y-branching :ratios, spins

and parities of the I~7w-lying levels ín the mirror nuclei 2~~t~ and ~r~l has been

scussed in hi 56a, Go 56, Go 57d, I~i 58c. The experimental y-brancring ratios

in 2~~~1 agree with collective-model calculations if it is assumed that the levels

belo~c9

	

e~1 belong to four :rotational. bands with

	

~ = ~+, 2+, ~+, and ~-, as
given in fig . 25.4 . Ground-state

	

1 transitions from levels oä tire Kn = - +
bands are attenuated by factors of approximately 2d as compared to

	

1
transitions between levels ire the earns bands. In

	

i 60 a rnodificalion oï the
~~ilsson calculations has been discussed which ire the case of 2~Nig appears to
lead to ~ ette:r agreement

	

'th the obser~-ed decay scheme. .A discussion
cor~cerníng the halfPlife of the îarst excited state of 25 g relative to that of
25 .1 has been given ín Fe 60a.

eIatgo s Connectpng t e strenghts of y transitions between corresponding
sty yes in irror nuclei are derived i 0 59a, and corrrpared with the experi-
rnental data on t e decay of 2s~Ig a.nd 2a~1 states.

Q~ ~ -- 320fi~6

m = --4279~fi
~îm = --7 699~ 7



2s g(n~ p) 26~a
®bserved, see reaction A .
Cr7ss section at Ea = 14

C.

	

~+~t observed
28 ~g(t' 8 ~,e)28~a

22Ne(a, ~)22~e

C .

	

23~a~~D
p)

28

a~

ENEíéGY LEVELS OF LiGH7` 1VUCLEI . III

	

Á I

Z6

Z6

eV, ~l 61 .

(l~Tot illustrated ; see fib;. 26.1, P. 72)

Qm = 8 500 ~ 300

Q~ _ -7 700~:~oo

Q~ _ -- 8 500~300

(Fig . 26.1, p. ?2 ; table 26.1, p. 73)

Q~ ® 1825.7 ~2 .7

g
A.t

	

u = 14.8

	

eV and

	

n = 24

	

eV, 26 a has been produced in t e
reaction 26

	

g(n, p}2~Na. The half-life is 1 .04 X0.03 sec (hiu 58), X .03X0.06 ~,ec
(

	

0 61b} . It decays by ß -- emission to 26%fig*(1 .83) ; the end point, 6. 7 ~0. 3

	

e

	

,
yields a 2ß1u mass excess of --7700~~v0 keV; log Jt = 4 .4 . The i~~atensities of
~ .- transitions to 26 g = 0 and 2.~+7

	

eV are less than 10°/® of the

	

a.in
branch ( o 61b) . The forbidden character of the ~- transition to the 26 g
ground-state, together with the allowed character of the transition to the
2+ first excited state, suggests Jn(~ hTa) --- X2,3)+ .

A.

	

22%Te(ac, n}2s g

	

Qm -= ---481 .6~2.0

	

~:~ = 10615 8~2.3

In the 2.2-3.0 1~IeV range, one resonance has been feu.nd at ~a = 2;.88

	

eV
(I~e 61c) . See also 2sMg.

'b = 10615.8~2.3

elastic scattering cross section have
to 4

	

eV. Two of these resonances,
Thirteen sharp resonances in the neo

been observed at four angles for E~ ---- ~~
at E~ = 3.245

	

eV (I' = 2.5X0.5 keV) and 3.418

	

ei~" (I' = 3.2X0.5 keV),
can be assigned to 2`hie. Partial wave analysis yields J~ = 3- fcr the correspond®
ing 2gNIg levels at 13.362 and 13 .507

	

eV (Go 54c} .

Conflicting experimental evidence for several low lying 261 g led~els, as fo~ir~±l
with Al aLasorption and nuclear emulsion techniques, has been su

	

~, ®zed i
n 54a.
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22

3A2
2.25

C2

	

4.0 `to

EC, 11.4 ®t®

84.6% ; 1-1C-0

6.5 S

0, <0.01°/0

®

	

100 °l® ; 3.21

p. -,%i. ENIDT AND C. VAN
DER LEUN
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Fig. 26,1 . Energy levels of 26 g.
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0.11
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g + n

1
(O)
2

0
0

2

0
1
0

1

1

14

6

27, I .,,t®CL

7

NI
1 1

11

11
~ 1

	

F2 c1001.

100°!c ; 6.7

<10"to

~ác15

T

T
Ep e



.
4.970110
(5.240111)
5.287110

5.680110
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ä3

~~BLE Z6.1

Energy levels ~f assig

P

dJ, G, gY., P
D, G, K, P
AJ, G, P
G
D, G, I{, l'

D D D

D D G. P

~4t Ea - 7.8

	

e~, p-Y coincidence measurements yield the v-decay

	

odes
of four of the lowE~st 261VIg levels . the 2.94

	

le ' level decays to ~~. g

	

_-- (~ and
1 .81 keV; intensity ratio 1 :6 ; the 3.`'4 lei% level decays to the same two
states, and the 4.33 I~Ieij level to 2~1Vig* = 2.94

	

ear' (~ a 53b ; also PYl ~8a,
r 55b1 .
the differential cross section fox groups to the low lying states has been

nZeasured at .~~ == 19

	

ew' (Pl fi0, P'1 61), and Ea = 3~.4

	

e~1 (

	

.59a)
For resonances, see 2aAl .

From magnetic ~~nalysis a.t Et = 5--6 ~ e~T, levells in ~~

	

g have been observed
up to

	

x -- 9.37

	

e

	

, see tables 26.2a aïr~d b ; Q~ = 9.930~0.012

	

1eß ( [i

	

1

	

)

26

Ex
(IVíeV~keV) ,n z~ or I' Decay Reacaíons

® ®+ stable many
(1.33 ~20)
l .805~10 2+
2.941 ~10 2+ y many
3.584 ~10 0 K, ~, lJ

3.943~10 (3)-~
y ~, D, ED G! 1D K I

4.319~10 I), îs, P
4.331 ~10 2+ y 1./, S/, G, J, K
4.350 ~10 D, G

~.710yl® ~5 D, G, P
6.120110 (2, 3)+ . D, G, P
0.253110 (2, 3)+ 13, G, P
6.616110 ( S5)+ D, G, P
6.7371 Y0 D, G, P
6.870110 ( ~4)- l~, G, P
6.970110 D, G, P
7.055-10.515 ; 06 levels, see taules 20.2a. and b and reactions Lî, G, P

ll.ll? (3+) 1 .610.3 keV n F
11.174 2+ 12 13 keV n 1~
l1.i98 ?+ 10 -E- n keV n 1~
(11.3~~7) n 1"
13.05 n
13.362 3- 2.5 -_~-- 0.5 keV x 13
13.507 3-- 3.210.5 keV a
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25Mg(M y)26Mg
&

	

M =Q 11097.4±2.7

The thermal neutron capture cross section is 280±90 mb (Hu 58) . From the
neutron binding energies of 25

g, 26Mg, and 27Mg it follows that
all

thermal
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 26Mg. The observed y-ray
energies, intensities, and the proposed assignments are listed in table 25.6.
he decay of the capturing state of 26Mg mostly proceeds by multiple cascade

transitions (Ca 57b, Gr 58c, Br 56e, Ma 59c) .
F.

esonances in the total cross section of samples enrk,~hed in 25Mg have been
found at En = 20 keV (r. = 1 .kí X0.3 keV ; Jn = (3+)I), 80 keV (.fin = 12 ±3
kei' ; J:r = 2+), 105 keV (r. = 10 ±2 keV ; Jn = 2+), and probably at 260 keV
(Ne 591 .

$"sir non-resonance data, see 25

	

g,

G.

	

2sßg(d, p)26Mg

	

Qm = 8872.7±2 .7
The ground-state Q value has been measured as 8.8R0±0.012 MeV (En 52),

8.876±0.012

	

eV (Ma 60e), 8.861±0.012

	

eV (Hi 61h) .
g levels with excitation energies up to 8.62

	

eV have
6

	

eV (Hi 61h) . The excitation energies of the ` Mg
eV, found from magnetic analysis at Ed =1 .8

	

eV (En 52),
fference of about 25 keV with those reported in Hi 61h.
es reported in ja 61a am in agreement with the values
< 4 MeV. At higher energies, however, a systematic

difference of ~ 15

	

eV exists. See also Am 52.
The level energies (ja 61a, Hi 61h, En 52), the In values from angular dis-

tribution measurements (Pa 61, Ho 53), and the reduced widths , , .s given in
o 53), are listed in tables 29,- .2a and b.

rotan groups to
been observed at
levels below 5.5
show a systematic
The excitation enen
from Hi 61h for

Alag
Me'(

25

20Na(#-) 2
See 26 a.

g(n, n)25Mg

9

§p t)26Mg9
etic analysis at
a 52).

P. M . ENDT AND C . VAN DER LEUN

Ma 60d (~2omputed from the data in
Theory, Sa 58.

esonances, see 2

,(n, n')2sMg
Inelastic. scattering of 2.56 and 14

	

eV neutrons on natural Mg gives a
I,820=1 O.UI-5

	

eV -y ray which must be assigned to ,"g (De 60, Da 56c) . See
also Le Gla .
For resonances, see 27

Qm = 8500±300

Eb = 11097.4±2.7

= 8

	

eV gives levels at 1.83±0.02 and 2.96±0.02



TABLE 26.2a

Le~-e?s ín ae~gg (IVTTeV-I-keV) from ~aMg(d, P}~®Mg, 3'Al(t, ot)s~zMg, and ~~Mg(t, p}~BMg ; E,~ < 7.3 McSI

all -~-15 keV

	

all~ 15 keV

	

all~ 15 keV

$ This level hies also been observed from ~gMg(d, d')~gMg and $aMg(d, t~)~sM¬* at E~ = 15 1~TeV, Bl fila .

.At three resonant proton energies (E~ ~ 5

	

ev), ground-state y transitions
have been observed from 2gMg = 1 .81, ). 4, (3,94), 4.33, and (4.83)

	

eV
(hIi 59b), and transitions to the 1 .81 íiheV state from 2s

	

g

	

r 2 .94, 3.58, 3.94 ®

and 4..33 MeV (Mi 59b, ~r 60e' . The brar:ching ratio of the decay to the ground
state and first excited state is 11 :89 for the 2.94

	

eV level and > 3 for the
4.33

	

eV level ~

	

i 59b) . Garnrrna-,gamana angular correlations yield J ® 2 and
0 for 2~

g

	

~ 2.94 and 3.58

	

~eV, respectively . The 2.94 -~ 1 .81, 2 --~ 2+
transition has a quadru ole/dipole amplitude rati~ of x= -}- 0.12 ~0. 02 ( r ~ 1d) .
~1

	

resonance fluorescence experiment yields ~m = (7 ~3} X 10 -13 sec for
2sTVjg

	

=. 1.81

	

eti' (F~a 61a) .
For resonances, see 2' l .
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7J

26

zaMg(d~ P}~gMg
En 5W Ja íila.

.E~ = 1 .8 1IeV
I-li filh

Ed = 5-fi MeV

~7A1(t, a)$e~,Zg a~~,jg(t . P}saMg

lFÜ filh
F_t -_ 6_fi 1~TeV

lßo 53
E~ =

a~a fil

8 ~ieV
1-10 ~~3, 1Ta 69)d

0 0 0 0 0 (2) 2 40
1 .825 =;15 1 . 804~ 12 I .007 1 .800 1 .803 0-}- :' (~ 19, 210
2.972 i;10 2.935 ~ 12 2.941 2.938 2.944 0 170

3.591 a 3.571 a 3.588 ~
3 .965 ` 10 3 .941 ~ 1) 3.945 3.944 3.938 0 0 170

4.321 4.31fi 4.318
4.353 -?-10 4.344 ~ 12 4.331 4 .332 0 190

4 .353 4 .348 %
4.8fi3 ~ 11 4.852 ~ 12 4.829 4.834 4.828
4.924 ~ 11 4.906 ~ 12 4.896 4.900 4.892

4.968 4.97fi 4.9fifi
b.270~-- I 1
5.322y I 1 5.302 ~ 12 5.287 5.290 5.285
5.502 ~ 11 5.48? _-~ 12 5 .4ê4 5.471 5 .468 2

5.fi87 5.fi84 5 .fi86
5.711 5.709 5.71I 2

~.147 '-11 6.134± 12 6.121 fi.120 fi.118 0 0 {l200
fi .252 6.259 fi.249 0
fi .ß17 fi.617 fi.614 2
6.738 fi.740 6.734 (0)
6.86fi 6.871 â.872 1
6.9ß7 6.9? 1 fi.972
7 .053 7.058 7.055
? .09fi ?.092 7.097
?.237 7.241 7.238
7.251 7.252 7.249
7 .273 7 .270



~AELE 26.2b

L~vefls in zs~7g (~~feV y keV) frorn aSIVig(d, P)así~g, a~

	

(t~ ~)as

	

g' and aa~gg(t, p)asNlg ; ~~ > 7.3 ~TeV

all ~-1 .5 keV"

	

a.ll~ 15 koV

26~~í~(

	

'

	

')26~

	

g

t

	

~~ ® 15

	

eV a level at é; .614 ~0.020

	

eV has bean obç~er"~ed im addition
to the levels fro

	

25_

	

(d, p)26 "

	

~-eP®rted in ~i~ 52. the differential inelastic
scattering cross section for lei els uP to 5.50 1~eV has been measured (

	

l 61a) .

2~ '~, 1®ns the 26~

s
. i fj®

( ~)2~ 1g
~ee 26 1 .

P. M . ENDT AND C. VAN DEYt LEURT

m -- 4014.0 ;~4.9

ralrn Coulo

	

b excitation with 16. 8 and. 18.0

	

eV g~~ ions, and 25.8 l~Ie ~r
g(1)

	

can life has been measured as (5 .7 ~ 1 .4~ X 1.0 -13 see

~7 1(y,
P)2s~`l

reshold reported at

	

~ ---_ 8 ® 6 -±- 0.rj ~ eV (

	

i

	

0) . Cr®ss section,

	

i 50,

--8272.4 ~2.8

2s lg~,l® P)as~'18 2'~l(t ' a)as g

IIi 61h
~~ =

a~Mg(t' P)2s g

5-6 MeV

ln(d, P)

Pa 61

Ta - 7 .8 í~/IeV

i asgl(t 1 ~)asj~g g aa g(t, p)asïVIc

~ IIi 61h
~ Eg ~ 5-6 1VIeV

7.338 7.338 7.341 (1) 8.660 8.6~i8
7 .352 7.364 8.694 8.6~~4

7.383 7 .377 7 .383 8.849 8.ß,í3
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 2

8.950
7.680 9.031 9.034

® . ®'~ 7.716 7.712 2 9.045
7.761 7 .762 7.761 2
7.808 7.816 7.80? 9.157 9.155
î .842 7.834 9.225 9.221
7 .945 7.948 ?.940 9.242 9 .246
8.020 8.030 8.022 9.294 9.290
8.040 9.366 9 .370
8.175 8.169

(1)
-

a'~1(t, ~)asMg (iü 61h)
8.189 (8.186;

(8.215,~ 9.415 9.814 10.213
8.243 8.233 (8.2ám5) (0) ~ 9.~61 9.841 10.272
8.388 8.384 8.3 ¬~6 9.528 9.895 10.316
8.431 8.448 8.446 9.564 n . J31 10.358
8.494 8.488 8.491 9.~515 9 .970 10.40
8.524 8.518 8.521 9.674 10.028 10.419
8.565 Q.566 8.576 9.707 10.090 10.483
8.617 8.611 L~.615 9.760 10.118 10 . :~ 1a



a 51b, Da 57a, Ch 60a. Angular distribution measurements, Da 56d, Mi 57,
58a.
At Ry = 21 .2 ±0.5 MeV, the cross section shows a maximum with a half

wi Ith of 5.4 X0.5 ivIeV (Ha 51b) .
Discussion of relative (y, p) and (y, n) cross sections,

REMARKS

R .
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27AI(n, d)26Mg	Q . := -6047.7±2.8

At En = 14 MeV, deuteron groi ns have been observed to the 26Mg 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 26Mg*

	

0, 1 .81, and 3.58
MeV yield 1P = 2, 2, and 2(+0), and reduced widths OP2

	

0.011, 0.024, and
0.045, respectively (Gl 61) .
P .

	

27AI(t, a)26Mg

	

Qm = 11540.3±2.8
Alpha-particle groups, corresponding to 26Mg levels with excitation energies

up to 11515 MeV have been reported, see table 26.2a and b ; Q0 = 11 .541 -±0 .012
MeV (Hi 61h) .

Q.

	

29Si(n, a)26Mg

	

Qln = -35.7±4.0
From the bombardment of a silicon surface barrier counter with En = 5-6

MeV neutrons, a-particle groups have been observed to the two kn,.vii lowest
states OHM, A third group leads to a 26Mg level at E. = 1 .33 ±0..02 Y_IeV, not
observed from any other reaction (De 61d) .

o55.

Angular distribution measurements of protons from the 9-5Mg(d, p) 2s 'jg
reaction limit* the spin and parity of the 2 .94 and *? .94 1116V levels to 2~- 'br 3+.
These levels belong to the same isobaric spin triplets as the 3.16 and 4.18 AleV
levels . ()f 26A1, with ja .= 2+. and 3+, respecti~vely. The In = 2+ assignment to
26Mg* ='2.94 MeV is strengthened by the'observation of a ground-state y
transition .
The I" ~ 2+ assignment to 26Mg*(1 .81), found from the unique I second-

forbidden character of the 260#+) transition to this le~-el (see 2sÁ1, reaction
A (a)), is in accordance with the j7r = 2+ assignment to the analogous level
at 2 .07 M6V in 26AL
For a ji-coupling computation of the excitation energy of the first 2s r ;

level, see Th 56 .

Not reported :
25M#t, d)26Mg9 Q 4839.8±2 .7
25Mg(,X, 3He)26Mg Qin = - 9479.8±2 .7
2? (d, 3He)26Mg

QM = - 2779.2±2 .8
28y(n, 3He)26Mg9 QI,,, = -12135.1 ±3.5
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P. Vii . ENDT AND C . VAN DER LE~JN

( ~ ei~' ~- lce~'~

TARGE 26.3

Energy lc~~'els of ~~Al

J~
~ T'

	

i~

	

D~;cay

	

Reactions

0

	

5* ; 0

	

(7.3g~0.29) x lOb yr

1 .05

	

~

	

2

	

1- ~ ,'. 0
1 .îFO

	

=;

	

3

	

2~- ~ 0
1 .~52 ~ 3

	

(2,3)}
®' .072 -?- 3

	

2~-

'? .74
-?.662 ~ 4
°' .î40
~' .91 :~

	

---

	

,7
3.0î4
3.15 ; 5

	

2} : 1
3.405
3.507
3.594 -_r-

3.6î5 -10
3.719

	

y1~>
3.746 ~1()
~3 .91 ~

	

_1.?)
3.962 -~ 10
4.191

	

10

	

3-~ ; 1
®?

	

-,10

4.424 10

	

,
4.477 -10

	

. ,
4.541 --10
4.,95

	

~10

	

2} ; 1
4.613 ~ 10

	

-
4.699 _=10

	

. .
4.766

	

~10

	

: ,

	

.
4.935 -~-10

	

. .. ..

6. i349

	

-

ßg31-~3.163 ; 42 levels, see tab3es 26 . a and b and xea~ca;ions

~~°, EC

Y
Y
Y
Y
Y
Y
Y

Y

Y
Y
Y
Y
Y
Y

Y

Y
Y

Y

;Y

many
many

1 D) ~9 Ll
I~, C, D, I, L, M N
E, î,, D, M, N
Y, C, D, M, N
C, D, G, L, l~í, ~v
I)
B,C,D,M,N

C, Dg L, lYl,

S, C, 1".i, N
S1 Cl Ml

l,Y

$,C,M,N
B, C, M., N
C, D,1\I, N
C, M, ívT

~ t 'ill
aT

f ,g

C
C, M
C, Dg 1oA

C, M
C, lVí
C, D, N~:
C

D

C, 1VT
C, 1~T
C, :VT
C, L~, M
C, M
C,L,'~
C, M
C, NT
~, M

. ~, D, G, M
. C, D, M
C, D, M
C, M
C, D, NT
C, D, M
C, D, M
C, D, M
C, D, M
D
C, 1J, J" &

D
Î)
C, D, M
C,D,M
C, e.J g M
D, F

Q;.O®2 i10
:~.12s ~ lf)
.~ .1~3 -=-10
a.23~ -*-10
J.39 J.544 ;

~. -
.

~ . .~

? î levels, see table 26 . :, and reactions
6.605 - :- J 3J
1i .6é6

~
:, (3)

.
6.î20 ~ :5 4(1)

P.î9i -r
6.312 5
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=Na(ae, n) 26AI

	

Qm = --2971±5
The angle cut-of-F of neutrons at the E,,, = 3492±3 keV resonance yields
:= -2969±4 key' (Wi 60) . The threshold for slow nee: irons, Q = -2 .9. j- 0. 2

Me'V, and for #+ emission, Q = -3.2 Met", indicate that the 0.23 MeV level
is a #+ emitter. Thresholds for slow neutrons, and the energies of neutron
groups indicate 2sÁ1 level-, at 0.3, 1 .0, 1 .4, 1 .8, 2.5, and 2.9 MeV, all ±0. 2 MeV
(Do 56).

See 2'A1 for resonances.
C .

	

24Mg(3He, p) 26A1

	

Qm = 5914 +5

Magnetic analysis at E(3He) == 5.8 MeV yields the excitation energy of
about 70 levels, see table 26.5 ; Q0 = 5.928±0.015 MeV. A level at 2.09 MeV
(see reaction D) has not been found (Hi 59b) .

D .

	

25Mg(p, y)26AI

	

Qm = 6301±5
Resonances observed in the V and/or fl+ 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, lea 59b, Ku 59a, via 59a, Bi 58a, Va 58d, Gr 56e,
Hu 55, IQ 54 ; also Ny 60, Ka 55, Ta 54b ; natural Mg targets : An 59b ; also
Sm 57, Ta 46, Cu 39) . The branching of the V decay to the 2sAl ground state
and first excited state varies from resonance to resonance with corm-donding
large variation of the #+Iy ratio ; no fl+ emission has been observed at the
436 and 956 keel rcsonances. The excitation energies of the corresponding
26A] levels (tables 26.4) have been calculated ti~sing 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 column of the tables 26.4 . Prominent
modes of decay of both resonance levels and lower lying states of 26AI are given
in fig. ,.6.2 . Strong direct tiansitions to the 26A1 ground state have been ob-
served at the 436, 1026, 1046, 1086, 1150, 1163, 1374, 158, 1652, and 1724
keV resonances (KI 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 expiaht the decay spectra of

2%1 resonance levels (K154, Gr 56e, Br 56i, Bi 58a, Mu 6Q, has been conmmed
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 2ßA1* = .5.196±0.025, 5.27±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), oaly one level has been found : 26A1 '==
2.367 MeV (see table 26.5) .
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0
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0
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TABLE 26.4b

ï
Y
r P1
r
Y Pi
Y
i' Pi

	

r r

l' P 1 P2
i' P1

7 Pi P2
y Pi
Y Pi
' PI P2
Pl P2

Y Pa P2
Pi

d, f
d

d, f

d, f

d, f
d, f
d, f
f
d, f
(1
d
d

d
d

Resona,nces in the yield of capture y rays or ß+ activity are indicated by y ; resonances for
elastic scattering by po, and resonances in the -,-ie?d of the 0.58 and 0.98 MeV ;" -ay, by p,
and pa, respectively .

h Ka 55 .
e Pr 60 .
d Bi 58a .
e Ny 60 .
f Pr 61.
g Ba 59b .
11 Bi 58a ; these resonances have not been reported in Ba 591 .

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,, .-_ 418±2 keV and 827±6 keV for täee
transitions (2) --> (0) and (3) --> (1), respectively (weighted mean of n 54c,
K.a 55, Mu 60) .

Resonances in 2'Mg+p (Ep > 980 keV)

An 59b
El) (keV)

Ba 59b Pr 61
26Al*
(MeV)

Relative
intensityg

Te
(keV) ine

(985 ± 1 ) 986 13 987 7.248 18 3,.8 2-
1026 _-=1 1029 11 1028 7.287
1042.6±0.6 1045 ± 3 1046 7.304 22
1070 ±3 7.330
1084 ± 2 1085 ± 3 1086 7.343 18 (2 .4,, 1 .7) (2, ") -
1104.71 1 .3 1100 ± 3 1105 7.362
1136.1±1 .0 113 711 1138 7.393
1148 1 3 1148 13 1150 7.405 23 1 .9 1-
1163 ± 2 11661 1 1166 7.419
(1184 ±3) 118511 7.439
1195.2 1 0 .7 1196 _-=3- 1197 7.450 17

12081 1 1207 7.462
1236.9±0.8 1241 1 3 1240 7.491 25
1283.44--0 .6 1288 13 1285 7.537 20
1303.9±0.5 1310 7.555 35
(1352 13) (7.601)
1373 .5-2.5 1377 y 3 1347 7.622 48

1432 15 7.678 9
1,531 14 1527 7.771 10
1573 +4 7.814 42
1592 --- 5 1589 7.831 24
1638 +4 1634 7.874 3.
1652 -_~4 1652 7.889 1

1701 7.936
1713 14 1717 7.946 100
1724 4-4 7.959 100
1748 1 5 7.982 40
1768 14 8.001 90
1832 15 8.063 130
1898 15_ 8.126 600
1938 -1-5 8.165 1200

Decay
References

Y-decay

Y Po b, d,e,f

Y d� f

Y 11,d,f

Y
Y Po b, (1, f
" 11, f

d, f

Y Po
d, f

" (i, f

(r)P1 d

.̀'` Pi d, f

Y d, f

7 Po d, f



6

of 26AI excited states, as given in fig. 26 .2 and table 26.3,lost of the spins
ha ve been found frorn y-ray angular distribiation measurements (fir 56e, Mu 60) .
Spin and parity assignments to 26AI* = 1 .106 and 2.37 MeV, probably J- . . 1+
and (2,3) -, respectively, from intensity considerations . Isobaric-spin assign

tnts, from comparison -%krieh the 26Mg level. scheme. The odd parity resonances
orninantly decay either to T = 0 or to T = I levels, in accordance with

isobaric spin selection rule for self-conjugate nuclei, A Y= ±1(ßr 560,
delayed 70 coincidence measurements the half-life of 211AI* =: 0.42 Mell"
en determine as -r, == (1 .23±0.05) X 10 -9 sec (Go 60f) .

25Mg(p, n) 25A1

	

Qin =:= --5044±6

	

Eb == 6301±5
esonance�s have been observed at E, == 5.47, 5.80, 6.02, 6.31, and 6.49

AUK They might, however, also be assigned to 26Mg(p, 11) 2"Alm (BI 51) .
See 25AI for threshold measurements .

F .	2511g(I p)25

The differential cross section for elastic scattering, measurcd. at three
resonances, yields the JT vaiues and widths given. in table 26,4b (Pr 60) .

Inelastic proton scattering to 25Mg* = 0.58 and 0.98 MeV, observed by
-,,-rah cetqctijn, sows 15 resonances in the range EP = 1 .184-2.0 MeV ; Eee

t the 1185 key resonance, the decay proceeds by at
g(p, p) 2,5Mg reaction to 25Mg*((1.58), but pcsitons
a 55) .

In the range Ep = 1.5-3 .0 MeV, the inelzuAic scattering cross section shows
more than 20 resonances (not tabulated) . For Ep > 2.3 MeV, several resonances
for inelastic scattering to 25Mg* == 1 .61 and 1 .96 MeV have been fourd (Go 56) .

J . 27

2GSi(P-r)26

S(.,e 26Si .

table 2t, 4t (Bi 58a) .
least 99 1y, through the 25

have also been observed

9

P . 3,1 . ENDT AND C. VAN DER LEUN

QM H50±80

Eb == t', 301 ± 5

slow-neutron threshold has been observed at Ep = 5.200±0.010 MeV
(also : 6" .2.)±0.01 Mel A 54b), corresponding to Q = -5.006±0.010 MeV.
The threshold correspond ing to the 26A] ground statehasnot been found (Ki55a) .

esonances, see "7

1(y, n)26AI

	

Qm = --13069±5
he -threshold for neutron emission has been measured as 12.98±0.08 MeV

For non-resonance data, see 2 9
25.Nfg(d, n) 26A] Q. == 4076±5

bserved, Sw 50.
For resonances, see 2' l.

26Mg(pq QcAl Qm .-4796.7±4.92GMg(Fq n)26 QM 5026 ±6
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W

(Ch 58), 12 .75±0.20 MeV (Sh 51a) . The threshold for production of 2"Al-
activity as 13.26±0.07 MeV (Ge 60a ; see also Mc 49, Ha 54a) .

Excitation curves have Men measured up to E, = 85 MeV(Ba 61a, Pr 61a,
Ch 60a, Fe 58, Mi 59, Ka 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 .

	

27AI(p~ d)26AI

	

QIn == -'.08441-5
At EP == 18 MeV, the angular distribution of deuterons proceeding to one

or more of the three lowest 26A1 states, corresponds to 1,, = 2 (Re 56, also Se 56) .
Deuteron energy spectra at various angles at EP = 23 MeV, Co 59.

L.

	

27AI(d, t)211A1

	

Qm = -6811±5
At Ed = 20 MeV, the angular distributions of partly resolved triton groups

yield the 1,, values listed in table 26 .5 (VI 59 ; see also Go 60e) .
OC) 26

	

7508±5~)j.

	

27AI(3He,

	

AI

	

QM =
'j!,vlagnetic analysis at E(3He) =. 5.8 MeV yields seventy 26AI levels, listed in

tatle 26.5 ; Q0 = 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 Effle) = 5.2 MeV, angular distribution measurements yield 'n values

for the ground state and nine lowest excited states (see table 26 .5') ;
Q0 = 7.519±0.015 MeV (Ta 60b) .

0.

29Si(q <2611U

oe)26',kl

	

Qm = 1420.7±4,2N. 28Si(d,
Measurements at several deuteron energies in the r~~.nge Ed	5 .5-7.5 Mel',

yield the excitation energies of 16 levels, see table 251 .5 ; Q0	1 .428±0.004
3fe'V (see also Ma. 60e, Q0 == 1 .410±0.012 MeN~ . The angular distributions of
the groups leading to 26AI(O), (1), and (2) were obtained at Ed = 7.03 Mel'.
. .A,t this energy ithe total yield of the isobaric-spin forbidden reaction leading

to 26 Ad(o)ito "Al(l) is 100/,) of the yield

	

. The second T = I level could not be
obs,~rved ; the group to the 2.07 MeV level is strong (Br 59a) .
For resonances, see 30P.

Not report ,ed :
24Mg(,z, d)26A1

QM == -12438.9±5.0
25Mg(3He, (1)211A1 QM = 808 ±5
25MIg t) 26A1 Qm := --13512 ±5
26Mg(3He, J.)26AI QM = -- 4032.2 ±4 .9
28Si(n, t)26JU

Qin ~- -16167.3±4 .3
USi(p )3Hei2YAI QM = -16931.8±4 .2

Qin = - 4832 ±5
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the super-allowed #+ transition to 26A1(0.23) (log ft < 3.7) yields Jn = (0,1)+
for the 1 .06 MeV level. De-excitation of this level to the J-n = 0+, 0.23 MeV
level then uniquely determines J-n = 1+ for 26A1* = 1 .06 NeV.

Qm = 80±80
At E(3 e) == 5.52 MeV, three neutron groups have been observed, corres-

ponding to Q® = 0.08±0.08 MeV, and to 26Si* =1.78±0.06 and 2.79±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
26Si* .._ 2.79 M.eV (Aj 60) .

Fig. 26 .3 . Energy levek of 26Si .

C.

	

Not repoi-ted
28Si(p, t)26Si

	

Qm = --22000±80

0 _18
24Mg¢3He_ n

REMARKS

The close correspondence of the excitation energies of 26Si* =1 .78 and 2.79
MeV with those of the lowest two levels of the mirror nucleus 26, ,Ig (1 .81 and
2.94 NTeV) suggests a Jn = 2+ assignment to both levels (Aj 60) .



27Mg(fl -)?'Al

	

Qm --- 2617 .9±4 .0

The weighted mean half-life is 9.46 ±0.02 min (Ek 43, Sa 53,

o 59) .

0

1.013

0.30Q.37-

26f\4
g + n

I

14.5
atot

(Fig . 27.1, p. 88 ; table 27 .1,

	

. 89)

02

	

31% ; 1.592

- 9, 691110 ; 1.754

-261

p. M. ENDT AND C. VAN DER LEUN

27

-2.6_00 I
27h1.,»t- 3

Fig. 27 .1 . Energy levels of 27Mg.

4.212
26

	

+d_P

6.5

a 53,

	

o 53

14

14.5



A 5~% (see, however, below) branch, end point 1 .7~~4 X0.011

	

eV, proceeds
to 27 (0.42} ; the energy of the coincident y r:~y has been measured. as
X34~~ key; jog ft = 4.75. A 42%® branch, end point 1 .592 X0.022

	

tee",
to 27

	

(1 .013), is coincident with a 10157 key y ray ; log ft = 4.~7 (I~a 54a ;
see also

	

a 54a) .
ThE~ branching ratio reported above, is incons?.stent with two independent

measurements of the relative intensities of the X42 and 1015 keV y rays f 70 : 3U
(Ly 50,

	

0 61) . A 175~15 keV y rear has been observed (relative intensity

ENExtGï' LEVELS ®lF LIGHT NUCI>EY . III

TABLE `'7 .1

Fnergy levels of 27~Ig

g(t, p) 27

	

g

	

Qm = 9 052.1 ~4.0

0.66%),indicating a 2.2°I° decay o f e 1 .013 keV level to the 0. 42 11~e

	

level
in ~?.A1 (I-y 56 ; see also 2'Al) . °These ;~ ray measurernents á-npl~r a (69~2) ~® ~~ -

branch to 27(1} and a (31 ~2}% branch to 27Al(2) .
A reported F~ - branch to the 2'A1 ground state (Da 53) has Later been shu~`~n

to be absent (I)a 54a,

	

a 54a, I~o 54a) .
calculation of the matrix elements oî ~~he observ~;d ~- trc~~nsitio s, Fe 55.

y n~a,gnetic analysis at

	

t -= 5. ._s

	

eV, levels In 271 g have been hbser~°e

up to

	

% = 7.03

	

eV, see tablE°. 27.2 ;

	

®=9.045 X0.012 l~eV (

	

i ~lh) .

E~
tí~ZeV ±keV) J~ zl or ~ Decay Reactions

0 ~+ 9.46 =0.U2 min ~- A, B, C, F., F, G, 1-í
0.984 ~ 5 (~ , á )+ B, C, B, lE

1 .936 ~ 10 B, E ~ F
3.109 ~ 10 B. F ~ l'
3.423 ~ 10 B~ E . F
3.470~ 10 B, E ~ F
3.484~ 10 + B, E, F

3.782 -?-10 B. ~--
3.880 ~ 10 B~ E
4.146 ~ 10 ;3, E
4.394~ 10 B, F .
4.549~ 10 B~ E
4.763 ~ LO B. B
4.816 ~ 10 (~, ~ )' B. E
4.982 ~ 10 B. E
5.J17~10 ( , -~)~ B . E
5.169--6.643 ; 17 levels, see table 27.2 and reaction B
6.712 -a-10 ~- > 75 keV : ~ B. B
6.807-7.03I ; 6 levels, see table 2. .2 and reaction B
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the t er

	

a.l neutron capture cross section is 27 $5

	

b

cross section at higher

	

� , see

	

u 5~3.
tuts in naturala

	

a rags fro

	

thermal n

	

_
5.-f .

	

he 2'Mg capturing state decays to 2'1
g -°-- 0 and. 0.9$

	

e~V ( a 57 ,

r 5$c) .
®fit

	

a = 14.5

	

e~T, the 0.$5

	

0.01 and l . ó1 X0.02

	

eV y rays c~

	

27

	

1 ha "̀e

he~~els in s' :sTg from the 28NIg(d, p)Q'Mg and 25y18(t, P)2':VIg reactions

TAn~E 27.2

u 5$} .

	

®r t e

g are liste in table

~ The 1-li .38 angular distribution measurements hate been analyzed in Ma 60d. TIZe relative; reduced
`~- idths given in Pa 61 have been normalized by making the average value of the widths at the C+,
0.18, end 3.47+3.48 ~Ie~T states equal to that ire Hi 58, Ma 60d .

~' also í1.987~0.006 Me~I ;En 52), 0.978-;-0.012 1IeV (Ja 61a) .
t~'ith i~, -_ 2, ant -- 0.026 (~a 6:) .

been ° served from bombardment of natural Mg, indicating Capture lIl ~a~.lg
~e ~0) .

h .

	

zsl
g~

	

, rpj 2s~,7g

	

a, ~ G 437 .1 ~3 .1
:~ resonance has basra. found at

	

~ ,~ 3~i0 keil ; ~ >'i5

	

e~1; J~ ®

	

-- /,luie 59c) .dor non-resonance data, see 2s gg.

~s~,Ig(d . P) ::7i~,I
g

i

E~ _ .:~--g
(~le~,')

~s g(t~ P)Z'~g
óih

Iït = 5-f~
(I~,de~

zio 53 Hi 58 Pa 61

a -_ 8 8.9 'i .8 Meii
Hi 58 ~ Pa 61

as~,jg(t . P)Z'~Ig
_Iü 6lh

E~ = 5-6
( e~')

0 0 0 0 45 47 (5.169) 6 8-41~

ILS)8? b 0.981 6, 2 48 43 5.292 6.r~1~'

1 .6í,4 1 .690 26 e5 . 365 6 .~ J c~

1 . °d39 1.934 5.405 7.0~7 .
3 .10~i 3.11` to.618 î.0y l
3 .4?0 3.426 5.'d42
3.470 3.471 5.76?
3 .48 .E 3.483 J

U 0 40 44
5.81?

3 . .p :~6 3 . :,54 1 1 l40 65 5.922
3 . ® .,6 3.758 G .n35
3 .ë 8°' 3.782 r ( - I- U) 90 5á5 1i.074c
3.379 3 .880 6.12v
4.14î 4 .145 G 6.152
4.3(, l 4.398 6.30G
-1 . .5-18 4.550 G.327
4.°.' :~9 4.76è tï.499
4.íg1 ~ 4.816 (1) 1 2I ß.643
4.(+8' 4.98? 6.712
,~ .+ I l ë 5.016 1 1.3 6.807

all -'- 10 keV all -!- l :i ket°
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2~

	

(d, p) 27

	

g

	

~~ffa = 4212.3 ~3.1
The ground state Q value has been measured. as Q® = 4.20? ~0.006 Met'

(Fn 52), 4.215 X0.010

	

eV (

	

v, 60e), 4 .213 X0.012

	

eV (

	

i 61h) .
1 a

	

etic analysis a

	

~ = 5-6

	

e':', yields 19 proton groups ; see table
2 é .2 (

	

i 61h) . See alûo A

	

52.
Angular

	

'stributio

	

analysis yields the In values and reduced ~ridths listed
in table 27 .2 (Pa 61,

	

58; also

	

0 53) . FOr a theoretical d1sCl~sslon Caf the
reduced ewidt s given in

	

i 58 and

	

o 53, see

	

a60d.
Discussion of the ratio of s gripping to compounc?. nucleus formation, Ne 5f.

FtE;~IA~.KS

~~~R~~ c.Fv~.~.s o~ a.aGxT rrvca.Ea. aII

27A1(t, a

	

e) 27Mg

	

Qm = --2599.8 ~--4 .0
®bserved at EE = 6.5 ~IeV (Po 52b) .

Cross section at En ® '14 .5

	

eV, Pa 53.
I .

	

Not reported
26

g(ta d)27 g

	

~ =

	

179.4~3.1
2s

	

g(~, s

	

P)~7~1g

	

Qm = -14140.1 ~3.1

27

J1

F.

	

Y7A1(n, p)27

	

g

	

Qm = -1835.3 X4.0
At neutron energies of about 14 MeV, proton groups have been observed

to 27Mg

	

= 0 and 1 .66 Me`1(Ja 60) ; to 0, 1 .0, 1 .6, 2.1, 2.8, a.nd 3.5

	

eV (®v 59) ,
and to 0, 1 .0, 1 .6, 3.5, 5 .7, and 7.0 MeV (

	

a 57a) . The angular distributions of
~~hese gr®ups have been measured (

	

7a, ®v 59) . See also G16 ,

	

61, IVTa sl,
:~t 60a,

	

a 58g, Co 59c, Co 58e, Co 57d,

	

r 57e, Al 57a.
For cross section and resonances, see 2~AI.

For a. theoretical di ~cussion of the 27~Ig le`°el scheme in terms of the ~'ilsson
model,

	

i 60.

27 1
(big. 27 .2, p. 94 ; tabla 27.3, p. 92j

A.

	

;:2,~a(~, n)2~A1

	

Qm = --2971 ~5

	

Eb = 10098.0~ `Z.3
Resonances have baan observed at E~ = 3-19`? ~3 keV (~ ~ 1 keL'), 353G,

3583, 3607, 3655, 3`s 87, and 3832 keV, all ~5 keV, corresponding to 27A1 l.edels

at 13.073, 13.110, ~ <1.150, 13.171, i~.212, 13.324, and 13 .36? Mei' (~~'i 60) . See

also An 60c.

For Q value and 26A1 levels, see 26A1.

B.

	

23N~i.(~, Pi 26Mg

	

Qm = 18`?5. i~`~ . c"

	

~n = 10098.0°' .3
Partially resolved resonances in the 1 .81 l~1eV y-ray yield, obserL~ed in the
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P. ~. E~TDâ A:1I3 C . v~N ~~~ ~.~vrt

~AF~L~ 27 .3

Energy levels of ~7r,1

5 .~45 ~'.2
5.~Z1 z .~
5.931 f á
6.074 -~-12
fi.154 ~ 12
6.2s4 12
6 .527 $12
6.596 ~ 12
6.7 12
6.~12 -~ 12
6.9~9 ~ 12
~ .2

	

(z
~.554-10.1U2 ; 2~ levels, see table 27.4, reaction
11.I
11.75
1 i.91
12.07
12.23
1?.17
11.34
12 4~~
1,L.6~
ll.®1
1 .7
12 . :~4
12 . 7
12.9g
1 .0?3

5

s
~, ~_, s
l,, S
S
S
S
5
S
S
G, S
S
G
E (and G~
F
B
B, F
B
B
B
B
B

m
F

n,

P
P
P
P
P
P
F

P
P B
P B
P
P
P

( le~ -?- ~e~ï ~
Decay Reactions

stable gna.ny
0.~424 ~ 1 .4 ~ (3 .2 y 1.0y x 1®-Ya Sec y nzany
1 .013 ~ r -2 ~- (2.0~0.3) x 10-i$ sec y mna.n~Y
2.21~? -;- 3~ ( +} (4.5~0.7~ X 10-ia (2.j-}-1) sec y many
?.731 3 :".+ y man~ .

`1 .9r6 ~ 3 .1t yr E, L, ~t, ~,
3.000 ~ 3 a .r E, Lm á~lm

3.674 ~- 5 ~;r E, C~, I,, S
~.9a 1 ~ t' Em ='m

4.052 ,~ 5 E, .Irg S
^1.403 °-{-- s ~̂ m

4.5®4 iJr ~.,, S
4.57P
4 .~0~ i s L,
5. 149 ~ û
5.240 -~ 5 Cr, ~,
3.410 ~ s v' m

5.424 -~ 5 ~, S
5.431 -r s

-t- I,, S
5.s59 ~ s



E. =--- 1.8-3.7 MeV range, correspond to 2'Al* = 11 .75,
12.34, 12.46, 12 .68, 12.71, 12.78, 12 .84, 12.87, 12 .99, 1107, and 1114 MeV
(Te 54) .
For non-resonance information, see 26N g.

C.

	

'.14Mg(a, p)27AI

	

Qm = -1594.5±1 .1
At E,, = 8.4 MeV, proton groups have been observed to "Al* = 0, 0.8510.04,

1 .06±0.04, 2.17±0.04, and 2.64±0.10 MeV (fir 57 ; see also Br 55b) .
For resonances, see 28Si .

25 Q. =407b ±5 E,,=1' 1 45.1 12 .?
25Mg(d, p)26Mg

	

Qm = 8872.7±2.7

	

Eb = 17145.1±2.2
A resonance at Ed = 0.965±1015 MeV has been observed from natural

Mg target bombardments. Assignment to 25Mg yields 27AI* ::= 18.07 ale` .

(Al 48a) . Assignment to 24Mg, however, seems more probable .
For non-resonance data, see 2"A1 and 26Mg.

g(d, n)26AI
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TABLE 27.3 (Continued)

E.

	

26Mg(p, y)27A1

	

Qm = 8272.4±2.8
Resonances in the -y-ray yield are listed in table 27.4 (enriched targets :
u 54a, Hu 55, Ba 59b, Ku 59a, Wa 59a ; natural Mg targets : An 59b ; see

also Sm 54) . The corresponding 27AI excitation energies have been computed
using the weighted mean values of the resonant proton energies . In the range
Ep =--- 0.8-2.36 Mear', 35 resonances (not tabulated) have been observed (A157) .
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 274), and of the following lower levels : ;17AI* = 0.842 MeV,
j = 1 ; 2.212 MeV, I = (P ; 2 .731 MeV, j = 5 ; 2 .976 and/or 3.000 MeV,j = 3 ;

9'

	

-it-
3.674 MeV, I = 1 ; 4.052 MeV, j = J. The energies of the y rays de-exciting
27AI(l) and (2), are 84016 keV, and 101218 keV, respectively (Va 56d) .
The 648 keV resonance decays to 27AI(O) and, indirectly, to 27AI(i) ; J- = (-5f

(No 61a) . At the 809 keV resonance, angular distribution measurements of

Ex

(MeV±keV) J1T An Decay Reactions

=110 6 n A
1115) 6 n, p A, b
11171 + 6 n A
13112 6 n A
13124 6 n A
13162 6 n A
13.5 p F
(18.07) n D
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TABLE 27 .4

Resonances in 26Mg(p, Y) 27A1

Weighted mean values. For Ep < 840 keV the energies from four precision. measurerients
(An 59a, Ku 59a, Wa 59a, Hu 55) are in excellent agreement.

b An 59a.
e Ku 59a.
d Wa 59a.
e Hu 5.5 .
f Ru 54a .
g Al 57.
h Ba 59b.
I The odd parity follows from the El character of the y ray de-exciting the 338 keV reti(-)Ilélïlce

to 2'Aí(1), as determined by a polarization measurement (Hu 56) .
i Parity assignments based on intensity considerations only (Va 58cí).
k No 61a ; the y-ray yield is about 10% of that at the 661 keV resonance.
I Sm 59 ; F,,,, ;50.15 eV, resonance absorption measurement.
m Va 56d.

the transitions -to 27A1(0) and (2) give J ---- Y for the resonance level (Sm 59) .
Angular distribution measurements at some unspecified resonances yield

J = 1 for 27A1(2), and very probably, J = I for 271(1) . The 2.731 MeA' level
mainly (> 90%) decays to 27A1(2) . Angular co rrelations m(asured at the 989
keV resonance are in agreement with J- = ~-+ or ?+ for tl .P resonance level
and J-n = 2+ for the 2.731 MeV level. The

	

+ assignment to - he resonance is
favoured because no direct transitions to 27A1(1) and (2) have been observed ;
their intensity is at most 3% of the ground-state transition (Al 57) .

F.

	

(a) 26Mg(p ,
pf)26M9

	

Eb = 8272 .4 -!-?.8
(b) 26Mg(p,

n)26A1m

	

ln = -5026±6

	

Eb = 86~~72 .4--Z.B
(a) At EP = 2.9 and 3 .8 MeV, resonances have been observed i .:1 t1te yield of

the 1 .81 MeV y ray, and at Ep .-- 4 .4, 4.9.5 and 5.45

	

eV in the y12ld of the
1 .13 and 1 .81

	

eV y rays (Mi 59b) .

	

.

EP a
(keV)

2'Al*

(MeV) J. (eV)
EI,a
(keV)

2'Al*

(IIeV)
lnteii,ay h
(relati`- .,)

292.3 J_ 0.7e , d 8.554 1251 y~4f , h 9.4t7 lal
338.3 0.1 b, e, d, e, i 8.598 - -I,' 0.4 i 0.1- 1289±4t , h 9.514 -0 (-1
453.5 -_=- 0 .1 b, e, d, e, f 8.709 (-) 1 1 .4 ±0.3- 1417± 1f , h 9.637 149
647.5± 0.8b 8.896 (°) k k 1452±4f, h 9.671 71
661.1 ± 0.4b, c, d,_ t 8.909 (+)1 0.7 ±0.2- 1554+4h 9.769 14('
718.5± 1 .2e, 1 8.965 4 (+) i 0.21 4-0.05m 15884-4h 9.803 7 .5
809.0± 0..lb, e, f 9.051 . 1 I 1615 J-4h 9.828 110
838.8± 0.5b, e, I 9.090 1637±4h 9.849 :i0
954 ±lot 9.191 1725+4h 9.933 95
989 71- 9 9.225 (2)

+g 1731±4h 9.943 95
1015 lot 9.250 1759 4- 4 h 9 .96h 190
1056 ± let 9.289 1786í5h 9 .992 119
1172 ± lof 9.401 1823+5h 10.028 14 .3)

1882-z 5h 10.085 13 .E
1900_.-5h 10.102 180
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for n n-rc!sonance data, see 16Mg.
(b) Resonances at Q = 5.47, 5.80, 6.02, 6.31, and 6.49 MeV, observed from

the `5Mg(p, n)2'

	

2- ,Al reaction, might also be assigned to the

	

8M9(P, n) 26AI-
reaction (BI .51)

For threshold measurements, see 26A1 .

G.
'.!quclear emulsion work at E, = 1 .17 MeV gives 27AI levels at 0.88, 1 .92,

175, 165, 4.33, 5.32, and 5.81 MeV, all ±0 .07 MeV (Siv 50) . At Ed --_ 1 .0 and
6.0 Me,T, levels have 'been found at 1 .0, 2.3, 2 .9, 6.8, 8.2, 9.5, and 10.0 MeV.
Angular distribution measurements Yehl Ip =0 and 1 for the 6.8 and 8.2 MeV
levels, respectively (T:7 56) .

(;,, y)27AI

esonsnee absorption rneasurements yielda mean liferm= (4.1 ±2:9) x 10-l'isec16
for 2',Al* = 1 .013 MeV (Va 60a ; see, however, reaction L, Me 60b), and
Tm = 3.5 X 10-14 92/9, sec for 21AI* = 2.21 MeV, where g, and g2 ire the sta-
tistical weights of the ground state and the 2.21 MeV level (Bo 61) .

J.

	

27~M(y~ p)26Mg

	

Q. = - 8272.4±2 .8
27

	

{Y'
n)26A1

	

m -__ -13069

	

±5

The total absorption cross section in the range E, = 10-30 XTeV 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

	

..cW' (Ca 60) .

21 q 1{Iî, -n') 2'Al*

G2LMMa-ray energies and intensities from inelastic neutron scattering have
been measured by scintillation count,,~r . The weighted mean values of the
reported y-ray energies are E, = 1166+0.003, 0.842±0.005, 1 .021 ±OWO6,
1 .72'T± 0 .0 15, and 2.209±3.007 MeV (Da 56c, Ro 55a, Ho 59a, De 60, Mi 59c,
a 58b, Cr 56a, Gr 55d, Ki 54, Sc 54d ; see also As 61, Mo 56c, Ra 55. Pa 55,Ga 53a) . I ie three first mentioned y rays are ground-state transitions since

the production thresholds are eqtial tc the y-ray energies (Ki 54) . The 0.166and LY3 Mel' gammas correspond to the 1 .01 --> 0.84 and 2 .73 -> 1 .01 MeVtransitions, respectively . Gamma rays A 1,19 MeV (Se 54d, De SO), 1 .33 MeV(De 60), 1 .40 MeV (Mo 56c), and 1 .91 MeV (Ro 55a) have not been found inother experiments . At higher neutron energies y rays of 2.72 MeV (Mo 56c)---I

	

I310008

	

b.

	

:t .

	

slev (or 55d) haveeen reported . See also Ra 5.5n An 60d01 .

27Mg(A-)27AI
See 27Mg.

27

g(d, n)27A1

	

Qm = 6047 .7±2.8

P . M . ENDT AND C . VAN DER LEUN

Qra , := 2617 .9±4.0
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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 59c, Yu 59, Lo 60.
For resonances, see 2lAl.

L .

	

2?

	

(p
'
pO)27AI

Levels derived from the observation of proton groups are listed ín table
27 .5 (Do 53, Br 54b, Va 57d, De 59a ; also Sh 51, Re 52, St 52, Ba 52) .

Elastic scattering anguh

	

distribution, Afl 41, Rh 50, Bu 51, Ba 52, Gu 52,
Da 54, Hi 55, Da 56a, Ge 56a, iii 56a, Sh 56, Wa 57, Gr 59, Ho 61a, Jo 61b,
Ta 61a ; theory, G1 57, Me 57a . Angular dependence of the polarization of elas-
tically scattered protons, Wa59, Sa 60a, Ho 61a, Ya 60a, Ro 61c. Inelastic protor,
angular distributions at Ep == 5 MeV, De 5? 1, and at 6 .6 MeV, Va 61 a.

TABLE 27.5

Levels of 27AI (MeV±keV) from the 21AI(p, p')27AI and 29Si(d, a}2'A1 reactions

a Va 57d ; Ep = 2-4 MeV; magn . anal .
b Br 54b ; Ep = 5.6--8.4 MeV ; magn . anal.
c Do 53 ; Ep == 2.3 MeV; electrost. anal,
d Ra 58 -, Ep == 2 .4-4.4 MeV, -y energies, lens spectrom .
e De 59a ; Ep	5MeV; magn. anal.
f Va 52 ; Ed

	

1.8-2.0 MeV ; magn . anal.
9 Br 59a ; Ed

	

7.0 MeV; magn . anal .

Direct interaction analysis applied to the results in Va 61a, yields 1 =:-- 2 for
transitions to the 0.84, 1 .01, 2.74, and 3.00 MeV states, and I = 3 for transitions
to the 2 .21 Met state. See also Ty 58, Gu 15,4 .
The yield of the 0.84 and 1 .01 MeV -y rays from inelastic proton scattering

shows 23 resonances in the range EP -= 1 .7-2 .8 MeV; see 2851 . Angular diatribe-

(P , p') 0, (P, P,) b (P, P,) e (p, ply) d (p, p ,) e (d, x) f 1, (p~ p,) b (d,2)9

0.8421-3 0 842 0.843t2 0.845± 5 0.840±4 0.837 ~16 5.425 5.41(0
1 .013--3 1 .013 1 .014± 7 1 .010±4 1 .007-±-13 5 .491
2.205 1- 4 2.213 (d, a) 9 2.216±10 2.219±4 2 .21 ±30 5-5, - -1 .537

2.727±4 2 .732 2.729 2.736±12 2.736±6 2 .74 ±20 5.659
2.975,á4 2.977 2.971 2080±6 5.745
2.1198 ::,- 4 3.001 2.992 ~ 15 3 .002 ±6 5.821

3.677 3.663 1951 5053
3154 3.940 all -A 6.074
4.054 4.044 6.154
4A03 4264
4.505 4 .499 6.527
4.576 6 596
4.807 6 .764
5.150 5145 4812
5.242 5.232 1989
5.410 A y- 12
all±6 a11± 12
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ti
27

measurements at 15 resonances :}Meld J == .1 for 27

	

(1) and j > I for

(2) . Proton-gamma coincidence ex ,perimants indicate that the 1.01

	

eV

level also de-excites via a 0.170±0.007

	

eV y ray to the 184 MeV level ;

intensity (2 .4±1 .0)%(Al 60b) . Angular distribution and linear polarization

measurements of the 1 .01 Mstir y ray, at the E,

	

1.74 and 2.13

	

eVresonances

Meld the E2/Ml amplitude mixing ratio x

	

-0.32±0.14 or -1 .1 ±0 .5

(Mc 61a) .
oppler corrected energies of the ground-state transitions from 27AI* = 0.84,

1 .01, 2 .21, (2.73), and 198+3.00 MeV, and the E. = 1.722±0.010

	

eV
27

	

(4) -> (2) transition, yield the excitation energies listed in table 27 .5,column 4 .

Measurement of the internal conversion coefficients vields E2 for the (1) --> (0)
transition, M I for the (2) -> (ff) transition, and favours N. I for (4) ---?- (2), and

EI for (3) -> (0) (Ra 58) .
Self absorption and resonance scattering studies yield partial widths F,

for the ground-state y transitions froM 27AI(2) : PO= (3.94:1 .6) xjO-4 e_V, and
from 27AI(3) : JPO =--- (gj1g2') (2 .4 ~- 0.3)X 10-2 eV, where g, and g2 are the statis-
tical weights of 27

	

(0) and (3), respectively. The angular di.Aribution. of the
2.21

	

eV radiation, and the observed partial width rule out j = -1 and2
J-"

	

assignments to 27.,kl(3) . This level branches for less than 2%to 27

	

(1)

and/or (2) . Comparison of the width of the 1 .01

	

eV level with its partial E2
width (see reaction P) yields an E2/Ml[ intensity ratio ace =: 0.1 ±n°05 (Me 60b,

61a) .
For resonances, see 28Si .
a

P . M . ENDT AND C. VAN DER LEUN

N .

	

27

	

(3He' 3

	

e)271 T

	

AI

	

H

	

A1
Elastiq scattering angular distribution at E(3

Gr 6îa ; -,,.5 MeV, Pa 61a.

27 a (á 9 dQ27
fnekLSticallscattered deuterons to 27AI* = 0.84, 1.0, 2.21, 2 .73 MeV, and

the 2.98%3 .00
.
1 eV doublet have been observed at various deuteron energies

between 5 and 15 eV (Hi 56b, Ha 56c, Gr 49, Ho 49, Ire 51, En 54b) . The
angular momentum transfer 1 = 2 connected with the transitions to 27AI*
= 2.21, 2 .73, and 2.98/3 .00 MeV, determines the pa-rity of these levels as even
(Hi 56b) . See also Ha 56c, Do 60, El 60.

Elastic scatteririg angular distribution, SI 59, Ci 60, Ci 60a, Ta 60e, Go 61,
a 61d, Ig 61 .

) = 31 MeV, Ig 60 ; 29 MeV,

27~t ,I(,Z, 21)27

lastic scattering angular distributions,

	

155a, Ig 56 . BI 56a Ga 58, Ko 61a.
Inelastic scattering has been observed to the first two 27jkllevels (unresolved)at E. = 19 MeV, to 27 .1* = 2.69, 4.80, and 6.87

	

eV at E,, = 30 MeV (Cr 60a)
and 43 MeV (fin 60), and to 27AI* = (0.84+1 .01), 2 .21, and (2 .%+3.00) MeV at



E,,, = 22 MeV (Be 61c) . Inelastic scattering angular 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 A0 MeV states and the 2 .21 MeV state are the J,,T

	

+and

	

+
members of a Kn

	

2 rotational band on the ground state. Ground-state
transitions have been observed from 27AI* == 1 .01, 2.21, 2.73, and 2.98 and/or
3.00 MeV. The 2.73 MeV level mainly decays to 2'Ál(2) ; a 10% transition to
27AI(l) is not excluded (Be 61c) .
P.

	

27AI+heavy ions (14N, 160, 20Ne, 22Ne)
Coulomb excitation with heavyions at E(IAN) =16.3 MeV, E(1 160) = 18.2 MeV,

E(2ONe) = 23.1 MeV, E(22Ne) - 25.2 MeV, yields p.-irtial mean lives
T.(E2) = (3.2±1 .0) X 10-11 sec and (L3±0.4) X 10 -11 sec for L7AI* = 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. 27Si(fl+)27AI

See =7Sí .

R.

	

28Si(y, P)27AI

	

QM = -1158v.6±3 .3
Cross section for 28 and 32 MeV bremsstrahlung, jo 55, Cu 59 ; also ~Io 55a,

Sh 61b. No activity with a half-life in the ,sec or nisec range hp-, ~en found
from the bombardment of naturA silicon with 22 MeVbremsstrahluig (Ve 56a) .
S.

	

29Si(d,a)27AI

	

Qm = 6012.0+5.6
Magnetic analysis of a-particle groups yields 27Ál levels listed in table 27,5

(Va 52, Br 59a) ; Q0 = 5.994 :±0.011 MeV (Va 52),5.994 :EO .012 MeV (Ma 60e) .

T.

	

30Si(p, a}27Ál

	

Qm = -2377.6±4.1
Magnetic analysis at E, = 8.0 and 8.6 MeV yields Q0 = -2.366±0.010

MeV (Wh 60) .

U.

27
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Qm =-- 4815±8

Not reported :
25Mg(t , n) 27A1 Q ==n, 10887.5±2.3
25Mg(3He, p)2'Al QM = 11651.9±2.3
25Mg1,x, d)27Á1 QM = - 6700.5±2.2
26Mg(3He, d) 27A1 QM = 2779.2±2 .8
26Mg(,,,X, t)27AI QM = -115410.3±2 .8
28Si(n, d)27M QM = - 9355.9±3 .3
285i (d. 3He) 27A1 QM = - 6087 .5±3 .3
28Si(t , OC)27A1 QM = 8232 .1 ±3 .4
29Si(n, t) 27A1 QM = -11576.0±3.6
29Cí

(p
. 3He)27AI QM = -12340.5±3.5



wná collective model, with a prolate distortion for rAL gives a

des=ciption of many of the yopertie.S of the, 110w I~irlg leli-e:

exception of the excitation energies . The 0.84, 1 .01, and 2.T.3

j-, = J2 --, -~-, and r-0, reslx!ctively, are the ]&west three

= -!r- rotational band deriv,ed from the si sheH mWel
Mel' level is a likely candidate for the second member of the
rmal band based on tlje 27A] ground state ; the requir

h~- -=.neT. conflicts with some of the experimental data (A] 6fW
:-i7 the 121 ?JeV level follows from angular distribution meTjxe-*

stattered protons (De 59.a, Va 61a) . The internal conver-
the 2.21 MeV V ray favours an El assignment to thi-s -/ ray

ity for the 2.21 MeV level, but MI character is not completely
wó . The angular distribution of the 2: ..21 MeV y ray fTorn the

;:Lion excludes JI, = -!±, - :!- (Me 60b). The intensity of the2 2
V- -- r--' e 2.21 MeV level at two I'Mg(p, y) 2'Á 1 resonances, suggezsi-~

Even parity for the 2.21 MeV level follows from the angular
in inelastic deuteron scattering (Hi 501, and from the

=c~r of the 27Si((3+) decay to 27AI* == 2.21 MeV. The strong
-,- t=sition, observed from inelastic a-particle scattering, is

the suggestion that one of the 3.0 MeV states aud the 2.21
2

	

2-1- and -,-+members of the Kn = -5+ band on the ground
= -.7+ assignment to the 2.21 MeV level would explain the
< 2 0 to 27,

	

AI(I) and (2) (Me 60b) . See also Bi 60.

~- 27 _*11

"1f, n)27Si

P . M . ENUT AND C . VAN DRU LEUN

27Jsi
(Fig. 27.3, p. 101 ; table 27.6, p. 102)

Qm = 4815±8
z- hted mean value of the half-life measurements, which are in rather

am"men*a,is-r =4.19±0.05seei

	

(,Su 53, Hu 54, ,1 58, Wa 60a, Ku 57a, M-- i 5'S,
- .1 e 3- decay proceeding to the 27A] ground state, N%ith end Point

_MeV (Ba _10 , Bo,5l, Hu 54, Wa (- Oa ; see- also Va 60f), is super-2dlowed
determining ./ a == 2

	

for 27Si

	

A 10 (/' /o branch . uith enJ point
~- ;_ .6 0 '_lel' proceeding to 27AI * :.z-- 2.21 MVV has been reported Na 60f)

mtensiry of the 2 .21 MeV y ray leads to, a Imanching of (6±3)10 ' (Pa- 61d) .inte ,, sn~, h wever, would give log,ft
intensity of potential bnanclics, tf) 27AI(I) or (2) is less, thart 0.2L t') (Ta 60c) .

at E� = 15 A1W (E.1 4J) .
QfIj , 7 193 -1 ts
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C.

	

27AI(p , n) 275i

	

Qm - -5598±8
Recent measurements of the threshold give Ep - 5.792 ±(1.010 MeV ( i 55a),

5.798±0.008 MeV (Ma 55c), 5.800±0.008 MeV (Br 59f) ; the weighted average
yields Qo = -5.590±0.(;05 MeV.

9L2

285 i +3He-a

27A1

Pg

	

6% ; 1.45

P2 «120/o

p` < 0.201 .

Pó

	

94°lo, 3.82

95

-560
"Ai+p-n"

-14.95
28 i+p-d

Fig . 27 . 3 . Energy le~,els of 2',S; .

-17.18 --~
285 i +,y _ I 1

	

,

27

Angular distribution- at Ep =-- 23 MeV, Co 55b ; at Ep = 14 MeV,

	

i 601.
Cross section, Ta 58, Al 61b. See also Ad 61 .
For resonances, see 28Si .
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p. ~1 . ~wn~r ~Nn c. °v~r~ nEa LsvN

3.g0o+15

2sSi(y, n)27Ci

	

Q~ _ -17179 ~9
T' e threshold has been dete:rniined as I6.8 X0.4 1lZeá~ (~~zc 49) and 16.9 X0.2

1e ~ (Su 53) . Cross sec ion, a 59~ . See also a 48, o 55a (thec~:-vl . hTo activity
in the ,sec or rnsec r~~.nge has ~k,een observed from bombardment Uf natural
silicon with 22 . e~ bre~nsstrahlung (Ve 56a) .

28Si(p y 4)275 1

Cros~~ section, Se 56.
2ssi(3

	

e, c~)27Si

	

Qm = 3 399 ~ 9
At

	

(3 e) = 5 .7 and 5 .9

	

eV, «-parti'~le group=:, have been observed to the
nine excited states listed in table 25 . 7 ; Q® = 3.405~ 0.015 IVfe~l (

(3

	

e) = 9.16

	

e~ the angular distrihu~tions sir the groups to 27Si~ = 0, 0.78,
and 0.96

	

e~T yield In == 2, 0, and 2, respectively (~Ii 60c) .

ís .

	

~'ot reported
25

27
g(3

	

e~ n)2751
!3 e' t)2751

2ssi(d, t)2751
295i

(p' t)
2751

SABLE 2T.6

Energy Ie~rels of ~?Si

Zs

Q~ -14954 9

Q~, =

	

6054~8
Q~, - - 4834 ~8
Q~, _ -10921~9
Qg~ _ -17174 ~8

(

	

ig. 28.1, p. 103 r ta~,

	

le 28.1, p. 104)

r
F

59a) . l~t

s~~g(~-)2s

	

Q~~ = 1837 =5
e weighte

	

ea

	

of s~x half-life detE,rrninations is 2I .43 ~O.I6 hr (Sh 54d,
i 53a,

	

a 53a, 0 53, w 53,

	

a 53) .
e

	

- spLCtrur~a is si ple a.nd has the allowed shape ( a 53a, Ul 54) . T'he
en

	

c)int as

	

assured by

	

~ absorption is 0.44 ~0.06

	

eV (S

	

54d), 0.3~

	

eV

(:~íevyke~' ~
~z a~ Decay Reac~ions

® L+ 4.19E ~0.05 sec ~+ A,I3,~C,D,E,F

O.îg2-~-10 + F

0.95g ~10 tz, 5 ~+ F

2.165 _~-10 Ii

2.651-~--10 F

?. g66 ~-10 1:

2.90g _' 10 F

3. V40~10 F
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(jo 53t 139±0.05 MeV {tea 53) ; magnetic spectrometer determinations give :
0.418±0.010 MeV (Ma 53a) and 0.459jz O.002 MeV (0154) . Logft = 4.4 .
The energies and intensities (in photons per disintegration) of observed y rays

are listed in table 28.2 . The y rays y2, y., and Y4 are coincident with y,. ; and Y2

24,
Fig . 28 .1 . Energy levels of 28 ;~lg.

with y3 . The delay between y4 and y, is quite small (T. < 2 x 10 -9 sec) . The
conversion coefficient of y,, ax = 0.032+0.066, confirms the MI character of
,yj (Sh 54d) .
Gamma-ray energy and coincidence measure7.-nents indicate that the fl-

decay proceeds to the 1.37 MeV level in 2s .Al, v,~ ,hich in turn decays through



2j4

	

m IL ENDT Al 0 C, VAN IWH LEUN

"0 - ,

1w-
; nes-
: 90 -

D : -~

wo MA, The isobaric-spin ,,.e jection rule, excluding
jns, rJet,crmines In

	

+ for 28AI* = 1 .37 Me
ground state and JI ":;, 24 for 28.Al* == 0.03 MeV,

and 2+ for the 0.97 MeV leve', to explain
E-ca -v "to this level and the observed y-ray brarching from

P,el int .

fro*9 =0.01

	

k29
-:- (s .4)1

	

o. -,o

TAME 2& 1

Energ:� levels of 2OMg

T I

	

Decay

	

Reactirr.9

21 .43 =-(i,. 16 li r

	

f,-

	

A. B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B

TABLE 28.2

Gamma rays from. 28Mg(fl.-)2IIAI

NA'a 53

	

Iw 53

	

Probable
E. (MeV) Rel . int. E. (MeV) assignment

0.0322

	

(-- 0.70)

Q. := -16285+7

2"A1(I) - (0)
0.391±0.005 28A1(4) (2)

095 28A1(21 (1)
1 .35 28 .~ 1(4) (1)

B.

	

in"IgA, P) SM;9-

	

Qn, =-- 6459±7
Ai, E,

	

P)Jj MeV, proton groups }lavé=. bem observed to the levels listed inLi
C ---- - re~[:>orteed :



A.

	

28AI(f ) 2851
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(Fig . 28.2, p. 106 ; table 28.3, p. 107)

Qm =4639.5±4.2
The half-life is 2.28±0.02 min (weighted mean of

Va 58f) .
The ß- spectrum is simple v. -ith allowed shape ; end point 2.865 ZL0.010

	

eV
(Mo 52), 2.878±0.014 MeV (0154) . 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* 1.782±0.010 ( o 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 zm = (7 .3±2 .2) X 10-13 SPc for 28Si(1) (Of 59) .

For comparison with other measurements, see table 28.17 .

B.

	

25Mg(oc , p) 28AI

	

Qm ..= .--1201 .5±3 .9
At Ea = 8.41 MeV, proton groups have been observed to 28Al* = 1 .00-!-0.04,

1.57±0.04, 2.18±0.04, 2.54±0.06, and 2.96±0.06 MeV; Q0 = -1 .29-1 0.04
MeV (Gr 57) .
For resonances, see 29Si .

C.

	

27A1(n, y)23A1

	

I, = 7723.7±3.4

a 53a, Ek 43, Co 56,

The thermal neutron absorption cross section is 230±5 mb (H u 58) . For the
cross section at higher En, see Hu 58, Be 58e, Ko 58d, Ve 59.
A resonance in the 28A1 yield has been found at En = 40 keV, and. many more

partly resolved resonances in the range En = 0.1-4.,0 MeV (see 1-lu . 58) . Com-
parison of (n, y) and (d, p) yields and reduced widths, Gr 58b, Bo .1%9a.
Thermal neutron capture y rays are listed in table 28.4 . The last column. gives

the 28A1 levels between which the transitions possibly occur The strong
7.724 ±0.006 MeV y ray represents the ground-state transition . Its great inten-
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 táte complicated.
28A1 level scheme. From the 27A1(d, p) 2$Al reaction, odd parity h2ls been assign-
ed to 28A1* = 3.46, 3.59, 3.88, 4.03, 4 .69, 4 .77, 4 .85, 4.91, and ;5 .14 Nle`' ; see
table 28.6 . All but the two weakest y rays in the energy range fni2 .61 to
5 .14 MeV can be explained as El transitions to and from eight of these nine
levels (E-n 56) . The two remaining y rays (E., = 4.43 and V~0 NIeV) could
form a. cascade through 28A1* = 3.29 MeV. Another odd parity sbte pat 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 sta°,--e to known
love lying 28Al levels .
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TABLE 28.3

Energy levels of 2"Al

A
(".NleV±keV) PT Tj Decay Reactions

0 3+ 128±0.02 min p- many
-0.0312±0.4 2+ (2.2 ±0.2) x 10-9 sec 7 B, C, F, G, H,
0.974 ±4 (0+,2+) 7 B, C. F, H, I
1 .017 ±4 (2, 3)+ B, F, G, I
1 .375 ±4 1+ C, F, G, H, I
1 .G33 ±4 (2, 3)+ B, C, F, I
2.147 ±4 (2, 3)+ B, C, F, G, I
2.209 i4 (s5)+ B, F, G
2 .281 4 ( :55) + y C, F, G
2.493 4 (2, 3)+ B, C, F, G
2.592 ±4 ( :55)+ B, F
2.667 ±4 (05)+ F, G
2188 05 B, F
3.011 ±6 ( <5)+ « F
3.102 (15)+ F
1294 (2, 3)+ C, u
1347 (2, 3)+ F
3.461 (n4) - C, F
3.537 F
3.591 (<4) - C, F
3.669 (2, 3)+ F
3.704 (2, 3)+ F
1878 (n4)- V C, F
3.990 F
3M35 (2,3)+ F
4.030 V C, F
01119; (n5)+ F
0243 (2, 3)+ F
1315 (ç5)+ F
0383 F
1466 F
0518 F
0595 F
0685 Q4)_ y C, l--
4 .741 N5)+ F
0767 (n4) - C, 1-~
0845 (n4) - F
4.906 Qf - C, i -,
4028 F
4199 (n5)+ F
wolg (2, 3)+ F
1138 (n4) - C, F
168-7 .700 ; 57 levels, see table 28.6 and reaction F

ó .730 ±4 11 D, F
L757-&153 ; 65 level.-,, see table 28 .5 and reaction D
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TAELE 28.4

~L7am

	

a rays from ~'Al(n, y)~g1~1

G:r 57c~ En 56, ~r 58c

tbgume

0.97 a 0.03

~ Intensitw in garnrnas per I00 captures .
~ the capta ring State YS 2n~1~Cated 1~~.' C ; eucitation energies are in ~MeV ; 0 generally stands for
~r~~aand state nr 0.03 1,1eV Level .

c ~i~.~netic pair sp°.ctrorneter .
~ ~1a~netic Coa .pion spectrorraeter .

~°t~~cr-cryst~ l scintillation spectrometer.

eiayed

	

coincidences

	

yield

	

a

	

half aife

	

z~ _ (2.3 X0.2) X 10-~

	

sec

	

for

lie circul~.r

	

o a 'nation of the 7.72 ~. ei~j q~ ray produced by capture of
pfJ,~.ri~ed t%er~ ai neutrons a~ bcer~ rneac;urec (Ve 01~ .

( .5 .88 ~30} 0.8

5.45 _30 1 .5 (C --~ 2 28} (5.45 -3 0~

C -~ 2 ..49
5.140' I5 3.9 5.14--~0
4.91 -F- 20 2.4 4.91 --~ 0
4.730yI5 8 4.77 --~ 0
4.66 ~-- 20 5 4.69 -~ 0
~ 42 ==20 1 C -~ 3.29
4 260--15 6.1 C -~ 3.4ó
4_ 13 ~20 6 C --~ 3. ;9

4.03 -= 0
3.R8 -"-20 6 C --~ .`-' . ~8 --~ 0
(3.a0 ~30) 1.3
3.E00~15 4.5 3.59 - " G
3.4°~0;-15 5.2 3.46 - 0

3.04 -L 10 5.1 C --~ 4 .69
2 .960y 15 8 C --~ 4.77
2.82 -~- 20 ~ 2 C --~ 4.91
2.61 r-10 5 C --~ 5.14
2. 28 -~-10 5.1 (2.28 -~ 0} (C --~ 5.45)
2.I2 __' `~0 3 2.15 --~ 0

:~ .89 J 40
:~ ---.7~ 3U

0.~
0.8

:~ .41 -~-30 1 .2
:m .3? --30 O.i,5
7. i l --- 20 I . ."~

4.94 -~ 10 0.8
4.î9 -_ 2U 4.3
4.66 -= 50 2.5
4.45 ~20 1 .4
4 .29 _-20 4.3
4.16 -20 3
4 .06 -_~- 40 2
3.88 -_~-2(+ 4 .4

3.62 20. 2 .5
3.46 =-?0 1 . 5

;
1e~° ~ l;e~'}

Ir
Ey.

(:~IeV ~1;eV}
I
z
,a Ass

_
7.724--- 6 z0~ ? .730-s-15 24 C -~ 0

7 .34 -_~-- 4~1 J.45
fi .¬#8 _--40 ß.7
6.i î -~ ,0 0.8 6.76 ~,20 1 .7 C ~ 0.97

6.61 -= 30 0.23
6. :~0 ~_ 30 0.3
6 .33 -~-- 20 0.9 6.35 -~ 20 2.3 C --~ I .33
fi .22 =30 CD .3
6.13 -_--°'0 l .á 6.13 -~-20 3 C -~ 1 .6N3

6.01 ~- 50 0.44

3.02~ 50 10

2.84 ~- 30 4.6
Ijr 56e ~

~~ . °L6 =- 30 14

(# .9® 3'#_~ 10
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TABLE 28 . .5

Resonances in the 27Á1-}-n total cross sectiona

a The parameters Tn, In, and .j are probably : values, obtained as best fit to the data (Hi 59).

b Go 58a.

I).

	

27Á1(n, n)27Á.1

	

g°b = 11 723.7 ±3.4

Sixty-six resonances in the tatal cross section for Ea = 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, BI 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 27Ál.

E.

	

27A1(n, p)27Mg

	

Qm = -1835.3±4.0 Eb = 7723.7±3.4

In the energy range En = 3-7 .5 MeV, several resonances have been observed

En
(keV)

28Al*

(MeV)
rn

(keV) 1, (keV)
28A1*
(Mev) rn

(keV) In .j

5 .6b 7.729 0.(._b ib 250.5 7.965 3 2 0

35 7.757 1.7 0 3 257 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 3 271 7.986 1.á 2 - 0

89 7 .810 2 1 1 278 7.993 5 0 .3

91.5 7.812 4 0 2 284 7.998 2 . :j, 1 1

120 7.839 1 2 283 8.002 3 1 2

140 7.859 5 1 1 292 8.006 1 .5 1

143.3 7.862 3.5 0 3 294.5 8.008 2 1 .2

149 7.867 3 1 2 300 8.013 4 1 2

152 7.870 1 1 305.5 8.018 2 1 2

158 7.876 4 1 4 309 8.022 ~1 1 2

163 7.881 2 1 1 311.8 8.024 4 0 3

166.5 7.885 1.8 1 1 316.5 8 .029 1 .5 2 0

169 7.887 2 .5 2 0 329.5 8.041 1 .5 2

172 7 .890 2 1 1 342 8.053 1 .115 2 0

175.5 "'.893 3 2 0 349.5 8.061 1.3 2 0

179 7.897 2 1 1 366 8.077 5 1 1

182 7.899 2 2: 0 370 8.081 2 `_' 1

185.5 7.903 2.5 2; 0 374 8.085 3.5 1 2

190.5 7.908 3 121 0 384 .8 8.096 4 ~l 2

195 7 .912 2 2 0 404.5 8.114 2 1

204 7.921 7 1 2 407 .5 8 .117 2 2 1

209 7.926 1 .8 1 1 411 8.120 2 2 3

212 7.929 2 1 2 416.5 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 2

229 7.945 2 1 1 426 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 2 1 442 8.l50 1 .5 2 3

245.5 7 .960 1,51 1 1
i

445 8.153 1 .5 .2 3



F.

	

27A1(d, p) 211A1

	

Qm = 5499.0±3.4

The ground-state Q value is 5.511 ±0.0 ,05 MeV (Ma 60e), 5.502 ±0.010 MeV
u 56), &.494±0.008 MeV (En 52a, En 54b)
ne hundred 28AI levels ha-,. e been observed in a region of excitation up to

the neutron threshold (table 2E1 .6) . See also Kr 55, Be 55. For a comparison of
(d, p) and (n, p) energy spectra, see B1 57a.

esults of angular distribution measurements are also given in table 28-6 .
so Ne 56a, Ha 61a. Theory, Sa 58, Bo 59a, Ma 60d.

The ground-state doublet has the (d,,, s,) configuration . For equal reducedil
widths the intensity ratio should be 1 .4 ; experiment yields 1.95 (table 28-6),
En 54b, En 54, En 56 .
A 31A±13 keV y ray has been observed by proportional counter and

scintillation spectrometer (Sm. 51) . With a recoil method the: mean life of
2"Al(l) has been measured as (3 .0±0.5) X 10-9 sec (Se 56a) .
The proton polarization of the unresolved groups leading to á 8Al(0) and (1)

has been measured at Ed = 15 MeV (Is 61a) .

See

27G.

observed at E t = 5.5
table 28.7 (De 61b) .

e
u 58 ; see also Cu 61) . Cross section in the range E. == 12-21 MeV, Ma 60b,
59b, Hu 59, St 60a, De 60a, Kh 59a, Po 59, Al 61, Ka 61, Mu 61, Po 61 .

For non-resonance data, see 27

	

g .

(t, d) 211Al
Angular distributions of deuteron groups to nine 213AI levels have been

eV. The 1. values and peak cross sections are listed in

21Mg(fl-)211A1

See 28 9

J.

	

29SQ
' 128A1

P . M . ENDE AND C . VAN DER LEUN

QM == 1466.1 +3.4

Qw = 1837±5

1 .

	

28Si(n, P) 28A1

	

Qff. = -3856.94-4 .2

Qm = -12334.6±4.4

'-OSi(da) 28AI

	

Qm = 3121 .4±4 .3

For cross section, see Hu 58, Ke 59, Al 61 . Prote 1 groups, Co 59c, De 61d,
I 57a (theory) . Angular distri)ution measurements, fia 61, Co 61c.
For résonances, see 2sSi.

The cross section has a maximum at E,, == 20.5 MeV with a half-width of
7 .9 MeV (Ka 54) .

At Ed = 1 .8 MeV, magnetic analysis yields Q0 == 3.120±0.010 MeV (St 51) .
An -Particle group leading to "(I) has been observed at several deuteron
energies up to Ed == 2 .0 MeV (En 54b) .
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3'P(n, -~/219A1

	

Qm

	

±3 .8
I&

	

= --1940.1

28

Cross section at En :---- 3-5 MeV, Cu 61a ; at En = 14 MeV, Pa i53 ; and at
12.4-17.8 MeV, Ke 59b, Ga 61 .

TABLE 28,6

Levels in 28AI from the 27AI(d, p)28Á1 reaction

28AI* (MeV

Bu 56a

±keV)

ja 6la

in

En 56, En 56a, En 57d b Ti 61 e

(2j+ 1)0, 2 x
Ma 60d d

10`1

Ti 61c

0 0 0 0 150 160
0.0312 0.032 0 0 80 83
0.973 0.976
1.017 1.019 2+0 2+(0) 130, 16
1 .372 1.378 2 2 17
1 .633 1 .632 0 2 -r- (0) 20(14)
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 2 110 100
1988 1988
3.011 all±5 keV 2 2 6
1102 2 2 11
1294 0+(2) 0 5 11

1347 0 0 4 5.2
3.461 1 +(3) 1 80 57
1537
3191 1+(3) 1 130
0669 0 0 2
1704 0 0 8
1878 1 (1) 30
3.900 (2)
3135 0+2 0
4130 (3) (2or3)
1115 2 (2 or3)
1243 0 0 4
1315 2 (2or3) 30
4183 (3)
4.466 (2) (1 or 2)
4118 (0)
0595 (0) (1 or 2)
0685 1 1 150
4141 2
4067 1-f- (3) 120
1845 1
0906 1 1 80

4128
4 .919 2 (2)
1019 0
0138 1 80
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a The error is 0.5 keV for the 31 .2 keV level, and then ranges frorl 5 keV for the 0.973 MeV level
to 10 key' for the highest levels . The corresponding Q values all have 10 keV errors .

b Ed =: 6 .0 Me`' . Angular distributions cover the 0 = 5 0-60 0 region . Possible 1, = 3 distributions
or admixtures are uncertain because of this limited angular range .
Ed = 7 .8 MeV ; preliminary results .
The absolute reduced widths tabulated in Ma 60d have been obtained by normalizing the rela-
tive -%,,,-idths given in En 56, En 56a, En 57d, with the aid of the absolute widths of three 28.AJ
levels given in Ho 53e .

TABLE 28 .6 (Continued)

Levels (E, in MeV) in 28AI above E, = 5.15 MeV (Bu 56)a

TABLE 28.7

Levels in 28A1 from 27Á1(t, d)"-"Al (De 61b)

E.,
(MeV) 1,

Differential cross section (mb/sr)
at c .m . angle shown

0 0 131(12')
0.030 0 8 .7(12`)
1 .020 2 KJQ
1 .370 2 17PQ
2.138 0 2V(12')
2.203 2 Q7QQ
2.279 2 LI(1W)
2.489 0 13(16')
2.664 2 1.1(17°)

5 .168 5.596 6.027 6.569 6.970 7.444
5.179 5.746 6.067 6.591 7.025 7.460
5.191 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 .65Z
5.346 5 .909 6 .247 6.760 7.180 7.6W
.3.377 5 .931 6 .322 6.835 7.247 7.700
.5.405 5.960 6.424 6.856 7.274 7.73 t
5 .445 5.989 6.446 6.896 7 .345
5 .525 6.012 6.485 6.934 7.408

Not reported :
2614+ A I

kS , 11~
2s QM 7513.7 ~4 .2

26M#3He, p) 28A1 QM 8278.2 ~4.2
26Mg(x, d)28A1

Qm
:= -10074.24-4.2

27Al (,X~ 3He) 28A1 QM = -12 853.5 ~ 3 .4
28Sj (e We)28MAl QM = - 4621 .4± ~! .2
29S1(,_ , d)211A1 QM = -10109 . 9 j- 4 .429S1(d' 3He)28A1 QM - 539:1 .54- 4.4
29Sj(t ' a)28A1 QM 74 78. 1 4 .430Sj(n, t)28A1

QM --14 466.5 4- .330S1(P, 3He)28Al QM -15231 .0 ~4 .3
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Adiscussion of the 281-1 levels up to 2.3 MeV in terms of the rotational model
has been given in Sh 56a. Herein it is assumed that the Id, 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,
Pa 61b.

28Si

(Fig. 28.3, p. 116 ; table 28.8, p. 114)

a 61c,

A.

	

(a) 12C(16®,
y) 28Si

	

Qm = 16754.6±2.9
(b) 12Ck160, 160) 12C

The yield of these reactions has been measured up to E( 16®) = 36 Met'.
The elastic sca -ctering yield follows Mott scattering up to E(16®) = 22 MeV.
Some, not very pronounced, resonance structure is observed at higher energies
in both reactions (Al 60c, Br 60h) .
B.

	

14N(14N, y) 28Si

	

Qm = 27218.2+2.9
One resonance has been observed at E(14N) = 15.0 MeV, corresponding

to 28Si* = 34.7 MeV (Al 60c) .
C .

	

24Mg(«, y)28Si

	

Qm == 9986.1±3.3
Resonances observed in this reaction for E,, < 3.25 MeV are given in table28.9.

Spin and paiity determinations are from y-ray angular distribution and
y-y angular correlation measurements . Most resonances above Ex = 2.2 Me`'
(except for thu resonar=.ces at Ea --- 2.38 and 2.57 MeV) correspond to resonances
in the 27AI(p, a)24Mg and/or 27Á1(p, y) 28Si reactions (see tables 28.11 and 28.121) .
The 28Si excitation energies found from the 24Mg («, y)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 (Sin 60a, Sm 61a) .
D.

	

(a) 24Mg(«, p) 27Á1

	

Qm = -1594.5 4-1 .1

	

Eb - 9986.1 - 3.3
(b) 24Mg(ot, L%)2AMg

	

Eb ----- 9 986.1

	

3.3
Theyield of these reactions has been measured in the region Ea= 3.1-4 .0 MeV.

Data on observed r4:sonances are given in table 28.10. The spin and parity
assignments follow 1áom the observed ratio of maximum and minimum (a, ae)
cross section to Rutherford cross section (0 = 164') . On the average, the
observed 28Si excita..ion energies are ~. 20 keV high ; from a comparison of
24Mg ( ,

p) 21AI and 27Á1(p, «)24Mg (Sll 51) resonal®ce energies, a Q value of
1 .613±0.010 MeV is found for the latter reaction . T1le 24Mg(«, p) 27Á1 yields are
proportional to those at corresponding 27Á1(p, «) 24Mg resonances as required

	

y
the principle of detailed balancing (Ka 52) .

For non-resonance information from these reactions, see 27Ál, 24Mg.
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TABLE 28.8

Energy levels of 28Si

Ex
(MeV±keV)

Tm or F Decay Reactions

0 0+ stable many

1.772-L 5 2+ X 10--13 sec 7 many

4.614± 6 4+ 7 F, K, Q, T, V

4.975± 6 0 7 K, Q

6.272 _:'r- 6 3+ F, J, K,

esso± 8 F, J, 10

1889 -~ 8 F, J, K
7182 m 8 (1±, 2+) F, K,

7.415± 8 2+ F, K,

7 798 8 (2, 3) K

7.932 8 2+ F, J, K

8.260 8 J, K

8.,',28 8 (I±, 2+) F, J, K

1411 8 1 K

1543 8
8.587 8 3+ F, K, T
8.902 --10 K, T

1941 1CIO K

9.167---1010 T-kl

9 .314 10 (3+) T = 1 F, J, K, T

9.379± 10 22 + T == 1 F, J, K, T
9 .41 2-14 K
9.491410 (140) F, K

170%10 K
9.762 ±10 (l±, F, IC
9.1)3l M0 W
10.180P: 20 K
10273 ±20 K
10 .308 M20 X
14.375 m20 F, K
10.60 ~,50 F
10.'11 T F
10.91 ±20 (I±, 2 1- ) c
11 .13 ±20
11 . 29 ±10 7 C, u 0
11 .40 y, 20 7 F
liai ±10 Y 7 c
11 .58 :j-10 3 - c
11.65 ± 10 2 1- c
11.66 ±- 10 2 + c
11 .78 ~10 c
11197± 3 F
11 .864 y 3 F
IIS95± 3 A ,W,F
11 .971 .:L 'L 4+ C, F
12.007 m 4 F
12.018 L 6 c
12467 Y 7,2 C, ie I
12.069 3 (l+) p-
12.171C 3 A F



TABLE 28.8 (Continued)

E.

	

25Mg (a, n)28Si
See Na 53a, Cs 61 .

27M(p, Y)28S1
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Qm = 2 655 .4 -4- 3 .4

Qm = 11580.6+3.3

Precision measurements (0.2% or better) of resonance energies are gix-en i
Br 47a (E. = 500--1400 keV), Hu 53 (E P C 600 keV), Ku 59a (Ep < 800 keV),
ran 59 (EP = 500-1400 keV), Da 60b (six selected resonances in the
Ep = 600-1300 keV region) . Selected "best" values arE presented i

	

table 28.11 .

Ex
(.~VIeV ±keV) Jn, T T, or I' Decay Reactions

12.179± 7 1 - Y C;
12.190± 3 3- Y C,F,I
12.212± 3 2 Y F
12 .234± 3 (3,4) -4- Y C, F
12.285± 3 2+ Y, a C,F,I
12 .290 --L- 3 3+ Y F
12 .296 I- 3 2+ i
12.313-, 3 2+ Y F
12 .320± 3 4+ Y F
12 .326y 3 1+ 9 .0± 0.8 eV Y F
12-434± 4 2+ a C, F, I
12.469 ~- 3 4+

YYY,
a C, F,1

12.484± 3 3- 340 -_x-110 eV a F, I
12 .536-i- 3 3+ 80 -1- 40 eV Y F
12 .546-4- 3 4+ mm x C,F,I
12. .568 - 3 F
12 .630 ::-- 3 Y F
12 .638 y-- 3 fi
12.658-~- 3 800 -1- 80 eV Y F
12.710- 3 Y 1'
12.721- 3 2+ 710 ~ 1.30 eV Y,p,x C, D, F, 1
12.736-, 3 0.4 keV__ 6.3± Y F
12-749 _-' - 3 Y, x F, I
12.796-j- 3 Y, a F,
12.809 i 4 0+ Y, p, x D,F,I
12.849 -I- 3 4+ a 1,- , I
12.860-~- 3 Y I"
12,894 3 Y F
12.895 -~- 3 2+ 1 .1 keV Y, P, a D, F,1
12.911-1,- 3 700 -~- 50 eV Y F
1 ::.918-- 3 (2+, 3-) 290 - 70 eV y,p,a D, F, I
12.97 0+ p, a D
13.04-13 .25 ; 7 levels, see table 28.10 and reaction D
13.26-14 .26 ; 15 levels, see reaction H
For higher levels, see reactions B,F,G,11,1,0
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24T
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of 2®Si' far y decay see also fig . 28.4 .
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TABLE 28.9

Levels in 28Si from the 24Mg (a, y)"Si reaction (Sm 60a, Sm 61 a)

a If the ryo Ir., ratio is indicated, the radiation width in column four is taken equal to r;, o --- r;,, .
At the Ex = 2.24 and 2.33 MeV resonances, however, the main decay proceeds to the 4.61
NIeV 28Si level ; at the 2.38 MeV resonance it proceeds to the 6.88-6.89 MeV doublet : only
those transitions are included in ry . At the 2.57 MeV resonance, yl is obscured by a strong
cascade through a new 10.91±0.02 MeV level ; y,, and this cascade are included in r. . .

TABLE 28.10

Resonances in the 24 NIg(oc, p)27A1 and 24Mg(x, a)24AIg reactions (Ka 52)

a Estimated from published yield curve.

28

E
(MeV±keV)

28Si*
(MeV)

Ep (keV) of
corresponding

27A1+p resonance

(2J+ 1)rar. /ra
I'�o rv,

(E2/MI)
ampl.

ratio for y,
.%

1.534±3 11 .301 0.11 2.5 1 -
1 .791±4 11 .521 0.065 < 0.05 -3.2 --0.5
1 .871±4 11 .590 0.05 < 0.05 3 -
1.956±--4 11 .663 0.075 0.5 2
1.971+4 11 .675 0.30 < 0.08 0.53-i-0.05- 2 -
2 .100+5 11 .786 0.045 < 0.05
2 .241±5 11 .907 326 0.025
2 .329±5 11 .982 40.5 0.05
2 .384+5 12.029 0.035
2 .442±5 12.079 504 0.40 6 2 -
2.572+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,--6 112.299 -431 0.05 < 0.15 0 .60 -~-0 . 0,i
2 .7116 12.309 (74 .2) 0.035 < 0.20
2.876 -!- 6 12.451 884 1 .25 10 -2+
2 .916~=6 12.486 922 2.0 < 0.07 4 =-
3 .008 j- 7 12.564 1001 0.68 < 0.05 4+
3.213 '- 7 12.740 1183 5.3 3 ,+

E�

(MeV)

28Si#

(MeV)

Reaction

(x, p) (x, x)

3.214 12.741 yes yes
3.31 12.83 weak yes 0+
3.420 12.917 yes yes 2+
3.448 12.941 yes
3.502 12.988 yes y Ps 0+
3.58 13.06 yes (double ?)
3.65 a 13 .11 weak
3.660 13 .123 yes
3.737 13 .189 weak
3.75a 13.20 weak
3.80 13.24 yes (double)
3.827 13.266 yes yes



28Sj

The Br 47a values are lo'" compared to An 59, by an amount increasing from

2.5 AV at Ep = 600 AV to 7.5 AV at Ep = 1400 AV. The values in Ku 59a

agree well with those in Hu 53 (except at tl , e 442 AV resonance where the
difference is 7 .7 NY, and very well with those in tin 59. The values in Ira 60b
agree very well with those in An 59 if the calibration energy in tin 59 is changed
from 990.8 AV to 992.0 AV (see below) . See also An 57
The strong and narrow resonance at 992 AV is particularly suited for gen-

erator energy calibrations . The weighted mean of five precision measurements
is 992 .0 x-0.5 AV (Ma 61d) . Recent measurements yield 992.2X0.5 AV (Be 61f),
99116PI10 AV (Ry 61), in good agreement with the Ma 61d average.
The spin and parity assignments in table 28.11 are all from y-ray spectra,

,J-ray angular distribution, and y--y angular correlation measurements. The
parity of the 654 AV resonance has been determined as odd by a Y-ray polariza-
tion measurement (Hu 56) . For the y spectrum at the Ep = 992 AV resonance
see Go 57 ; also Ha 55, Br 59b, An 61d.

At the Ep = 504 and 773 keV resonances rray resonant absorption measure-
ments have been performed . The measured widths of the ground-state transi-
tions are ~ 0.35 eV (Sm 59) and 5.2±0.5 eV (Sm 58) respectively ; the recent
increase in the (p, y) yie.1d 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 mainly are from En 60 and Ok 60, in good
agreement with data in Ru 54.

At the 1117 AV resonance, the y decay occurs (intensity > 60%) to new
28si led els at 1. 0 .60 + 0.05, 11 .13 ± 0.02, and 11 .40± 0 .02 MeV (No 60) . From the
y decay at the 742 AV resonance a new level has been found at 10.71 ±0-02
Met' (En 60).
From y-ray angular distribution and y-y angular correlation measurements

some ja values of lower levels have been determined . To the levels at 4 .61
MeT the doublet ai 6.88 MeV, and the 8.59 MeV level, ja = 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 61c . 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 levells at 6.27, 7.42, 7.93, and 9.38 MeV, respect-
ively.

Seventeen (p, y) resonances in the Ep = 1 .4-2.6 MeV region are given in I'140.
A y-ray yield et rve up to Ep == 4.1 MeV is given in Sh 51 ; resonance energies
for 64 resonances in the EP = 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 yo and
yj have also been measured in the EP = 5-7.7 MeV region . They show broad
but pronounced resonances at E, = (6.1), 6.63, 6.87 (strong), 7.20, and (7 .7)
MeV (Ge 59) . They have also been measured in the EP =-- 4 .0-10.4 MeV region
(Go 61b), in the 5-13 . eV region (Ga 61b), and in the 15-14.7MeV region (hi 61) .

P . W ENDT AND C . VAN DER LEUN
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TABLE 28.11
Levels in 28Si from 27A1(p, y)28Si

8 'Weighted average of values in Hu 53 and Ku .59a for Ep < 500 keV ; An 59 for Ep > 500 ket',
except for Ep = 992 keV (Ma 61d, see text) � and Ep = 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 key,' (see Jla 61d),
and 1363 keV (An 61a) .

C For Ep = 224, 294, 326, and 405 keV absolute yields given in Ok 60 ; for E, = 442 ket"
relative yields in Ta 46, Br 47a, matched to 1 .9 eV for the 5044-506 keV resonances ; for
EP = 500-800 keV relative yields in En 60, matched to absolute yield at EP = 773 keV given
in Sm 58 and rece : 'y corrected in \'o 61b ; for Ep > 800 keV from relative yields in No 61
matched to 10.2 et t EP = 773 keV, except for the absolute yield at Ep = 1183 keV in do 61b .

d Ok 60 . e En 60, ._e 61 . f Ru 54 . 9 Sm 60. h Go 57 . i '%'a 61c .
I The recent correction (No 61b) to the Sm 58 yield measurement should also increase this number .

Ep a
(keV)

28Si*

(MeV)
j"b

(eV :
(2j+1)Fpl'vITC

(eV) Jz

224 .5±0.7 11.797 0.00094
294.1--0.4 11.864 0.0042 (4- ) i
326.0--'-0.4 11 .895 0.028 4(-) d, i

404.9-0.4 11 .971 0.15 4-d, f, i
442 ± 4 12.007 --0.04
504.5-0.3 12.067 < 200 0.95 2+e, f, 9
506.5-0.3 12.069 < 170 0.95 (1+)e,
612.4 - 1 .0 12.171 < 1000 0.11 4+e
632.3 --10.3 12.190 < 60 5.4 3-e, f, i

654.3 -0.3 12.212 < 60 3 .2 2+e, (2-) 1
6-4 7.6 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
112 .8_-»_0 .3 12 .326 9.0± 0.8 , 10.2-3.0 l+e
884 1-2 12 .434 < 1000 1 .0
5i21 .7 _-0.3 12 .469 < 190 4.3
936.3 -'-0 .3 12 .484 340 r 110 4
W12 .0 - ;-0 .5 12 .536 80 _,- 40 40 3+h.
1001 .5 ---0 .5 12.546 < 1000 1 .0
1023 .!)---.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

Y
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 .6-1-0 .4 12 .749 < 2l0 10
1260.7 -1-0.4 12 .796 <200 10
1-1 4~4 -=_ ? 12 .809 < 1000 1.0
131 .1 .2 -0.4 12 .849 < 160 10
1326.E-0.4 12 .860 < 1130 10
1362 .0-0.4 12 .894 < 120 10
1363 .2-0.4 12.895 1100 0.2
1379 .6--0.4 12.911 700 4- 50 65
1386 .7-0.4 12.918 290 - :- 70 50
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Fig . 28 .4 . Gamma-ray branchings of "Si 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 NfeV transition (Br 61d), and

the branching of the four resonances in the L n -- 22-5-405 keV reLion (Ok 60) .
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In the latter work indications are found forgiant resonance peaks at Ep = 8.75
and 10.13 MeV. Observation of giant resonance splitting, also in Ok 60b.

G.

	

27

	

(p,
n)27Si

28Sj
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Qm = -5598±8

	

Eb = 11580.6±3.3
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 EP = 6.17 and 6.37 MeV (BI 51) .

For threshold determinations, See 2751.

H.

	

27AI(p, p-*)27A1 Eb = 11580.6±3 .3
Yield curves for elastic scattering in the EP = 1.4-4 .1 MeV region, and for

inelastic scattering to the 27A10.84 and 1 .01 MeV levels in the EP = 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 EP = 1 .74, 1 .77, 1 .82, 1 .94, 1 .99, 2 .13, 2.34, 2.39. 2 .43, 2.47, 2 .51, 2 .5,6,
2 .60, 2 .70, and 2.78 MeV resonances (Al 60b) . See also Me 60c . For non-resonance
information, see 27AL
J .

	

2'AI(p, oe)24Mg

	

Qm = 1594.5±1 .1

	

Eh = 11580.6±3.3

Yields measured in the EP = 500-1400 keV region are given in table 28 .
The spin assignments in An 61a are from a-particle angular distribution
measurements. See also Ru 53 for the EP = 500-800 keV region . Yield curves
for the EP = 0.6-4 .1 MeV region, both for cxo and for il , are given in Sh 31 .
Yield curves up to E, = 12 MeV, Ad 61a.
For non-resonance data, see 24Mg.

TABLE 2&12

Levels in 2%i from the 21AI(p, a0)24.kNjg reaction

*
EP

(keV)
28si*

(MeV)

(2j+

Ku 60g

1) rpr,,,/F
(eP

An 61à
in

An 6la

504 12.067 08
632 11190 16
731 12185 3.1 5.9
884 12.434 10
922 12.469 4
936 12.484 65 3-

1001 11546 2.4
1183 11721 940 2+
1212 12149 04
1261 12196 1 .7
1274 12.809 3.4
1315 11849 35 4+
1363 11895 1640 (2+,3-)
1387 12118 206 (2+, P)
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27A F(d, "I'Si

	

jnQ= 93".9±3 .3n)
Resul-i- .s from angular distribiftion 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 I, = 6.9±0.1, 7AI+405,7.58±0.05.7 .94±0 .03,
x.31±0.03, 8.78 ±0.03, E11 ±0-03, 149 ±407, 191 ±0.07, and 10.8 ±0.2 MeV.
The assignment to the 27AI(d, I.,1)213Si reaction is not certain (Be 55). See also
Ek 60.

ABLE 28.13

Levels in 28Si from the 27AI(d, n)28Si reaction

M

	

28.Z ZSd(fl-)28Si

	

Qm = 4639.5±4.2
See 2Q1.

N.

	

28Si(y, y)28Si

a Excitation energies are from table 281. The idenUcation of neutron groups given in Ca 55
may be in doubt . See also Ru 56 .

b Ca 55, Ma 60d ;

	

TO MeV ; net,tron detection with a triple ionization chamber .
Ru 57, 'INIa 60d ; Ed = 21 and 6.0 DIeV ; neutron detection with nuclear emulsions . More groups
have been observed, which had eitl-,er bad statistics, or could not be fitted with any Ip value in
stripping analvsis .

K .

	

27AI(3He, d) 28Si

	

Qln = 6087 .5+3.3
esults from angular distribution measurements are given in table 28.14.

This reaction has provided the most cornplete survey of 28Si levels below
E,, = 10.4 MeV.

L.

	

27,Ad(a, t)28Si

	

QIm = -8232.1±3.4
The differential cross section has been measured for groups to and t j at

E_, = 4'3 MeV (Wa 57a, Go 60a, Go 60e) .

iscrete y rays have been observed in the scattered radiation from Si
samples irradiated with betatron or linear accelerator bremsstrahlung ; seetable 28.15 . The threshold determination (To 60) proves that the two V rays

2SSi* a
(Wn I bP

(2j + 1)®p2 1
X 103 I CP

(2j+ 1)®jeNative

0 2 39 2 1
1 .77 0 6 0 0.37
127 0 135
188 0 ~ 1 0.306.89
703 0 28 0 016
&26
813 0
804 (0)
&59
911 0 310 , 0 IA5918



TABLE 28.14

Levels in 28Sí from the 27A1(3He, d) 28Si reaction.
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a E(3He _ 5.7 and 9.2 MeV ; magnetic analysis .
b E(3He)

	

5.2 MeV ; magnetic analysis .
le Comparison with reduced widths observed in the 27A1(d, p)28A1 reaction makes it probable that
the 9 .31 and 9.38 MeV states are the TZ = 0, T = 1 analogs of the 28A1 ground-state doublet,
with ,% _ 3+ and 2}, respectively .

TABLE 28.15

Nuclear fluorescence radiation from the 28Si(y, y) 28Si reaction

a From a threshold determination.
b From self-absorption measurements .
-c From self-absorption measurements, assuming T}, o = I'.

d The ,,, . ,, angular distribution is consistent with dipole radiation .

28si

Ex( S)
MeV+keV)

i 60da

lp
(2j+ 1)0p$

x 103

Fo 60b

Ex( Si)
(MeV +keV)

1

4 .617 (datum) 2 15 4.617 (datum)
4.975 - 8 4.979±15
6.276-J- 8 0 21 6 .272 +15 0
6.880± 8 2 or 3 6.880 -±-15 3
6.889+ 8 , or 2-}- 3
7.382± 8 7.392 - 15
7 .415± 8
7.798± 8 0 26 7.807 _-~-15 3
7 .932 -- S 0 24 7.948 ::~ 15
8.260=1 8 (2 or 3)
8.328 J,- 8
8 .411 _-~ 8 (3) (14)
8.54 `s -~- 8 weak
8 .587 -_~- 8 0 140
8.902 -~ 10
'r; .941 _-~ 10
9.167 -r 10 weak
9.314 "-10 0 220e
9.379 --L10 0 91C
9.41 14
9 .491-1010 (2 or 3)
50 .700 _=10 (3) (22)
9 .762 =~ 10 (2) (13)
1) .932 _L 20
10.180 ~_ 20
10.273 ~- 20
10.3084-20
10.375 -L 00

~_
-Bu 61c Se 60 To 60

E. � (11eV) 11 .2+ 0.05d 11 .2 11 .40 �-O.Q6a
E� , (MeV) 9.4

l';,o (eV) 115 _,' 30b I_ .9 __1_0.9C

r� , (eV) 65 ::E 30 b
I' (eV) 330 +70b
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are transitions to 213Si(o) and (1) from an 11.3 MeV 28Silevel. Energy, spin, and
branching ratio suggest that the level can be identified with the 11 .29 MeV 1-
state observed from the 24Mg(C.X' ,y)28Si reaction (table 28 .9) . For this level, see
also reaction 0.

With the same method the mean life of 2,8Si(l) has been measured as
1.3X 10-12 sec (Bo 61) ; the results from different methods are compared in
table 28.17 .
For other

	

work see also 28AI, reaction A, and 28Si , reaction F.
0.

	

28Sj(e, e)28Si

From a measurement of the differential cross section for inelastic scat-
tering of 187 MeV electrons tte mean life of 213Si(l) has been determined as

e 56) ;

	

see table 28.17 for comparison with other(601 .5) XIO-13 sec (
measurements.
At Ee = 40

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
&= 1030±2310(1 eV (for El excitation) or 47± 14 eV (for MI excitation) (Ba 60g) .9
For this level, see also reaction N.
P.

	

2851(n, nl ) 21351

Theonly -y ray from inelastic neutron scattering (E. up to 3 .9 MeV) on natural
Si, which can be assigned to 28Si has an energy of E, = 1.78±0.02 MeV
(Ro 55a, An 60d, U 61) . For the theory of inelastic neutron scattering on 2ISi,
see Ma 59f.

Elastic scattering, La 61 .
For resonances, see 29Si,.

Q.

	

28Si(p~ p0)28Si

eV the spectra of inelastically scattered electrons at 0 = 130o2

Levels in 28Si observed bymaggnetic 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

28SQ), except for a (8±4)% 6.27 -* 4.61 MeV branch (Co 61d, see fig. 2S.4) .

P . M . ENDT AND C. VAN DER
LEUN

TABLE 28.16

Levels in 28Si from the 28Si(p , p,1)28Si reaction

Reference :
Ep (Meo :

Br 54b
5.48.4

Wh 60a
15M

Co 61b
10.0-12.3

E � (Me'~'-r: keV) : 1 .777 :L 10 1 .775e6 1 .761± 9
0614~6 4.602 y 16
4.97506 1960+17
1270±0 1242+21

&867±23
7159±25
7.390±24



From y-y angular correlation rneasurenients spine are determined as J = 4, 0,
and 3, re~'pectively . The 6 .27 -~ 1 .77 NIe~T 3 -~ 2+ decay has aqua rupolejdipole
amplitude ratio of x = ®íi.14 ~0.07 (fir 60e, Go 60c,

	

r 61d) .
Differential cross sections for elastic and inelastic scattering have been

measured at many proton energies in the Ep == 2.2-14.2 1VIeV range, ~0 57a,
Gr 58a, Gk 58, Ya 58a, 4d 59, ®d 60, Ta 61 . The p'-y (EY = 1 .77 NIeV) angular
correlation ( 0 60e, a 60b, Ta 61), and the poaarization of elastically scattered
protons (So 58) have also been measL~.red . For theoretical remarks, see 1VIe 57a,
Nia 59f. See also Sh 58, Wa 60c.

For resonances, see 2gP
.	2851(d, d')2851
For the differential cross section of 8.9 NIe~ deuterons, see ~-Ii 57b. For

theoretical re arks, El 60.
S .

	

2aSi -~- heavy ions (14N, 1s®, 2o~e)

From heavy ion Coulomb excitation the mean life of 28Si (1) hasbeen measured.
as 9 .4 X 10 -13 sec (Go 60d), and (5 ~2) X 10 -13 sec (An 60) . For a comparison
with the results from other methods, see table 28.17.

Y~Iean life determinations of ~BSi* = 1 . îï ï~TeV

~~lethod

	

T~,(10-is sec)

	

Reference

VV.

	

:Tot reported
26 g(3~-Ie. n)28S1

29Si(p, d) 2sSi

28
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T.~BLE ?~.1î

Q~
Qm

e scatt. cross section

	

6

	

~1 .~

	

He ~G
rPs . fluorescence

	

7.3iv .2

	

Of ~9
Cool . e :cit . (' 4~~ 2oNe)

	

5

	

~~?

	

~n 60
Coul . excit. (1~0)

	

9.4

	

Go 60d
res. fluorescence

	

13

	

130 61

T.

U.
For threshold and cross section, see Sh 51a, Ka 54.

The ground-state Q value has been measured a, 1 .909 =~ 0.010 NIeV (Va 52a'I ,
1 .911 0.005 I12e~ (Va 56), and 1.909 X0.010 NIe~T (Fn 57a) . Leve?s in
have been observed at 1 .771 X0.008 and 4.617 X0.008 NIe~I (En 57a) .
For resonances, see 325 .

---	12135.1~3.5
- -- 6253.0~3.4

28P(ß+)285l Qm ---- 13 800~300

See 28p.

2sSi(y~ n)2ssi Qm - -8477.7 ~~3.4



126

	

P . ~ . ErrnT A~n c . vAx nER LEUx

29~i(d' t)2~~1
29S~(3 e' ~) ZB~1
~®Si(p' t)2~Si

o~° a computation of the excitation energy of 2~Si(1) from those of the
lowest three 29Sí States, see La 57a.

`~~(~+)ZaSi

T e half-life, averaged from two measurements (Gl 55,
agreement, is 0.285~0.007 sec.
The ~+ decay is complicated . "the highest energy branch proceeds to ~SSi(1)

with an e~zd point of 10 .6 X0.4 1VieV, intensity (47~ 15) %, l~~g ft = 4.9. No
delayed a particles have been found (Gl 55) . ®bserved Y rays are given in table
28.18.

	

c~~st of the high energy y rays cannot be fitted uniquely . Some of the ß+
decay

	

jg t occur to the 9.31-9.38 NIeV doublet in 2gSi, which is then de-
exr~ited through 28Sí(1) . The super-allowed character of such a ß+ transition
(log fí == 3 .4-3 .7) Would be in accordance with the T = 1 assignment to this
doublet (

	

0 55, i~Vi 56a, t-Ii 60d) .
ZBSi(p~ n)2sp

Q

	

= -- 2 220.1 ~3 .4
Q~ _

	

~.2099.5 ~3.4
m = -10609.6 ~4.5

as

(hTot illustrated ; see fig . 28.3, p. 1 ~-6)

Qm ..= 13 800~300

Qm = -14580 ~300

from 28p yield measurements the threshold has been determined at

TABLE 28.18

Gamma rays from the 28P(ß+)°°-esi decay

r 54a;í in good mutual

Gl 55
E~ (~1TeV) Rel . int .

Br 54a

~v (~1TeV)
Probable transition in 28Sí

(iÇX ir~ IVIeV)

1 . ï9-0.02 O .î5 1 .78 y0.04 1 .77 -~ 0
(2 .6 --0.2) 2.67 1 0.08 4.61 -~ l . î i

(3.01-1-0.07)
(4.2610. i2)

~.44-0.U~~ 0.10 4.63_ 0.10 6.27 -~ 1 . î î
(4 .43 ' 0.08} 4.8!~ 10.09

(5.1v610.12)
(5 .4~6 1 0.10)

6.1~ ;-0.10 0.10
6 . .0 -- fi .l °? 0.10 6.6510.11 8.59 ~ 1 .i î
ï .04 -~- 0 . C, t3 0.10 7.10 10.12 8 .90 -a 1 .ï 7
ï . :~!3 _a-0.1 :~ 0.0 :~ ( î.4410.14) 9.31 -~- 1,î î

(ï .i :3 10.14)
(8.1?_~_0.21)



Ep = 15.6 ±0.3 MeV (GI 55), 15.4 ±0.5 MeV
En = 18 and 32

	

eV, see Ta 58.
Not reported
28Si (3

	

e, t)28P

1

(Fig. 29 .1, p. 128 ; table 29.1, p. 127)
29Al(f )2951

	

m = 3680±7

Reference

	

Ep, (MeV)

Se 49

	

2.5 ; 70 11,ó
Na 54e
Ro 55
Br 57

29ÁI
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r 54a) . For the cross section at

29

Qm = -138204-300

Measurements of the half-life yield an average of 6.52±0.05 min (He 39,
Se 49 ; see also En 54a) .
The ß- decay proceeds to 29Si(1) and (3) which levels in turn de-excite by y

transitions to 29Sí(0) ; a 29Sí(3) -> (1) y transition hasnot been observed ( < 11 %) .
The intensity of a potential 2.03 MeV y ray, 29Si(2) -~ (0), is less than 20,/®
(Ro 55, Br 57, Na 54c, Se 49) . The energies and relative intensities of the P-

branches and y rays are listed in table 29.2. Log ft = 4.9, > 6.0, and 4.9 for
transitions to 29Si(1), (2), and (3), respecrively (Br 57) .

TABLE 29.1

Energy levels of 29Al

TABLE 29.2

The 29A1(fl- ) 29Sí decay

Efl, ( 21IeV)

	

E11 (Me\')

	

E-, (1leV)

1 .4 ; 30°ó

	

1 .?5-0.2

	

2.35y0.5

1.55=' 0.1

	

1 .31 0.05

	

2.42 -- 0.05
1,28 ; (89±3 .4)'/0

	

2.43 ; (9 .4±2.1) "0

B .

	

26Mg(«, p)29A1

	

Q.A =-2862-Li6
At Ex = 8 MeV, proton groups have t ee :a observed to 29AI(O) and to a level

at 1.69±0.10 MeV; Qm = -2.90±0.04 Mel>,' (Gr 57 ; see also Br 55b) .
For resonances, see 30Si .

(MeV) T1 Decay

0 5.+
2 6.52 _ 0.05 min

1.402

Reactions

A, B, C, D, E
C

1.762 B, C
2.334 C
2 .875 C
3.071 C
3.191 C
3.434 C
3.584 (S 2) + C
3.646-6.840 ; 33 levels, see table 29.3 and reaction C
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C .

27Al+t-p

9

T

27A1(t , p) 29A1

P . M . ENDT AND C . VAN DER LEUTI

25

-2.86

Qm = 86784-6

2

26Mg +Ct _ p

-1151
"ny -P iZ>

Fig. 29 . 1. Energy levels of zeAl .

8

29Si+n-p

1~1,5

Forty-two proton groups have been observed by magnetic analysis at
Et = 5 .5 MeV and at five different angles;Q.=8.678+0.006 MeV. The excitation
ent--gies of the levels are listed in table 29.3 . Angular distribution analysis



a Possibly double .

yields L = 0 for the groupto 29AI(O), thus Jr = A+ for 29AI(O), and L = 2 for2
the group to 29AI* = 3.584 MeV, thus even parity for this level (ja 60b)

D.

	

29Si(n, p)29AI
Cross section, Pa 53.

E .

	

30Si(y~ p)29AI
Cross section, Ka 54, Hi 47 .

F .

	

Not reported :

TABLE 29 .3

Energy levels (E, in MeV) in 29AI froM 27AI(t, p) 29AI (ja 60b)

29Si(t~ 3He)29AI
3OSi(n, d) 29AI
30Siffl, :'He)2âAl
3OSi(t~ a)29AI
31P(n, 3He) 29AI

1, &7
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0M == -

Q.

QM

29Si

2898±7

-13512 ±7

- 3662 ±7
-11287 ±7
- 8019+7

6301 ±7
-13080+6

(Fig. 29 .2, p . 131) ; table 29.4, p. 131)

29

A.

	

25Mg(~X~ p) 28AI

	

Q. := -1201 .5 f19 Eb = - Il 1311 C17
Resonances in the yieldof 2"Al activity have been found at

	

= 5.4, 6.1,
and 6.9 MeV (Ch 37, Me 37, Fa 35) .

For proton groups, see 28AL

26Mg((x, n)29Si

	

Qm = 35.7 :t4.0
Analysis of y-ray spectra at E. =:: 4.5-5.5 MeV yields ground-state transi-

tions from 29Si(l), (2), and (3) . The 3.07 MeV level decays to 29Si(2) and (1) ;
intensity ratio as measured by sum-coincidence method, 25 : 70, with a ground-
state transition < 5%, indicating Ja = k.+ for the 3.07 MeV level . The 3.62
eV level decaysto 29Si(2) (Li 58a) .
At Ec, = 4.5-5 .0 MeV, n-y angular correlation measurements yield E2/MI

amplitude ratios of the ground-state transitions from 29Si(l) , (X = + 0.25±0.05

1.402 3.584 4.411 5.190 5.869 6.469
1 .762 3 .646 4.646a 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 4.939a 5.561 a 6. 112 6.7553
3.191 4.)64 5.024 5.654 6.358 6.840
3.434 4.228 5.154 5.732 6.412
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~. ~. Exn~r ~xn c. v~x n~R L~vx

25

ß, , 9

~l2°

4.23 s

ßi ®l®

<

	

8®/®

~ °

	

i.t ®r®

°r6 ;3.s4

~'ig . °'9 . 2 . F~ergy levels of ~ 9Si .

~tot

0.5'
0.54

1 t .9

22

e.~
T

~4

f}81
r6.51

i- 5.62

_ 0.19
OD55

28~ i o il

3
9~ ~

	

b.52 m

ß~ 6 °r° ; i.55

ßz ~°~°

ß' 94 °I° ; 2.5 T

2as~~~ ®d

5l2 °

29~ i ~?C-~~'



Ex
(i1~eV ~keil)

~~A93LE 29.4

Energy lej~elF; of 2~Si

,~z

	

I'

	

Decay

	

Iteac~táons

0

	

+

	

stable many
fl . :d77 ~

	

4

	

2,+

	

Y

	

many
2.027 ~

	

4

	

~~+

	

y

	

13, C, G, I, J, 1{, L, ~ , O
2.425~

	

4

	

~-+

	

y

	

B, D, G, I, J, I{, 1 .,
3.067 ~

	

4

	

á+

	

y

	

B, G, H, h~,

4 .0?8 ~

	

3

	

G, Ii, ti
4.?36 ~

	

4

	

CB, K
4.836 ~

	

3

	

G, K
4.893 -;-	3

	

G, K
4.931=

	

3

	

~-

	

y

	

D, (~, I-1., li,
5.249 ~

	

4

	

G, 1i
ä.279 ~

	

4

	

G,
8.649 -,~-_ 4

	

G, K
5.809 -j-

	

4

	

G, 11
5.944 ~

	

4

	

G, li
6.104 ,y

	

4

	

G. I{
6.195 ~

	

4

	

(~, ~)'

	

G. ~
6.379~

	

4

	

~-

	

y

	

D, ~ , li
fi.420 ~

	

5
6.491-~- 6

	

G, 1-t
fi.520 ~

	

4

	

G " li
6.612 ~

	

4

	

G. '~
fi.695 ~_-

	

4

	

G, I{
6.712~

	

;,

	

D " G
6.781 ~

	

)

	

G
6.906 ~

	

5

	

G
6.919 ~

	

ä

	

G
7.(117 ~

	

5

	

D, G
?.U58-8.526 ; 27 levels, see table ?').6 and me,action

	

G
8.539 -~-

	

"°~

	

n

	

F , G
8.556 ~

	

5
8.601-i-- 5

	

G
8.6d9 ~

	

8

	

G
(8.644 ~

	

8)

	

G
8.669 -~

	

5

	

~+

	

n

	

E , G
8.760 ~

	

5

	

CJ
8.814 ~

	

5

	

G
8.848 ~

	

.5

	

Ce
8.860-~-	5

	

G
8.908-F-

	

5
8.956~

	

5

	

C''
(9.0l3 ~

	

5)

	

n

	

F:, G
9.040 ~

	

8

	

~'

	

n

	

~~ " G
9.053 ~

	

.5

	

C'
13 .91 -~- 50

	

l'

	

l'
14.7? -r 50

	

P

	

,:
15.05 _' S0

	

la

	

J'

16.4
17.1

	

P
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TABLE 29.5

Gamma rays from theimal neutron capture in ne.tural silicon

a Ki 51, unless marked o°,:herwise .
b Intensity in photons per 100 captures is natural silicon, Ba ..̀í8c .
c Ad 56a ; intensity in photons per 100 raptures in natural silicon .
d The capturing state is indicated by C ; excitation energies are in MeV.
e Br 56e.
f Br 56e reports 49 per 100 captures
Ki 53c .

h See Gr 58c.

2BSi(d, p) 29Si

	

Qm = 6253.0±3.4
Magnetic analysis at Ed =: 7 .0 MeV and at several angles yields seventy

proton groups, corresponding to levels with excitation energies up to 9.1 VeV
(Br 60d ; also ja 3ila), see table 29.6 ; D .-. 6.246±0.010 MeV (Va 52),
6.252 ± 0.010 MeV ~Te 61) . For earlier work at ".a = 1. -4.4 ?WeV, see Va 52,
Mo 50, Kr 55, lie 50b. The e)-.citation energies are in excellent: agreement with
those found from (d, ct), (it, d), and (p, p') reactions.

Angular distributions of the most prominent proton groups Yield the In tialoes
listed in table 29.6 (Ho 53a, Ho .153d, Te 58a, Za 59a, BI 61b) . Discussion of the
reaction mechanism, Ku 60e, 81.E 61 ; of reduced widths BI 61b,

	

a 60d, Ku 60e,

Eya
(MeV ±keV)

I 2 ,b
El C

(ï4° eV±keV) ly
C Final

nucleus
Probable

transitiond

10.601±11 0.2 10.159 ±30 0.2 30si C -~ 0
8.468± 89 2 3 .482-4-15 1 .6 29Si C --~ 0
7.79 ±50 0.8
7.36 ±80 0.7 (7.38 ±30) 0.5 30si

7.18 ±30 8 7.22 ±30 61 29Si C --3- 1 .28
6.88 +30 0.4
6.76 ±40 1 .5 6 .758±20 14 30si C -~" 3.79
6.40 ±30 11 6.35,1±15 92 29Si 6.38 -~ 0
6.11 ±50 21 .5 6A4 ±50 1 29Si C --> 2 .43
5.70 ±40 1
5.52 ±50 1

5 .24 ±30 0.8 (aoSi) 5.25 -~ 0
5.11 4-40 8 5 .113+15 2.3 29Si 6.38 --~ 1 .28
4.933± 59 71 4.1)30± 10 37.4 29Si 4.93 0
4.60 4-80 2.5
4.20 +30 10 4.30 4,50) 2

3.°.-376 20 4.2 29Si 6.38 --~ 2.43
zz4- 3 . 3 3 30si 3.79 --t V

3 . ,567±20 3.2 29Si 4.93 > 1 .28
2.540--~ 69 61)t 3 . .547 -~-10 36.5 29Si C -3- 4.93
2.65 ±30e lie < 1 h
2 .13 4-30C 1 - 3e 2 .10 ±10 12.8 29Si C ->. 6.38

1 .95 -4:20 3.4
1 .7 "~ 3 29Si (C -~ 6.71)

v 1 .5 jv 3 si (C -~ 7.02)
1 .26 `30e 14e 1 .28 10---1_ 16 29Si 1 .28--> 0
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L.

29,Ad(fl-)2951

See 29AL

29p(ß+)29Si

See 29p.

M.

	

3OSi(y, n)2gSi

Cross section, Ka 54.

.R.NERGY I EVELS OF LIGHT NUCLEI . III

the po group (Is 61a), and of prot-ons leading to t'.,,,.ie p-states at 4.93 and 6.38
eV (ju 58) has been measured.
For resonances, see 3O

28Si(t, d)29Si

	

Qm = 2220.1±3.4
ngular distributions of deuteron groups to 29,11;i* = 0, 1 .271, 3 .071, 3.630,

and 4.936 MeV, yield 1, = 0, 2, 2, 3, and 1, respectively, in agreement with the
l� values found from reaction C, ; peak cross sections, De 61b.

J .

	

29Si(n, n'y)29Si

Gamma rays with E,, =-- 1 .28, :3 .02, and 2.41 Me V, corresponding to ground-
state transitions from the three lowest excited states have been observed from
inelastic scattering of neutrons with E. up to 3 MeV (Li 61) .

K .

	

29Si(p , p1)29Si

Magnetic analysis at E.

	

j-8.C
see table 29.6 (Wh Wa) .
Gamma rays of L ,2,8, 2.03, v-i(l 2.43

Qm =3680±7

eV have been observed from inelastic
proton scattering. Angular dis2rbutions of the 2 .03 MeV y ray, measured at
EP = 2.798 and 2.931 MeV, yield P4 terms, indica,,:ing that 29Si(2) has j
About 45% of the decay of this level proceeds through 29Sí(1) . Angular distrilou-
tions of the 1 .28 MeV y ray at E P = 2.798 and 1922 MeV are consistent with

3+ to

	

2WS ( ~) (Bi-

	

-'/Ml amplitude mixing ratiothe assignment jn =: y

	

57) . An E. .
x = +0.21 =0.03 or -4.7 ±0.6 follows from angular distribution and linear
polarization measurements at the EP = 2.80 MeV resonance (Mc 61a) .
For resonances, see 30P.

eV, yields twenty-two levels in 291 ;;

Qm = 4948±9

Qin = -10614.3±4.3

X

	

31P(d, X)29Si Qm ®2'$ 169 .8 ±3 .3
Magnetic analysii at E,, = 1 .8 Astir yields (). =F= 8.170±0.020 Met', and

seven x-Particle groups corresponding to 29Sí* = (), 1 .274±0.010,2,032±0.014,
2.431 +0.015, 3.072±0.01C, 1.61) ±0.017, 4.078 ± 0.018, and 4.937 =0.020 MeV
(En 51a) . Remeasurement giv,, i Q0 = 8.158±.0,0'_1 MeV (Va 52a) . The excita-
tion energies of the 29Si levels tiven above have been corrected accordingly.
See also Be 55.
Angular distribution of groua,4-sta :e group, i 60a .

9
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P.

A.

REMARKS

Not reported :
27AI(t, n!295i
27Al(3He, p)2"Si
28SYm, Wey"Si
30Si(p, d)29Sj
"Si(d, t)29Sj

3OSi(sHe, a)19S-i
31P(n, t) 21S!
31P(p, 3He)29Si

29P(fl+)29Si

p, jq. pND,C AND C. VAN D9X LXV

o .

	

32S(n, a)29Si

	

(urn = 1532.0-13.5
athill-

At

	

= 3.? MeV, a groups have been observed to.E�
MeV (Bu 55) ; Qo -= 1 .8±o.4 MeV (Mu 58a) . The therm

is 1 .8±1 .0 mb (Hu 58y Cross section for E, = 1. .4

For resonances, see 33S.

QM
QM

QM
QI
QM
QM

29

11376-0±3.6
123415+3.5
1209%5
8389.6+4.2
4356.6±4 .2
99619±12
9418.1±3.3

-10182.6+13

The 29Si groiïnd state has 1-1 = 1,+ (No 53d) . Two possible
several excited states follow from (d, p) ~ingular distributions.
of these two values is possible from angular correlation m

29Si* = 1 .28, 2-Ok 413, and 6 .93 WV ; see reactions B, 1), an
branching selects jx = J, + for 21-Si = 3.07 MeV. The level at 2.4

.9 + .,,ince the #+ and fl - transitions from the ground states ofY -

and 29A1 (jn

	

respectively, are both allowed.
There is little doubt that in the 2"Si(d, O%i reaction the strong I.,

1, and I transitions to the levels at 162, 413, and 6.38 MeV reveal relativch;
pure single-particle Ift, 2p,, and 2pj states, respectively (Ma 60d) . The strong
excitation of the 4 .93 and 6.38 MeV levels in the "Si(n, y)"Si reaction is ill
agreement with this assumption.
A good over-all picture of both excitation energies and reduced width,- of

29Si levels below 3.5 MeV has been obtained by application of the collecti%-e
model . Agreement with the experimental reduced widths cannot be obtained
without taking account of the interaction between the two Id, bands Pla 60d ;
see also Br 57c, Kh 59) .

See also In 53.

Qm == 4948±9

(l "i9. 213, p. 137 ; table 29.7, p. 138)

0, 1 .2
neutron cr

eV,

3

In %ues for
lection of ofit .

asurements lot

ex, 11"'I'

Urt

d 2.03
tion
5S.

The weighted mean of four half-life determinations, which are in rather ba(I
agreement, is 4.23±0.05 see (ja 6(ia, Wa 60a, Ro 55, Wh 4 1) .
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) . Magnetic analysis of the proton groups to ~~Si(0} and (I) in
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7.0

	

eV yields 22 levels in ~~p with excitation energies
from 7.43 to 9.44 ~íeV, with widths and lp values . See table 29.ßb .

esonances i

	

t e yield of the 1 .7 7 ~ieV ~ ray fro

	

~BSi(1) have been reported
in Co 55a,

	

fi 56, ~I: 58, ®d 59, ~e 6®d, ®d 60, ~0 61b ; see also "Ya 58a. See
tables 29.ßa and b for ener 'es and Wglths. The 3.58 ~+1ev' resonance could be
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142

a Ma 60 ; 2PiW, n,1 20 P,

	

= 3.4 and 4.0 MeV ; excitation energies calculated with an assurned
Qo = 0.54

	

(cf. reaction F.) .
b Ca 57 ; "SiPL j"91% Ld - il MeV .
Ahu Gr 5N : "MIY nP41 .
Ca 57, Ma 60d .
Hi 60c ; 2"Si(3He, (j)29j) " l-,-( 3He)

table 29.9 (
eV (Ca 57), 0.29X0.04 MeV (Ma 52) .0.6±0.1

28s1(9e, d) 29P

	

-2746J-9

agnetic analysis at E,, = 9.16 MeV, yields three deuteron groups . hor
corresponding excitation energies and 1, values, see table 211) ; Qo m -2.731 ±
0.012 MeV (1-li 60c) .

F.

G.

A .

9
30

29Si(p, n)2

bserved, Wh 41, Ty 54 .

Not reported :
27AI(3He, n)291P
2RSi(&,, t)29

29Si(3He, t'! 29P

31P(p, í)29p

32S(y 1) 29

a 60, Ma 60d, Ca 57, Gr 55f) ; Qo = 0.63±0.06 MeV (Ma 60),

soAI(fl-)3OSi

1-1 . M . ENDT AND C . VAN DER LEUN

has been assigned to 30
(rel . int. 100) and 152±103
end point of the fl- spectru
~hranch with a 7.29
yroba

TABLE 29.9

QM

Sec als-o Sa 56a .

QM

Qm

QM

QM

QM

-5731±9

. 6610±8
-17066±9
- 4966±9
-15149±8
- 4199±8

(Not illustrated ; see fig. 30 .1, p. 144)

Qm = 7290±250

3.27 ±0.20 sec activity from fast neutron bombardment of natural silicon
amma ray with energies of 2.26±0.03 MeV
eV (rel . int. 64±0 have been observed. The

is 5.1%.;'+0 .25 MeV; the intensity of a potential
eV end point is < 2"1.. Nuclear mass cyste sties make it

le that the observed end point corresponds to a fl- transition to 3"Si(l) .

Ex a
(MeV)

Levels in

EX b
(Nlev)

29 1" from 28Si(d,

I h
P

n)29'1' and :8Sj(s

0 2 (1
p
X 103

e, d) 1'

EX C
(AICV)

/P e

0 0 0 17 0 0

1 .36~0.04 1 .30 2 9 1 .386 :1-0.010 2

l .94 ,.LO.04 1 .92 2 5 1 .960±0.010 (2)

2AO±OA3 20e
3AI±OA2 2me
3A7±OA2



the known y branchi
tensities, the relative inte

as % 1.6% and u 84%, "el

C.

ro

30SQ , )3°d1
See reecho

ot re
30si(t , 3

C.

	

28Si(t ® p)30Si

rte
)30AI

EXERGY LEVELS OF LIGHT NUCLEI . III

of 30Si(2) (see 3OSi) afrom the observed y
eifies of P- branches to s° i(1) and (2) are. computed

log .ft values of 12 and 3.9, respectively (Ro 61) .
-65104-250

Qm = -7270±250

(î-'ig . 30.1, p . 144 ; table 30.1, p. 145)

A .

	

2GNjg(a' p)23AI

	

Qm = -2862±6

	

Eb =10649.9 :~7 4 .5
With RaC' a particles and natural

	

fg target, resonances in the 29AI yield
have been observed at E. ~= 5 .3 and 6.0 MeN7 (Me 37) .

30CFor proton groups, see

	

Si .

At Ex	8MeV, nuclear emulsion work yields the ten levels listed in table
30.2 ; Q0	2.38±9.03 Meat (Ha 5(ßc) . At Q = 10.4, 13.7, and 14 .7 MeV, the

sane ten levels have been found, plus groups to 30Si* = 5.70, 7 .76, 8.44, s.sj),
.138, (%70), 9 .96, 10.60, and 11 .06 MeN% all ±0.08-0.10 MeV (loo C,0c) . At

22 MeV, Al absorption measurements- yield levels- at 53 .61, 7 .35, 6.37,
443, 1&04, and 11 .03 MeV (Br 49) .

agnetic analysis at E. - 51 MeV yields the excitation energies of four levels
with small errors . Some of tease values, however, are in disagreement 'with
other accurate measurementi ; Q0 = 2.373±0.008 MeV (De 59a ; table 30.2) .
See also Hu 59a, Sw 61 .

ng,ular distributions of the p. and p, groups, Vo 57a (E. = 8 MeV), ho 61
= 22 MeV), Hu 59a (E. = 30 .4 MeV), Sw 61 (theory) . Angular distribution

of po at E. = 19 MeV, PI 61 . Much of the older work on this reaction has been
done with radioactive a-particle sources ; for a summary, see En 54a.

rotors-gamma coincidence measurements yield ground-state y transitions
from 3OSi* = 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 .28±0.06 ';&V y ray) through the 3 .51 MeV
level, and for less than 15%through 3OSi (1) (Al 51, La 51) . See also Be 48, Br 55b.
For resonances, see 31

Levels found from magnetic an
302 ; Qo = 10.586±0.01 .5 MeV (Hi

= 2377.6+4.1

143

m -- 10609.6±4.5
ysis at E, == 5.97 MeV are listed in table
61g) .
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F. 30Al(fl- )30Si
SeeW.

ENERGY LEVELS OF LIGHT NUCLEI. III

TABLE 311

Energy levels of 3OSi

6M93 ± 10

	

e
7.039 = 10

	

c
7.070 JL10

	

B, C
1216±10

	

c
0248 ± 10

	

c
é.43ti 110

	

11. c
7A97-11760 32 levels, see table 30.2 and reactions B, C, F

D.

	

29Si(n, y)30Si

	

Qln = 10614.3±4 .3
The thermal neutron absorption cross section is 0.28±0.09 b (Hu 58) .
Thermal neutron capture V rays are listed in table 29.5 . The assignments to

the 29Si(n, ,y) 3OSi reaction are uncertain, except for the 10 .599±0.011 MeV
ground-state transition (Ki 53c, Ad 56a) .
E.

	

29Si(d, p) 3OSi

	

QM = 8389.6 ±4.2
Magnetic analysis at Ed = 2.1 MeV (Va 52) and 7 .0

	

eV (Br 60d) yields the
levels listed in table 30.2 ; Q0 = 8.388 ±0.013 Mel' (Va 52), 1 :;.413±0.010

	

eV
(Ma 60e) . The excitation energies of the three lowest levels are reported as
1249, 1520, and 3.790 MeV,

all
±12

	

eV (ja 61a) . For Al-absorption work at
Ed = 3.7 MeV, see Mo 50.

Angular distributions of the groups to 3OSi(O) and (1), yield 1. = 0 and 2,
and On2 = 0.29 and 0.19, respectively (Su 59b, as corrected in Su 60) .

QM = 7290±250

K

145

(MeV±keV) J. Decay Reactions

0 0+ stable many
2.232 ± 6 2 -1- 7 B, C, E, F, G, H, 1,
3.507± 6 24 7 B, C, E, F, H, K
3.767± 6

0 7 C, H
3.786 ::~ 6 7 B, C, D, E, H. K
4.808 ~ 6 7 C. H
4.826± 6 7 B, C, H
1222± 7 (Y) C, D, H
5.274±10 B, C
£366= 7 C, H
5.480± 7 % C. E, H
5.611 = 7 B, C, E, H
5148±10 13, C
6.496± 5 C, E
&528± 10 B, C
&630± 5 C. E
1735± 5 C, E
6.860 110 c
1908±10 c
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for WO) (Br 60e, Ba 61). Gamma rays, of 1 .27 and 1 .55 MeV have been observed
in coincidence with the 2.23 MeV y ray. A direct ground-state transition has

rved from the 3.51 MeV level, intensity (46±5)% . but not from theio
eV doublet (Br 60b, Go 61a) . Gamma-gamma angular correlations and
r distributions give ja = 2+ for 3"Sî(2), and j = 0 Ir one of the com

eV doublet . The E2/MI amplitude ratio of thE, 30Si(2)' --). (1)
r 6% Go 60c, Br 61d. See also Ok 58.

A.

n 0

3.78 12

an
nents of the 3.78
transition amounts to x =

For resonances, see 31P.
1.

	

30pW)3#Si

	

Q. = 4 248:!- 10
up.

L.
Cros~

Ni .

30P

J.

	

3,P(Y. P)
Energy

irradiat
K.

	

38P(n,
ne

(ve
34i

a1w A 61 .

trum and
ith

GV MVIII-S OF LIGHT NUCLEI. III

OAQ105,

Q11"

30P

f the deuteron
r= 4012 and Q

~A' have

	

0

QM 2~~

Q

Qm == -7286."),±4.0
ng-ular distribution of photoprotons from phosphorus

h1ung. Cu 59.

3 503.7 =14- 4 .9

4 3,516 . f) j- 4 . 2
99(12 .9 ~4 .2
1793.1 1~4 .0
12526.5 L-4 .0

- $430.9~t4.1

REMARKS
~;i' Su 60. Prediction of a (d j )2 level %%rithCollective model interpretation o f 304

j-", = 0+ at E. -,-j 2 MeV, La 58a.

(Fig. 30.2, p. 148 ; table 30.3, p. 149)

30SJ, 30p

147

061A + to
roup to 3OSi(O) yields 10 = 0
= -5.2±0.2 MeV. Groups to
rved (Ve 60a) .

i

	

Qm = 4248±10

The half-life is 155±102 min (weighted mean of Ko 54a, Mi 55, Ar 58,
Cl 58 ; see also Ba 52a, St 53b, Gr 56, En 54a) .
A magnetic spectrometer determination of the #+ end point of the main

branch to"Si(Q Odds 3.24 ±0.04 MeV (Gr 56), in good agreement with values
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P, I Y

6-t
T

2,995

4
32S +d -a

30s i

4)

1.727-
.648

1 .500

0.956
0.917-
0.730
0.698 ~~
OA15
0.326

8.48
13 LEVELS FROM 29s i ( P.P i .v ) 29s

- I ~ I

I
46.47

	

=
.---2 1

14J-5

30

-2-.-6-5~-
27AIt.Ct _ n

2-515 m

"
2 1

r-i

-12-70 1
i
32S +n-t

	

j

Fig. 30 .2 . Energy levels of 80P, for V decay see fig . 30.3 .
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28Si+d
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saLimmp&

-12.32
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t3."S+y-d y

3- -
T

2MOC2 8.2
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Pò ' 99.5<'/. ; 3.25



At E,,,= 3-6
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LE 313

Y levels in "I

149

of 3.31±0.07 MeV (Hu 54a ; scintillation spectrometer) and 3.23±0.07 MeN,
(Ko 54a ; Ai absorption) . Logft = 4.84 .
Although absence of 7 rays in the 30P decay i ,:; reported in St 53b, Ko 54a,

and Gr 56, later a 2.24 MeV V ray has been observed with 0.5 0! intensity110

(Mo 56d) ; logft = 4.9 . This uniquely fixes

	

1+ for 30P(o), since 30Sí(j) has

J'9 = 2+-

27AI(a, n)30P

	

Qm = -2653±9

eV, neutron groups have been observe t o 30P*= 0, 0.70±0-03,

EX
(11eV :t'- keV) 71

0 1+ ; 0 2.55±0.02 min
0.684 ~ 3 0* ; 1
0.705j: 3 1',0
1 .451 z~10 2+

Decay eactiojL-is

many

VE, G, K, N
E., G, N

1 .972 :j10 3+ E, G, N
2.538±10 (2,3)+ E, N
2.723+10 2+ E, N
1839 10 E, N
2.937 10 21, 1 V
3.018 10 1 4- I:, v
3 .734 ±10
3s36±10 N
3.926±10 N
4.141 a 10 N
4 .181 :P 10 7 E, N
4430 y 10 N
4 .296 y 10 N
4142+10 N
4A?1=Y 10 N
.501119) ; 1 7 1~ . N

4.625 w 10 N
4134110 N
4.929alO N
5.0211 Io N
i» .2w) 119) N
(1233j 10) N
&412 1 89) N
1504 q 10 N
&598 1. Io N
170110 N
í.71>0 ±-1® IN

5.900-7.253 ; 11 leve'N. see table 30.4 and reaction E
8.11-8.48 . 13 levels, see table 30.4 and reaction F
its P e
113 P c
117 P e
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56b, -see
Fn no

wa? t5l

C'Of, Oh C"O ' Ku

03

vest rem
Brzinc

Sifd ' 21,

i"(

kel'

kev ; S

Or the 684 a
(Va 5

t

	

the

	

ft')
fan El i

term'- (if
F;()f,I

EAPT

Str

istri
Is, r.

SSi 59d, Ba 66f) .
lowest resonances
c spin selecti
Wupling Versi

6344 ~9

59a), >

t, It .7±4 . E2
6253.0±3.4

	

Et, = I I

rticle and proton yield
OP excitation energies

,er entries, the resonant
15.3, and 15.7 MeV

5584 ±10
the a&signment to the 2USi(p,,y)30P reaction
INA Q table 30.4, with corresponding 30P

isobaric spiiis, and resonance strengths
Va 58a . Gr 57a, Ts .156, Mi 55, Ta 46 ; see also

W at the four lowst resonances lead to Q,0 :tnt 5.57
Its of the analysis of ;,-ray spectra, 7-V coincidences,

at ?he four lowest resonances (Va 58a), and at the six
aze in excelk-nt agreement . See also Mi 55, Si 59

taV~_s and lower lying, levels, -and spins,
this work are summarized in fig. 30.3
xcites predominantly to 3()P* = 0.6,s
h 61) . The doublet character of the
re ent of y®-ray energies : 686±4

A' resonances, and 703±6 and 705±5
ces (Va 58a) - I n Si 59d Ev = 690±5 keV

ceV, and E., = 708 ±5 keV at E. = 698
easurements yield J- == 0+ and I -

tively ; the first is the T = I analogue of

W;2_4L 0-(X)F5

evidence is found for the operation
le (Va 58a) . Descriptior, of this nucleus in

f the unified model Li probably difficult



3 Ku 5W
b Tm 501 .
e (ir 57a.
Ta 46.
Mi 55 .

f Va 5
0 Va 58a .
Ba 60f .
Br 56h .
Br 57.
Oh 61 .
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TABLE 30.4

Resonances in 29Si + p

G.

	

29Si(d, n) "OP

	

Qm = 3359±10
With enriched 2Q target;, groups to 30p* = 0, 0.75±0.06, 1 .46±0.06, and

2.00±0.06 MeV have been found at Ed = 1 .4 MeV; Q0 = 3.27 :~7 0.04 MeV
(Ma 52 ; see also Pe 48) .

F.

	

"OSi(p , pl)2gSi*

	

Eb == 5584±10
In &e range EP = 2.5-3.0 die`', resonances in the yield of 1 .28, 2.03, and

2.43 Me'! V rays have been observed ; see table 30.4 (Br 57) .
For non-:esonance data, see 29Si .

q
(keV)

top*
(MeV) Decay. (2j-r- 1) Q/r

(eV)

326.4 11 .2 d . e3 09% 2-9 ; Y, 2±11 y 017±OA29
415.3 1 .3 d . 5.986 1-9 ; 1- (1+) It y 0.23±0.069 ; 0.23,
697.5 0.7a. e, 6.258 (3 -1- pl ~; 2+ h 0.18C0.059 ; 111 1
730.1±1 .2a, e. 6.290 AM0.049 ; 11119 16.5 0.5 b, e, 6.470 1+ (1-) ]h

95(; 1 b. e. 1 6.508 2+h
1307.5±31 £848
1331 .5+31 1871
150e 7M34
1648e, b 7.177
1727 7253
2614k SAI Pl
2678k 8.17 pu Pa
27001( 8.19 pu P2
2720k 8.011 Pt
2760k 8.2-5 PL
27981c 819 pu P2
2843k 813 Pr
2876 k 8.36 A. à
2922k 8.41 PL
2934 k 8.42 Pi= P2
2958 k ,4.44 Pl , Ps
2982 11 W47 Pp Pa
2993 k 8 .48 Pa
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6,51

agg ta
-0

30s(#+)30P

See 30S.

439

Qm = 5970

L

H.

	

30Sï(p, n)3(~P

	

2. = -5031+10
Threshold measured at E,, = 5.174±0.030

0.030 MeV (Br 59f) .
For resonances, see 31P.

eV, yieldin

(15)

	

(14) (5) (26)

	

(25)

30
Fig. 30 .3 . Gamma-ray branchings of 30P states (Ba 60f) .

UN

QO

aosc_

3'P(y, n)-"OP

	

Qm = -12317±9
Recent threshold measurements give 12.33 ±0.05 MeV (Ba 57b), 12.50 ±" .05

MeV (Ch 58), < 11391±1026 MeV (Ge 60a), and 12.23±0.04 MeV (Sa 61) .
See also Mc 49, Ira 51a, Sh 51a.
For breaks, see 31P.
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Th

ment
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Cross section measurements, see En 54a, Na 54 .
31

Cross

W(d,030P

	

Qm = 4891±9
netic analysis . at

	

= 6.0 and 6.5 IMeV and at several angles, yields
87 ±0.010 HeV, and levels at 311P* = 0.680±0.010, 0.708±0.008,

1 .451, 1572, 1536 1723, 1$39, 2537, 3.018, 3.734, 3.836, 3.926, 4 .141, 4 .181,
230. 4.296 . 4 .342, 4.421 . 4.501, 4 .625, 4 .734, 4.929, 5.024, 5.200, (5 .233),

5A12. 1504, SAW 510. 5AW,
all ±0.010 MeV. The intensity of the group

to the 0.6$ MeV level, relative to that to the 0.71 MeV level, at 0 = 130',
is 0.20 at E4 ~ 6.0 MeV and 0.02 at Ed ttt 6.5 MeV, indicating that the 0.68
A level should be identihed Wth the j,' ~ 0-1: , T = I state at 686 key' found

from the

	

),)30P reaction . The violation of the isobaric-spin selection rule
is more pronounced for the higher T

	

I levels, presumably at 2 .937, 4 .181,
and 4.501 AleV. The intewsities, of the wyarticle groups to these levels, are

50'"" of neighWudng groups correspwding to T = 0 final states (En 58) .'10

456
ou

tit
I

In ja 61a,
'Mev ; Qo
0.

	

Not re

31P(3

Q(Y
S(p '

(p, d)<IOP

SQ, d)30P

	

Q. = -18955±9
hold reported at E. = 19.15±0.20 MeV (Ka 51a) . For yield measure-

Fo 61, Fe 60, Fa 59, Go 58d, Ri 55, Ka 51c.

(n, t)30P

	

Q. = -12697±9
ction at E. = 14.6 MeV, Ba 61f .

rted :
Si(t, n)30P
Sip, d)301P

i(

	

e® d) 30P
( , t) 0F

i(3He, t)30P

31 P(d, t)3OP
Ge)30p

e 301) P
)301P

lar distribution analysis yields 1. = 0 for the deu-
und -state and the 700 keV doublet ; reduced width
und state, and 402 .0+02 -,= 0.012 for the 700 keV

Qtn = -10092±9

are reportoA to 30P* -- = 0.711
0.010 ~leV (Ma 60e) .

QM	5579±9
QM

	

12009 ± 9
Qni =

	

91 ±10
QM -14229±10
QM

	

- 4266±10
QM	®6059± 9
QM =	8260±9
Q«' = ®13 461 ± 9
Qln =- 1527+ 9

0.008, and 1A59±4012

301P
153
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0, ;,)3'Si
he themal neutron

cross section at hiaher

C.

have
39, a

t364
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Fig. 3 1 . 1 . Energy Ievek of

Q (r = 6 592 .1 ± 3.8
capture cross secÉon is 110±10 mb (Hu 58) . For the

. sec Hu 58, Bv 58b, Ko 58d.

Q ln = 4367 .4±3.7
agnetic analysis at deuteron energies up to 2.1 MeV, proton gioups

found to 3'Si* = 0, 0.757 ±4007, IN99±4007, 2019, 1791, 3A40,
4 .384 MeV, all ± 0.008 MeV ; Qo = 4 .364 ± 0.007 MeV (Va 52),

(Ma 60e) . At Ed = 7.0 MeV, magnetic analysis yields groups

30Si(d, p)3 'Si
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I nvesti
dence measure
the lowest five resonances of table 31 .3a (Ho 58c), and at all ten resonances of
this table (Br 58c), )ields branching ratios, spins, and parities of the resonances
and lower lying levels . In addition to the 1",els known from reaction K, levels
at 155, 143, 6.25 (or !2Q. and (105) MeV are necessary to explain the observed
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. 31 .2, P. 158 ; ta

-2653±9

	

E,, = 9663.8 ±2.4
in the 30P -.ctivity have ken observed at E. = 3.42, 3.58, 3.68,

(Wi 60) . 3.95, 4 .53, WO, 434, 5.12, and 5.3 MeV (Sz 39) .
ticle sources, P resonances hav, e been found for E. = 5.29

54a.
, s.ee30P.

38) . See al
nd neutron a-rou

7 286.2 ±4 .0
E, = 7286 .2±4.0

, with strengths, ;pins, parities, and the
he corr":pondiug -31P levels are listed in table 31 .3a. The

listed are those reported in Ku .159a, and Oh 61 . Other less
nurements are in good agrevment with these values (Ta 46, Ts 56,

o 54 : see also Se 55, Se 60a) . Resonances at EP = 367 keN'
717, 800, and 895 keV (Ts 56) have not been observed in

ft-tt

	

- - 19 16.8 +2 .8QM
the angular distributions of the po, plo p. groups indicate
-tively (PI 60, PI 6M . The -,,ame i-esult has been obtained
61).
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31

le 31 .2, p. 159)

Qn = 2377 .6±4 .1

54a.

31

1.5 -9

Ej, = 9663.8±2.4
found at E, = 4.0,

the y-ray spectra, y-y coincidences (including sum-coinci-
ts), angular distributions, and y-y angular correlations at

f the res
1

19 Met res

rted in Br 58c wid No 58c are in good agreement ;
. W; the few discrepancies a,:c rnentioned in the

nance levels are listed in table 31 .3a. Spin and
+' 5n 3 +, and J+, to 31P*= t 1 .27, 123,1 1 1

	

2
ectively, follow from angular distributioi
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TABLE 31 .2

F,nergy levels of UP

`gym or F

	

Decay

	

Reactions

stable niany,
rnany
C, D, F. J, K
D, K.
0 11C
F, K
0 K
> K

D, K
K
K
D, K
D
D
D
D
D
I)
I -)
D

D

.31) aml c
8.241 � 5

	

11 +
8.346-11 .381 ; 107 p- and>, p-onating levels ; sec talAes :11
and reaction

	

D
1208-1117 : 24 wemittfiig le,,els : see reactions-	A . E, I
13.2-15 .4 -. 6 p-einitting levels : see reaction

	

13

and correlation measurements (Br 58c) . The assignments reported in Ho 58c,
as far as these are unique, agree with these values -, in addition J-

	

and
3.j +) are given for 31 P* = 4.59 and 5.01 Me`', respectively . See also Si 59a,

Si 59b. The 2/x:11 mixing ratios of the -, rays de-exciting the resonance levels
(all with a = +), and of a few lower energy V rays are given in Br 58c, Ho 58c.

For protons with EP > I MeV, 107 (p, y) and (p, p'y) res;anances have been
found in the proton energy range up to 4.25 el., corresponding to sip le`°e;s
up to 11 .4 MeV; see tables 31 .3b and c (Ba 61, O'n 61, Sm 61b, Va 61d ; see also
a 56, áßr 57a, Se 60a) . For E. = 3.0-4.3 Mel- , inelastic proton scattering to

"Si(l) is more prominent than the competing proton capture (Ba 61) . The ,,, , ,
decay of some resonances up to Ep -- 1 .52 'NieV is given in fig. 31 .3 .

31

1 .265±3 3~ +

2 (4 .6 ::~2.3) x 10-13 sec 7
2.23 ,2±4
3.133±4 1+2
3.292±4 5+

2 ;l
3.414+5
3.50515 3+

4.18815
4.257 =5
4.430±5
4.590±5 (0)
4A33 4±
4.784 ±5
5.012 ±5 7
(OM5)
(12.5)
6A3
&55
7.768±4 i +
718614 40-7 eV y
7M3414 y
NA21 ±4 o%)

HASH 14
HAW14 7

8.21715
M.Z3fi sió cá 7
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~ d;ci 39a .
~~ ~h 61 .
c ~r 38c.
a Ho ä8c.
e angular distribution measurements (I3r 58c, I-io :~8c) yield J~, ~ ~: the paY°tial wri~iths as
found frown resonance absorption aneasure~nent~ malte even parity most provable {Sm i~fia) .

r ~ y palarization measurement indicates that the ground-state tran:~ition is predominantly ~2
;Su 60cß).

~ spit assignment frown angular distribution measLyrenient ; parity from .y polarization (~Ci' ßa7) .
~ I-~o :i8c ; obtained by° standardizing on the value ,~plw},/ ' ~ 1ß10

	

y1® ~ne~T for tt,e ß2® keel
resonance (Stn 58a) .

q ~

	

58a, ß

	

i9 : resonance absorption measurements .

Spins and pa~°ities of resonance Ievels, and the methods of investigation, arc
listed i

	

tables 3 i . b and c. Angular correlation
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and ~+ for 31
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eti' legel red®rninantly
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TABLE 31 .3b

Resonances in 30Si(p',y)31P (1000 keV < EP < 1825 keV)

8 Sin 61b ; .in assignments from y-ray migular (listrib atioris, and ;,- ;, angular correlations .
h N, 01 .
P litt 61 : a qualitative indication of the ;, decay at most resominces is also given,
4 1 \ 1a 61d . jyt assignments from ; ,-ray migular (list ributimis .
0 !A B9 .
f IN 56 .

1 .

	

3'P(V, n) 30P

	

Qm = -12317±9

reaks in the 30P yield curve, not corresponding to known levels in 30P,

have been observed at, = 1158±0.07,12,75±0.08,12.90±0.08,13.18±0.10,

and 13.38±0.10 MeV (Ba 57b), and at 1237, 1147, 12.68, 1178, 1183, 1198,

13.18, and 13.32 MeV, all ±0.04 MeV (Sa 61) . For a possible correspondence

of these breaks with strong 3OSi(n, p)30P resonances, see Sa 61 . The 311' excited

state, corresponding to a break at about 12 .59 MeV has a width JP :-,- 80 keV

(Ge 60a) .

For cáoss section and threshold measurements, see, 30P.

31P(n, n')31P

At several neutron energies bet~i-een 2.45 and 3.5 die`', y rays have been

observed from the first two excited states in 31P, with E,, = 1.266±0.011 and

2.23±0.03 MeV (weighted average of Mi 59c, Bo 33a, Cr 56a) . See also Sc 54d,

An 60d. No y rays have been observed at E,, =-- 1 .2 MeV (Va 56a) . From

31

sp a
(keV)

EPb
(AV)

E leP
(AV)

EP d
(kcV)

31P*

(MeV)
Relative
intensity

J.

1103 1094 1096 8.346 0.7 z a, d

1186 11715 1177 1178 8.426 0.2
1212 1209.5 1204 1205 8.453 0.7 d

1294 1290.5 1292 9.536 0.1
1304 1300 8.544
1307 1302 1302 1302 8.546 0.3
1328 1324.5 1322 1326 8.567 2 . .5 ~ a, d

1339 8.578 ia

1397 139,5 1387 1393 8.633 2. 1 i
a, d

1406 1403 1? ,.16 1402 8.642 2.5 ~- a, d

1483 all - .-: 3 1476 1482 8.719 2.5 2i+a, d

1492 1487 1491 8028 1s 0a
1516 150-4 8.751 1 .9 ~5-2

-+a

1524
1516

8.759 (1 , 1) a, d

au ±3 1591 1599 8.830 0.3

16:i7 166,5 8.893 0.4

1665 1672 9.901 0.6

1693 169-4 8.926 1 .3 '
+e

1768 1774 9.000 2~0

1806 1811 9.037 1 .1

)

s (+) 1

18141) 1820 9.046 1 .1
2
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Ep

Fig . 31 .3 . Gamma decay of 31P levels . The branchings of all levels below ER = 8.3 MeV are
average values from Br 58c and Ho 58c, except for the following annotated transitions : a a 3°ó
(Br 58c), b > 85% to 1.27 MeV level (Ho 58c) ; C de-excitation to 2.23 MeV level only (Br 58c) ;
d this branch proceeds to the 3.41 'MeV level (Br 58c) ; e 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. Branc ings of levels above E, -® 8.3 ITAIeV are from Va 61d .
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A possible interpretation of the 31p level scheme in terms of the unified
model is discussed in Br 59. With oblate deformation a reasonable intei pretation
of the spins and positions of the first six excited states can be obtained . The
branching ratios and E2011 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 legel
spacing, see Gr 61b .
There is a striking resemblance between the properties and decay of the

low lying levels in 31P an(1 29Si (Ho 58c) .

31S(#+-)31P

	

Qm == 5450-1-17
The weighted mean of seven half-life determinations is 2.61 ±0.03 sec

(Ha 52a,

	

u 54, Cl 58, Eli 58, Ja 60a, Li 60a, Wa 60a) .
The decay mainly (99°,®) proceeds to 31P(0) ; end point 4 .50--1-0 .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 Jn = ~ + for 31S .
A (1 .1 ±0.1) % branch to 31P(1) has been found by detection of the 1 .27 MeV

31

(Fig . 31 .1, l) . 166 ; table 31 .5, p . 166)

9 31

At

	

P = 17 .2 1VIeV, neutron groups have been observed to 31S* = 0, 1 .15
0.15,

	

2.28±0.20,

	

3.35±0.20,

	

4.51±0.15,

	

5.94±0.30, and 6.41 :L(x.20 MeV ;

29Si(t, n) 31p

29Si (3 e, p) 31P
29Si (a, d)31p
30Si(3 e, d)31P
3®Si(M, t)31p

Qm ® 9418.1±3.3
Qm -= 10182.6±3.3
Qm = -- 8169.8±3.3
Qm = 1793 .1±4.0
Qm = -12526.54.0

32S(d , 3 e)31P Qm = - 3369.4±1 .6
32S(t , oe)31p Qm = 10950.1±1 .7
33S(n, t)31p Qm .= - 9022.8±3.1
33S

(P,
3 e)31p Qm = - 9787.2±3.1

33S(d, a)31p Qm = 8565 .2±3.1
34S(P, a)31p Q = -m 630.9±3 .3

y, ray (Ta 60c) ; log ft = 5 .0 .

B. 28Si (x, n) 31S Q111 8149±17
Threshold, see Ne 61 .

C. 31P(p, n)31S Qm = -6232-L17



31

IN

Ex
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0
1-15±115
228±120
355±120
W±113
5.94±0.30
&41 =-120

Q0 = - 6.06 =0.20 MeV (Ru 56b) . The threshold, at 6.456± 0.020 MeV, yields
Q~, = - - 6.2-53±0.020 MeV (Br 59f~ .

= 18 and 32 MeV, Ta 58.C, oss section at
32S(n n)31S

31

Thc threshold ha
e 47) . Cross sectio

P. - ENDT AND C. VAN DER LEUN

Fig . 31 .4 Energ)- levels of 31S .

Qin :,-::: -15095±17
been measured as 15.0±0.1 MeV (Ha 52a ; also Me 49.

60, Fa 59, M0 55a ; for references to older work, En 54a,

TABLE 305
Energy levels of 31S

ß.6i -° 0,®3 sec

_ §:4t

32

223-
&P+p-n

150

1510
F;5-1111
T&cS+y-n

Tj Decay Reactions

A, B. C . D
c
c
c
c
e
c
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Qm = 219~15
been produced from the reaction 3'Cl (p, dt 2p}32J1 at
the

	

easured activity ar~d estimated reaction cross

Y
Fig. 3? .1 . Energti° le~-els of s2~i .

7.30
3oss $t_

s

32

167

section, a half-life is calculated bet`veen 100 and 710 years. T° e ~® spectrum
end point is ti 100 ke`T. `There are no y rays (Li 53a} . See also Li 53. Log ~í
beten®een 8.0 and 8.8, which is even higher than f®r 32h.

Bg i(s ~' )sg~ = 3951 17
si (s ~' ~}s~S ® -® 4 8 17
a~S( }sa -~a 2870 17
s~~( t}s~S - -- 8837 17
3SS(3 e, ~~315

m
=m 5433 17
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TABLE 32 .1

Energy levels of "P

Magnetic spectrometer deterntinations, of the 33P(P-)33S end point

c

Reference

eV (Po 52b,

Ly 37
La 39a
Wí 41 a
Si 46
La 49

TAULn 32 .2

End point

(keV) Reference
End point

(keV)

29çi(a' p)32P

	

Qm = -2457.8±4.0
t Za == 16 MeV, 32P has been produced f,.-om this reaction (Ki 39a) .
301(3He, §32P

	

Q. ---= 7 505.1 ±4.5
adinactive_32P has been found from this reaction at

	

($

	

e) = 13 and 21
0 53) .

E, or F
(MeV±keV)

q ecay Re dons

0 1+ 14.32± 0.02 days p- many

0.0770± *: .2> 2+ <,3 X 10-8 sec 21 D, G, I

0.516 3 (0,1)+
D, G
D, G

1.150 3 1 +
G

1 .321 3 .l)_
G

151 ±20 G
1 .754 ± 4

G
2 .177 ± 4 (0,])+ 71
2124 ± 4 71 G

2.655 ± 4 (l3) 4 . G

2.743 4 G

3 .005 4 G

3.147 5 3)+ G

3.264 4 2 - 7 D, G

3.323 4 G

3.447 -S F D, G

1798 + 6 G

1890 1 6 G

3594 G

4M10 6 G

4.038 5 2) 71 G

4A58 6 G
4.209 + 0 (1 0111 G

4180 6 G
4.31ß :-(m6 G
4 .412 + 6 (12) - D, G
4160615 ; 32 levels, sec table 32.4 �in(] reIctiol's D, G
8.090 -!° 3 1+ 1 .1 ~1:0.2 keV r~ 1®

1690±30 Ag 50 1718±10 M54 1714±8
1720±10 Wa 50 1708± 8 An 54a 1712±8
1750±20 Sh 51c 1695± 5 PO 56 1712±4
1712± 8 je 52 1704± 8 M 57 1711±2
1689±10 Mo 52a 1697 ± 10 Da 58 1705±4
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anr~~ 32.3

$ Ki 5r ; magnetic pair spectrometer .
b I{i 52, as corrected in ~a 58c.
c Cr 58c ; magnetic Compton spectrometer.
t~ Br 5+ße ; t`~ro®crystal scintillation spectrometer .
e Nía J9c ; assignments based on coincidence experiments.
t Gr GS3c ; the capturing state is indicated by C; eicitation energies are àn :~ieV. The transitions marked

e are corlfirrned by coincidence experiments .
~ Intensities in gamma duanta per 100 captures.

a gna rays froa~n theranal neutron capture in phosphorus

~a
(fl e`4 ~1~e ) 1"v~` ~ (~ie~ ke~

IYe, ~ Probable
in

transition
s~P~

7 .9 ~,.30 0.3 C -~ 0
7 .8~~ 50 0.9 C -~ 0.08
7 .ß°~ 30 1
7 .42 ~,30 4 C -~ t1 .5?
ü.7ü~30 14 6.79 ~20 10 C -~ 1 .15e
6.33,~,30 O.ß 6.34 --~ 0
6.1~ -~-30 0.9
ß.02 -~40 1 5.96 ~30 1 E.09 -~- (t .08

5.87 ~30 0.6 5.82 ~ 0
5.71,E 30 3 5.73 ~20 3.3 C -} 2 .I8

5.~7 30 1 .2 5.53 -~ 0
5.41 ~ 30 1 (5.41 ~ 30) 0 . 8 5.37 -~ 0
:) .27 ~ 30 5.5 5.30 ~ 30 3 5.82 --> 0.51
4 .i12 -.~30 3 4.90 ~20 2 4.90 --~ 0
4 .68~ 30 17 4.660 lô 10 C ~ 3 .26e
4.49~30 3 4.44 -~-30 1.3 G --~ 3.45
4 .38 ~30 8 4.34 ~ ~ 20 4 4.41 --~ 0.08
4 .r0~~ 3t1 ;i 4.1ß ~30 n 5.3? -~ 1 .15
:1 .`12 ~~ 30 16 3.900 ~ 15 14 C ---~ 4.04

4.04-x0.52 ; C--~4.41
3.`8 ~4(1 8 3.~?? ~20 3.8 3.2G -~ OQ
3.114 ~~40 ~~ 3.Oi~ ~ :- 20 , .7 C --> 4.90

~~~® ~t
i . o tt®

d: er 2 .93 -!- 20 2 . 2 3.45 ~ 0.5' .
( te~" ~9 kc'~") 4.04 > 1 .15

2.ß0 aa~ 20 3.6 C-~5.37
2 .4ß ~ °'0. 2.? C --~ 5 . 3

2 . =.. 51 :10 41
2.10 30 13 G --~ i . 82 ; 3 .2G --~ 1 .1 ;
1 .95 ~ 20 4.5
1 .72 ~ `~0 5
1 .G0 -~-2~0 3 C -~ 6.34

1 .13 ~- 30 14 1 .0? ~20 1 .07 ~ 20 20 1 .15 --~ 0.08 e ; (3 . 2G --~ 2.18} e
(0.93 -~- 30) 8

0.64 -~-20~ 1 .15 --> 0 . 52 e
0.51-~ 20 28 0.51 y 20 0.52 --> 0 e

0.43 -_~- 20 70
O.OR $10 0.08 ~ 0e
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31P(n, V)32P

	

Qm == 7936.8±2.5
The thermal neutron capture cross section is 190±10 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) .

ost of these V 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 32Y1) is less than 4 x 10-9 sec . This is consistent with the

conclusion that the 0.08 MeV y ray is mainly MI (Ma 59c) .
Gamma-gamma angular correlatkni measurements yield jn = I+ and 2- for

32p* = 1 .155 and 3.26 MeV, respectively (Ma 59c) .
For a comparison of the (n, V) and (d, p) yields, see Gr 58b, Bo 59a.

E.

	

3 c J?(n,

	

d1)3

A resonance has been observed at , = 158 ±2 keV, with j = 1, 1 = 0,
and r,, . 1 .1 ±0.2 keV (Hu 58 ; also ha 55b) . Partly resolved resonances for
Ell = 0-1-0-8 Me'V, Ha 53b ; for Ell = 1 .9-5.01'sleV, Ri 51, Cu 601) .
For non-resonance information, See 311-11 .

31p(,.,,
1))

31 ;y1

G.

	

3'P(d, p)32P

PM , -04.114 .6

	

k ~ 7931812.5
Several unresolved resonances have been observed in the range E,, _- 1 .9-5.0
eV (Ri 51, Ni 5), Cu 60) .
For cross section and angular distribution, see Hit 58, Al 61, Ha 61 .

Si .easurei-nents of Q value, ,

	

31

QIII == 5712.0j-2 .4

E, = 7936.8±2 .5

Levels in 32P found by magnetic analysis -are listed in table 32.4 (Pi 60, Da 57,
Va 52b, Ho 61) together with the 1. values (Ho 61, lea 58, Te 58a, Da 57, Te 56b,
BI 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 ground state Q
vaiuc has been measured as Q( , = 5.709 X0.010 MeV (Pi 60), 5.704 X0.008 MeV
(Va 52b) .
The relative intensities of the groups to 32P(I) and (0) are expected to be in

the ratio 2j -}- 1, or 1 .67, for j = 2 and 1, respectively (En 54) . The experimen-
tally determined ratios at Ed =- 6.0 MeV are : 1 .61 at 30', 1 .52 at 50', 1 .44 at
70', and 1 .41 at 90' (Pi 60) ; at Ed =y 1 .8 and 2 .0 MeV and 90' the ratios are
1 .'d' and 1 .2, respectively (Va 52b) .

Foi a discussion of the yields and relative reduced widths, see Gr 58b,NIa 60cá.
See 32S, reaction F, for y rays from 31 P+d r(,actions .

o 59a,
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Le~`e1S in 38 ~3
~ABLE 32.4

from tl~e ~lI'(d, P)~~I' reaction

32Si (~ -~ 32

SC'C' g2S1 .
Q~ = 219~15

~ Pi 60, Ed = 6.0 MeV.
b Va .i :.~b, E~ = 1 .8 and ?.0 bleV .
c Da .5î, F:d _ 8.9 bTeV .
~ Ho 61, E~ = 7 .7î bleV (preliminary") .
e Pa ;38, Ed = ?.8 MeV.
f Te í36b, E~ = 4.0 bTeV .
~ Y31 ,53, Fa -. 14.3 MeV.
n Te 58a, Ed = 4 .0 MeV.
t IWr relative reduced widths calculated from the experiment, shorted in Da oi, see :~Ta GOd .

I .

	

s2S(n, P)32P

	

(,)~, = -925.8 ~=2.1

t~Il 1®nlla~lon Challlhl'r ineaSUre~Tlent yields Q® _ --®.93 ~ 0.1

	

et/
~1~ E� = 2 .56

	

et/, a ?7~2 keV y ray has been o~se~wed (Da 56c) .

32

41) .

(b1eV .v keV)
~~p b

(MeV ~ keV) l n (relative)
321)~ ~,

(MeV ;keV)
32L3# ~

(~IeV~keV)
In c, t

0 0 2 -~- (0) c . a, e . ~, n 3 (p.15) 5.010~ 7
U .Oïî -~3 0.077 ~"= 2 2c . v . e, f, ~ . n 4.4 i 5.07î ~- ê 5.11 -~-100

5.129-i7
1 .149-~3 1 .154~- 7 OC9 ~.

f 1 .2
i

5.232 _~-7
5.346 ~ 7 5.3î-~- î0 1

1 .51 -_~_ 2Od 5.394 ~- 7
1 .î55 -; 4 1 .750-~ 9 5.510 _~= 8 5.53 _` 70 1
2 . I î î -~- 4 2.177 ~- 9 0 -~ l ~ (0.3 :.') (1 .1) 5.,550 := 8
2 .2°23--4 2 .227-~_ 9 5.6,57 +- 8

5.î00 _8

:D .î7~ t - 8 .5 .ïi) . ~_

3.148 ~.. 5 (3.141 ~- 12) d d 0.1 i 5.813±8
5 . 835 -1

_
8

3.447~5 3.4í3 < 100c
°''t

(3)c 3.7 5. "3G4-Í=8

3.

®
/!Iß G

:i . Ki10 " G 6.024 ~ 8

3.!1!í4 ?_ (i 6.OG' _~-8

4.01(í ~ 6 6.096 - L- 8 G.0~1 ' i0 1

6.131-,_8

4.1 ~rß
_~,

(3 G.1G0 -',-8

4.''0!1 ~ (í 4.`'07 a 1(t Oc " 't (LOt)

4.°'t~U ci G.34 -1-100 1

4.31(.í = (í

4.41°' d, 4.43 m4~
100c 1

c', vt
(1 .`,l 6.6!í - 1=100

4.ó~(ill
..~..

G.85 -~ 100

4.tïG4 ~- 7 4.G(i ~ ~ 100c l't l.G

4.8ï8 ~7 4.!í0 _- i0c 1c,
~t

2.11

4.!144 -:- 7
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spectra at

	

n ~ 1
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, Co 60b,

	

a

	

(angular
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at
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enriched. s 5 targets,

	

agnetic ~.nr ysis at ¢~

	

.G~2.9
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y ~" 1 s

Q® = b.04

	

0.02

	

e

	

(	e56b).

Cross section, 13n 60 D.

~ac(ds )32p

.

	

s5C1(n, a)sa

	

Qm ~° 939 .3

	

3.3

Ionization chamber pulsem eight analysis yields

	

®

	

1.0i

	

.1b

	

e

	

( o b2),
0.97

	

0.i6

	

e~ ( cï b3) . For cr®ss section, see ~~d b3,

	

a 53, I~e b7 .

TVot rep~lrtecI :

A.

sc~ci(t' n) sap
loci(«, d)sap
ai (t d)sa
81p(~~ 3 e)sap
92c(t N 3

	

~) 32p

2~ci(a, Y)s2S

29ci~~' I1) 3ac

r0 áYeO ~~~~ ~~~ F9e ~~

Q~

	

G740 G

	

4.5

Qm

	

- 10 47.4 4.b

Q~,

	

1G7r,.1

	

.

,~

	

12G04. ~

	

2.5
1 ~á(~~.~, .~.n

1~or theoretical discL~ssiol~s rc'gar ing dot.ibl~i~ lc'velw i1i sal~, sec l ~ ra, 1~~

	

:jid .
i 60a, I3a íi 1c, l'a Ei 1 b.

or rC5®Ilr.1nCE'S, see 93c®

32

(Fig . 32 .3, p. 175 ; table 32.~,, p . 176)

Qm ~ G 945.7

	

3.1

~, .. 1532.0 3.5

esults obtained froln this reaction for

	

~ ~ 3.0

	

e`1 are

	

'ven in table
32.G. T'he ~ valLles result from ywray angular distributi®n and y~-y angular
correlation measurenleats . `The tvvo highest energy résonances roba ly® cor
respond to the sip(P' 1')s2c résonances a.t

	

n

	

G1~3 an

	

41 ke , respecti~'el~, .
The observed 3aS excitation energies are 11 and 121~e~, higher than tl~®se cannel
~~o,n the sip( , y)3ac reactior°~ (S1á1 bla) .

ssc(n' d) sap ~~ 7 ~~ ~~.~ ~ .b
ssc(d ' s e)sap
s3c(t ~)sap 1C~ 2~1 .4 ~~ ~ .b
s c(Il' t)sah Q~ ~_~ 125(~(i . 3.7
sas (P! s e) sap ~,~~ ~~ ~g

l ~12 1 .3 ;~ 3 . 7
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31p(p, Y)32s

	

Q. = 8862.6±1 .6
esonances observed in this reaction are given in table 32 .7 ; see also Ia 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

	

= 641, 1892, 2027, and 2120

32
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TABLE 32.7

Levels in 32S from the 31P(p. -,,, ) 32S reaction

d Pa 55a; in the reported yields F. only includes transitions to 32S(O) and (1) .
e Sc 61c .
f See fig . 32.4 for more details on decay.

keV resonances follows from the fact that these -states are also resonant for
the 31P(p , a

0
)32S reaction (see table 32.8) .

The y-ray branching of the resonance levels in tie EP = 1140-1590 keV
region and of many lower levels (An 61b) are presented in fig. 32 .4 . See also
Sm, 54, Ke 56a.
The yields of yo and y., have also been measured in the .gyp = 5.0-7.7 MeV

region . Pronounced resonance structure has been observed, with maxima at

EV
(keV)

s'as-11
(MeV)

r
(keV)

(2j+ 1) -rl rzîr
(ev) in Main decay

354.8 0.71b 9.206 >+pe
438.7 0.9a 9.288 y,+y,e
540.9 1.1a 9.387
618.2 I .Ob 9.462 0.003b yo+yb
641.3 ±0.8a 9.484 0.19b 1 -b yob
811.8 ± 0.5e 9.648 < 0.45C 1 .8d yld
820.0± 1.0& 9.657 0.36d 1d yo d
892.0±0.5c 9.727 < 0.350
1052.6 ± 0.5c 9.882 < 0.300
1088.0±0.50 9 .917 < 0.300
1116.2±0.50 9.944 < 0.15C 1 .9d Id Vod
1147.0±0.50 9.974 < 0.16C 2.2d yd, f
1246.5± 040 10.070 1 .5±0.3(- 3 .9d 2d (yo +)Yld, f
1396.0±0.70 10.215 < 0.30e
1398.7±0.7 0 10.218 < 0.350

f

1436.3±0.70 10.254 < 0.20e r
1468.6 ± 0.7'0 10.285 < 0.25e f
1553.9 ±0.80 10.368 < 0.40e
1581 .5 It: 0.3C 10.395 < 0.550
1892d 10%696 24d 37h 1-d yod
11)g5d 11786 lod 13d 1 d yod
202711 11826 24d 26d 1-d yod
2120d 10.917 5d yod 1-d yd
2320d 11 .111 8d 20d 1 d yod
2340d 11.131 8d 64d Id yod

a Ku 59a .
b Sm 61a .
c An 61 .
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Fig. 32 .4 . Gamma-ray branchings of 32S levels . The data are from An ß1b, except for t' , 7®
upper limit at the 3.78 MeV level (Wa 60b), and for the mixing ratio of the 5.01 --> 2.24 MeV
transition (Br 61d) .

EP = (5.6), 6.65, 7 .15, and 7.50

	

eV, corresponding to 32S levels at (14.3),
15. .'4 j, 15.97, and 16.13 MeV (Ge 59) .

D.

	

311,(p, ply) 31P

	

Eb = 8862.6±1 .6
At 21 resonances (not tabulated) in the EI,	2 .3-3.4 MeV region a

10.285 10 39 5

10.254 26
3

10.216
1 .0

-:2 4 4 14

9.974

7.71



1 .26 ±0.015 MeV 7 ray has
ray has been given in the
has been measured at the

61a) . Del
states have

RGY LEVELS OF LIGHT NUCLEI. III

en observed (0155) . A yield curve of the same y
21-255 MeV region ; the angular distribution

2.70, 2.78, and 2.87 MeV resonances
curves of proton Mug leading to the four lowest 311P excited

en 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 32S from the 31P(p, q,')"Si reaction

Ep
(keV)

641
9%
1024 ±10
1161 :f-10
1404=;_ 10
1474110
1514±10
1640±10
1710110
1811±10
18412 110
1976110
1990±10
2018110
2029 e10
2031110
2041-i 10
2109 110
2434j-l0
2644 ~10
2779±10
2805110
2874±10
2922 =, 10
3008+10
3119+10

321S

179

A], data are from C1 60, except those at Ep = 641 keV (Ku 60g) and Ep = 900 keV (Fr 51).
Ujper limits of 0.08, 0.15, 1 .6, and 1 .6 eV are given for the (p, aeo) yields at the 439, 541, 812,
,-A 820 keV 31P(p,,y)32S resonances (Ku 60g) .

E.

	

31P(P, Of)28Sí

	

Qm= 1916.8 ±2.8	E b =8862.6±1 .6

Resonances observed in the ao yield are given in table 32 .8 . See also ti's 56 .

In the EP = 2.47-3.36 MeV region a 1.8 MeV y ray has been observed,

presumably following the transition to 28Sí(1) (0155) .

For non-resonance data, see 28Sí.

32S*
(.%,feV)

r
(keV)

(2j+ 1) r,)r,,. Ir
(ev)

9.484 06
9.735
9.854 13 100
9.988 s:c 4 24
10.223 ob 6 130
10.290 12.4 34
10.330 7 3100
10.452 r,-j 4. :: 230
10520 5 5.5 36
10.618 oe 4.7 100
10.696 27 2900
10.777 f2.8 68
10.791 13.6 120
10.818 < 13 92
10.828 18 1800
11830 06 480
10 .840 u 6 80
10.906 < 4 12
11.221 17 1600
11.424 5 92
11 .555 8 480
11 .580 17 540
11 .647 ~ 5 88
11 .694 10 1100
11 .777 75 5000
11 .884 20 560
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(d, n) 32S

	

Qin = 6637.8 :11 .7
esults 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

	

round-state Q value has been measured as 6.63 ±0.08 Me
transitions have also been observed to states at 6.29, 7.28, and 8.33 MeV, a
:1-0.10 MeV (El 55a) .

F.

El 55a; Eaus*a

	

Ca 55 ; Ed ~
1) MeV; Ma 60d

	

d n-`2 8 MeV
lp(MeV)

Levels in 325 from the 31P(d, n) 32S reaction

8 The excitation energies are taken from table 32.5 .

Levels in 32S (MeV±keV) from the',"P(3He, d)32S reaction (1-1i 60i)

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 3"Cl(p, a) 32S reaction (En 56c) .

b Possibly a doublet.

The following y rays have been observed with a magnetic pair spectrometer at
Ed -= 4.6 MeV : Ed == 4.43±0.03,4 .73±0.03, C95±103, 131 ±103,181±103,
6 .13±0.03, 6.86±0.03, 7.49±407, &19±0.03, and x.56 10.03 Mel The
assignment is uncertain (Be 55) .

31)(ß-)32S
SO 32P.

TABLE 32.9

OV2

`r'ABLi,r 32 .10

Qin = 1708.1±2 .0

G .

	

31P(3

	

e, d)32S

	

Qm = 3 369.4 -4:1 .6

Results from magnetic analysis at several angles and at
M,-" are given in table 32 .10 (Hi 60i) .

C) = 10.19

1235a 1553±8 7.114± 8 7.707 12
3.780z1 0799±8 7.194110 7.881112
0289a 1226±8 (7.371±20) 7 .051 :112 h
A465a ß.ß211m 8 7.42900 ß.1 25 J: Ir)
0700 ß.ß71±8 (7 .479 12U) 1298 11S
5.012 ±8 7.00208 0523112 W496 :4 15

0 0 6 X IY3 0

124 2 13 x 10 3 2

318 0

4.29 0
146
170
101 1
180 2
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3
S(",'P 7)32S

y bremeettablang resonance fluorescence the mean life of 32.S(l) has been
determined as

	

= 4 x 10-13 sec (Bo 61) .

J.

	

32S(CP el)32S

The differential cross section has been measured for elastic Scattering of
187 let/ electrons, and for inelastic scattering to the 2.24, 3.78, 5.80 Met/
levels, and to a 6.6 MeV level. For 32S(l), jx = (2+) is found and a mean life
of T. = (1 .6±0.2) x 10-13 SeC (He 56) .

32S(C W)32S
The onlyy ray found from inelastic neutron scattering has E. = 2.23±0.02

MeV (Da 56c), 2.25 X0.03 MeV (Ro 55a) . See also An 60d. At En = 14 M,-,V a
neutron group has been found by time-of-flight spectroscopy leading to a,
possibly double, level at 5.2 ±0.3 Met/ (Cl 60a) . For elastic and inelastic total
and differential cross sections, see lei 55a, El 56, La 57b, Ma 57, Ma 59b, St 59c,
Cl 60a, Bo 61b, La 61 . Elastic scattering of polarized neutrons, Co 60.

3sáor resonances, see
32~,'(p, 1)')32S

13y magnetic analysis, at E. = 8 MeV, levels in s`S have been observed at
!2k 3.81, 4 .32, 41V 474, 5.04, and 183 MeV, all ±0.02 MeV (Ar 52 ; see
also (id 60) . At Ep = 185 Met/ a transition is seen to E,, = 4.7±0.2 MeV
(Ty 58) .

`The ;, decay from the 3 .78 NIX level proceeds to 32S(I) (intensity of
Er =, 3.78 NIeV < 0.2%) (Wa 60b) . From y-y angular correlation measure-
ments j = 0 is found for this level (Wa 60b, Go 60c, Br 60e, Br 61d) . With
the same technique jx = (2+) k obtained for the 4.29 MeV level, decaying
to 32S(O) and (1), and j = 3 for the 5.01 Met/ level, decaying only to, 32S(1) . The
quadrupole/dipole amplitude ratio of the 5.01 --).- 2.24 MeV 3 -->- 2+ transition
amounts to x = + 0.05±0.04 (Go 60c, Br 60e, Br 61d) .
For elastic and inelastic differential cross section, see Old 59, Od 60. For a

p'-7, angular correlation measurement, Ha 60. For a polarization measurement
of elastically scattered protons, Ro 61c. For optical model calculations on
elastic scattering, Me 57a.

esonancec, see 33c1 .
32S(d, d) 32S

Elastic di«erendalkroes section, Ta 60e, Ba 61d.

N.

	

32S(ß, al)32S

For elastic and inelastic differenti
also 159x .
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cross sections, see Fa 57, Co 59 , See



y magnetic analysis the Q value has be , _~n measured as 1 .860±0 .005 MeV
(Va 57d), 1 .863 ±0.008 MeV (En 56c), 1 . 865 ±0.015 MeV (Cl 60) -

Levels in 32S are observed at 2,237, Ue 80, 4.287 MeV, all ±0.008
4.465±0.1)10, and C698±4010 MeV (En 560 .
For resonances, see 36Ar,

Q. Not reported :
301(3He, n)32S

31p(M~ t)32S

33S(y, n)32S
33S(p, d)32S

33S(3He, a)32S

34S (g t) 32S

32

Qin =-

	

8430.9 -E 4 .1
QM = _10950.1-F1 .7
Q- = -- 864 2 .5 ± 2.8

6417 8 -j- 2.8X M

Qin =

	

11 934.6 :E 2 . 8
Qm =7- -11581 .0-L3 .1

TABLL~ 32.11

I
(Not illustrated ; see hg. 313, p. 175 ; table 3111, p . 182)

Energy levels of 32CI

t-.h.

	

32CI(fl+)32S

	

Qn, = 13 000±300
rhe half-life has been measured as 0.306-L-0 .00 , 1 sec (GI 515), 0.32-L-0.01 sec

(B' 54a), 0.28 sec (Ty 54) .
7he maximum #+ energy is 9.5 --1,:0.4 MeV, indicatinga IJ 4~ transitionto 32S(l) .

Th z, branch ha~ an intensity of (48 A 15) A weaker branch with ~~ 7 .5 MA"
enc point has also been observed. In one per several thousand disintegrations
the )+ decay proceeds to an a-unstable level in 32S ; Ex == 2-3 MeV (GI 55) .

Energies, intensities, and probable assignments of y rays observed in the
decav of 32CI are listed in table 3112 ; see fig. 32.3 . From the y ray intensities,
'- ,_~ndings of 60, 9, 13, and 18% are computed for P transitions to32S*= 2.24, 4.29, 511, and 7.00 MeV, yielding log ft = 4.6, 5 .0, 4.6, and 3.8,
respectivdy.

E,
(MeV) J' ? Decay Reactions

0 03~0.04 sec Pi- A, B
LO B
1 .4 13
io B

32S, 32C1

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

0 . 32CI(P+)32S Qm = 13 000 ±300
See 32C1.

35CI(p , M)32S Qm = 1865.1 ±2.6
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Cf~

	

) ~~~

`The half®life" is 2 .(i
flu 58, ho 601 ® see also
Sly 51c, oj~ 2,

	

e 52,

	

l 54, ~"i 5 , I~u 58) . `The transition is allowed
(log f~ ~ 5.0), but l-forbidden. Gagnrrla rays have not been found (die 52,
also

	

a54) .

~I3ïId 32.12

Q

	

---~ 13 0?0

	

300

32 ~ 33

3sJ(n' p)33

	

Q~ = 534 ~2
The thermal neutron cross section is 15 ~ 10 mb (

	

u58) . See also Je 52, Ni 54.
C .

	

3aSCY.

	

) 33

	

m __ -10886~5
Production of 33 , S

	

51c, Je 52.
37~1(~' ,x)333 ~,

	

-d 8~6~ 4
Cross section

	

easuren~ent,

	

r 57. See also Sh 51c, Je 52 .

Qm = -- 2 969~5
Q~ =

	

9557~4

G1 ~~

~ (in ~íe~) an~l inteno~ities

~ a

ffrorn ~~Cl(~+)saS

Assi~nment~
2.~1 ~0.03 î0~~, 2.m5-~--0.04 2.24 --~ 0
`~~ . îî®~` 3.î9 -~_. 0.0 10~m (3 .i9~0.08) (5.01 -~ 2.34)
.2î ~~-0.0 î~~ 4.33 ~0.09 4.39 ~ 0

4.ii,~-0.04 14~~ 4.~2 ~-O.Oß (î .00 -~ 2.34)



A.

	

29Si(a, n) 32S

Cross section for E,, = 2.1-4 .5
Gi 59.

33S(t, 3He)33P

34S(n, á)33,P

34S(I 3He)331P
34S- (t , a)33P
350(n 3 e)331H P
31S(S W331P

P. M. ENDT ANI) c. VAN D

(Fig . 33.1, p . 185 ; table 33.1, p . 186)

33S

R LEUN

Qm = - 230 ± 2

QM = -8662± 5

QM = -5393± 5

QM = 8927± 5

Q
M = -9535± 5

QM ==

	

545±10

Q
M

	

1532 .0± 3.5

	

Eb = 7110.5± 4.4

eV shows many partly resolved resonances,

B.

	

32S(n, y) 33S

	

n = 86415±18

Cross sections and abundances of sulphur isotopes indicate that probably
most of the thermal neutron captures in naturai sulphur occur in 32S (Ki 52,
u 58) . The thermal neutron absorption cross section of natural. sulphur is

0.52X0.02 b (Hu 58) .
Gamma rays from thermal neutron capture in natural sulphur with intensities

in photons per 100 captures are listed in table 33.2 (Ki 52, Br 56e, Gr 518e) .
Remarkable are the x4rong El transitions to and from the p states in 3"S at
3.22 and 5.71 Mel/ (cf . the large intensity of the proton groups to these levels
from the 32S(d, p) :33S reaction ; En 58) .
Measurement of the circular polarization of the strong 5.43 MeN' y ray

(C --* 3 .22)

	

reveals its El character ; 33S* = 3.22 MeV has jn =-= ~- (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" = 3-- and -,tj + for '-'IS* = 3.22 and 0.84 MeV,2
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 33S, but their assignment
is less certain . Sum-coincidence measurements confirm the cascades through
US* =_ 9.84, (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 33S*= 7.02 MeV is also indicated (Bu 59b) .

See Bo 59a for a discussion of the (n, y) and (d, p) reduced widths. Cross
section at higher E., Hu 58, Be 58e.

C.

	

32!Z,(n, n) 32C

	

Eb == 8642.5±2 .8
1-`_ - cross section, see Hu 58, Ri 60, Cu 60b.
Fift°en resolved resonances have been observed below E. == 1 .1 MeV. The

charact®ristics of the nine lowest-energy resonances are given in table 33 .3
u 58b The angular distribution of elastically scattered neutrons has been
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Fig. 33 1 . Energy levels of 33S .
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E,
(MeV±keV)

0
0.841±4
1.965 4~5
2.313±5
2.869±5
2.937±5
2.970+5
3.224±5
3.824±5
1939~5
,052+5
4.098 ±5
0149e5
4.2i2±5
4.377=6
0425 j=6
0732=6
4.748 6
4.869 6
091W6
4.941+6
5.177 ±6
5.210±6
0272 ±6
5187 ±6
l340±6
1351 -~- 6

).399±6
5.479 -~6
1 .597 ±6
5.613=6
0622h6
5.711+6
1864±6
5.888 ~6
5.915-8.015 ;
8, 7450±3
8.839 i0
8.908±3
&924±3
9.006 --' 4
9 .210=4
912115
9146
1362

P. M. ENDT AND C. VAN DER LEUN

d'
+

2
-1+
12

('2 1
OP
CID_

Q. -D

(12, 120-

UP

TABLE 311

Energy levels of -33S

(hev) Decay

stable

(y)
y

7

01

Y

(1, 1)-
70 levels, see table

314 and reaction
j+

	

18 +3

	

n
<2

	

n
<3

	

n
<3

	

n
l :d

	

±2

	

n
1.4+0.5 n

J+

	

14 ±3

	

n
n
n

many
E, G, J, K
E, J, K
E. J . K

E, G, H, J, K
E, J, K
E, J, K
B, E, j
E, j
E, j
A E, j
E, j
E, j
B, E, j
E
E
E
E, j
B, E
19

E

1-®
1".
H'
E
E
B, E
B, E
E
E (and B)
c
e
c
c
c
e
c
c
c

Reactions

measurLd at the En ~ 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 32S .
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T~n:~ 33.2

ï'~arnrna ra~®s from thermal-neutron capture in sulphur

1 aî2 = . 50

	

1

	

(2.31 -~ 0.84)

a 11~,8nc'tic Cc~rnhthn spectr~arnetrr .
+~ ~I :`l;netic p~~ir spectrc,meter .
r Intensities in photons per 100 captures in natural s rlphur .
`' °i'he capturin8 state is denoted by C ; all transitions are assumed to result from sBS(n, y) ssS .

TABLE 33.3

Resonances in the sulphur total neutron cross section (Hu 58)

33

(~r 55a, C~r
---- --- -

(1te` ,keV)

i8c ~
- --- -
I®"~

I{i 52,
- -- -

(NieV -~keV)

I3a b8cb

Iyc
Probable transition

in ssS ~

8.63 .s--,10 1 .8 8.64 ;~ 20 1.2 C -~ 0
7.80 _=40 2.6 î .78430 1.6 C --> 0.84

0.6 7.42 -~- 30 0.3 7 .42 -~ 0
O.b ê .19~30 0.2.5

6i .62 50 0.5 6.64 ?- 30 0.25 C -~ 1 .97
~i.88 ~- 50 0.4 5.97y60 0.8 5.86 ~ ~7
:î .44 20 48 5.43 _4 20 60 C -~ 3.22 ; (6.48 ~ 0.84)
öî .0ï -~ 30 3.5 5.03 460 2. 7 .5 . 86 --~ 0.84
4 .87 _-~~ r0 1 `'r 4 - ~.84 60 11 5, î 1 ~ 0.84
4 .:,8 ~ 30 1 .2 4.60 ~ 60_ 2.7 C --~ 4 .05
4 .40 -~ 20 6 4.38 :;- 30 7 C ~ 4.21
3.r6~éi® 2 3.69 =v 50 4 (C --~ 4.87)
3.41 430 7.1 3.36=-- .50 7 4.21 --~ 0.84 ; 5.?1 -~ 2 .31
:ß .~'ï d 30 1!i
3.10 ._ 3b `'
2. ;67 .~ 30 l :ß 2 .94 _±- 50 20 C -~ .5 .71

'.:DS ~,~30 4.4

En
(keV)

ssS~
(~IE~V) f Zn

rn
(keV)

111-±-2 8.750 ~+ 0 18 -y 3
203 -~- 2 8.839 - .~ ( < ad
274 -1- 2 8.908 ~~ 1 < 3
290~2 8.924 ~1 <3
3î5-~-3 9.006 ~+ 0 12 -.-2
5853 9.210 -a 1 3 1 .44-0.5
700_-~4

J
9.321 0 14 -~- 3

?25 9.346
74? 9.36r
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F.

	

33p(fl-)33S

	

Qm = 248±2
See 33P.

see f co 53a.

P . M . ENDT AND C. VAN DER LEUN

Qm = -925.8 ::E2.1

	

Eb = 8642.5±2.8(a) 32S(n' p)32

(b) 32S(n, ac)29Si

	

Qm ==

	

1532.0~3.5

	

Eb = 8642 .5 ±2.8

Unresolved resonances, Hu 58.
For Q-value measurements, cross section, and particle groups, see 32

29S1, respectively.
32S(d, p) 33S

	

Qm == 6417.8±2.8
agnetic analysis yields Q0 == 6.4220.011 MeV (St 61), 6.4080.020 MeV

(Le 56b), 6.413 ±0.006 MeV (En 58), 6.420

	

0.005 MeV (Ma 60e) .
igh-resolution magnetic analysis, at Ed = 6.0 and 6.5 MeV and at several

angles, yields the 104 levels listed in table 33 .4 (En 58), together with 1. values
from angular distribution measurements (ja 616 Ho 53a, Ho 53d, Te 57,
Te 58a) and the relative reduced widths (ja 61b, Ma 60d) . The excitation
ener&ies of the seven lowest levels, reported in ja 61a, 33S* = 0.846±0.005,
1 .986±0.006, 2.328±1009, 2.887±0.009, 1957±1012, 2.995±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
eV 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, y)33S reaction,
leads to the identification of these levels with the expected Ifi, 2p,, and 2pj
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, A and (d, p) reduced widths, see Bo 59a. For y rays observed from this
reactioi.-i, see Ch 58a.

and

G.

	

33S(20Ne' 20Ne)33S
From Coulomb excitation at E(2® e) = 23 MeV, the E2 partial mean life of

33S(I) has been found as 5.2 x 10 -11 sec (An 61e) .

Threshold measurement yields 10.85±0.20 MeV (Sh 51a) . For cross section,

3'Cl(d, x)33S

	

Qm = 8282.9±3.6
Wagnetic analysis of the a-particle groups from bombardment of targets con-

taining natural Cl with deuterons of several energies between 3.0 and 7 .5 MeV

33c1(#+)33S Qm := 5575±12
See 33C1.

34S(y, n) 33S Qm = _ 11420.8±4.0
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TABLE 33.4

Levels Yn 113S from the 32S(d . p)33S reaction

33

a En 58 ; Ed = 6.0 and 6.5 MeV.
b ja 61b (preliminary), Ed == 7.77 MeV; w means "weak and/or isotropic" : intensity at

	

30'

is < Mo of the ground-state transition .
c Also Ho 53a, Ho 53d ; Ed = 8.0 MeV.
d Also Te 57, Te 58a; Ed = 1.3, 1.8, 2.2, 3.8 and 4.0 MeV.
e ±0.005 MeV.
f For these levels relative reduced widths are also given in Ho 53a, Ho 53d, as discussed in

Ila 60d.
9 Also B1 .53, Ed = 14.3 MeV.

E,a
(MeV)

Inb
(2J+1)®n2b

(relative I
E,a
(MeV) 1

Exa
(MeV)

0 2e, d, 9 4.Oí 5.915 1330
0.839e (p, d, 9 Lif 5.982 (7.335)
1.965 (2) (0.4) &067 1353
2114 2 Is (6079) 7159
2.869 2 1 .2 1101 7369
2.936 3 ,0 9.1t 1131 1401
2.971 w s.234 7.413
3.222 Ie &Ir 1261 1452
1832 3 17 1310 7.460
3.935 w (3) (0.3 1326 7.475
4.049 w &360 7 .482
4195 w &372 1487
1145 w &416 1503
4111 Ie 0.9t 6.427 (7 .560)
4.377 w 6.487 (7 .579)
4.425 (4) 6.513 (7.589)
4.732

3 1.5
6.526 (7-595)

1747 1559 (1601)
4.869 w 6.616 7 .615
4.919 10 and 0.2t &676 7629

4141 ~ 3 u 4 18or 1.1 &689 1658
0177 3 16 &710 1693

5.210 3or2 0.5or0.2 6.720 1711
5.272 &788 1749
1287 1

2 14 1892 1766
5.340 6.903 1779
l351

~ 3 06
&965 1797

0399 3 16 6.999 1828
0479 w 7&17 7.840
1597 w 1037 1862

5.613

1
0 13

1133 7892

0622 7.164 7106

5.711 3.5f * 7.183 7083

5.864 1190 7191

5.888 1 1 .2 %254 &015

all±0.006 all C 1006 Q L1006
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ncl

yields -13S levels at 1844±1006, 1.966±0.007, 2.312, 2.869, 2.938, 2.969,
122L

all
±0301 3.84, 3.947, 4.0600 4.105, 4.159, 4.224, all. ±0.009, and

4.749!ö0.010 MeV; Q0 = 5.277 ±0.010 MeV i pa 55c) . An earlier reported level
at 3.365 MeV does not exist. Alpha-particle groups leading to 4.38 and 4.43
eV levels, observed from the 32S(d, p)33S reaction, may have been present,

but were weak or obscured by contaminant groups (En 5,S) .

K.

	

36Ar(n, _x)33S

	

Qm = 2002 .1 :~4.1

Ionization chamber measurements at En = 2.15-4.40 MeV yield a 33S level
at 0.V- () .l MeV; Q0 = 2.0±0.1 MeV (To 53'

'
. At En = 1.32-8.94 MeV, the cross

sections for transitions to the 33Sground state and. sip lowest excited states
have been measured ; Q0

esonances, see 37n.

L

	

Not reported :

RE-3L.-X RKS

A. 33Q%+)313S

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

= 1.96±0.04 MeV ( a 60, a 61b), See also Gr 46.

For a theoretical discussion of collective model predictions pertaining to
; C'3S, see Bi 60.

33

(Fig . 33.2, p. 191 ; table 33 .5, p. 19-2)

Qm = 5575±12

The weighted mean half-life is 2.53±0.04 sec (Mu 58, ja 60a, Wa 60a ; see
Ho 40, Sc 484 Merdeterminations (Wh 41, Bo 51) are in doubt as possibly

a mixture of 33 1I and "Cl has been studied (St 33) .
Possible confusion v6th short-lived 34C! ,.lso sheds doubt on measurements

of the end point (V,-, i 41, Bo 51, Na 53) . A recent measurement yields
t '-- )] =6 0,5 MeV (Wa 60a) . Log ft = 3.7.
A y ray of 2 .85 MeV with an intensity of 0.3 0% per disintegration /logft = 4-3)

has been observed (IMe 54) .

31P(t, n)33S
33p(3He, p)33S
31P(x, d) 33S
32S(t, d)33S
32S( We}33S-)33S-
34S(p, dA3S

QM = 9022.8±3.1
Q-M _9757.2 ±3.1
QM = - 8 565. :J ± 3 .1
QM 2 384.9±2 .8
Qm = -11934.6±2.8
Qm = - 9196 .1±4 .0

'4S(d, t) 33S QM = - 5163.2 ±4.0
34S(3He, a)33S Q. = 9156 .3±4.0
3 -iCI(n, t) 33S QIn :-- - 9305 .1±3.6
35a(y 3He)33S QM 10069.6±3.6



22-9

3.716 -I

3.379

094
2.9172.902
2.810 -

1716 -a

SA5

T

3

2.ß1o-

1.754-

0.580

335

ENERGY LEVELS OF LIGHT NUCLEI . III

	

191

2mo Ca

2-53s

Fig. 33 .2 . Energy levels of 9301 .

lp

-6-3e,
33S+p-n

6.48
29P+a

0.06

33

2.578-2.310-1900-325+p

2

	

32S+d - n



in

77

70~

V....Y.~~

	

-.,re .-

BF..

'-1

	

- -

	

-1

"

;hA

ejp, Phl e màt '

44

usi 0

	

c'lu"

á5b$
- j .'i

AM

`11ls ,

-, -a ,:, 71, "-'t-

rl

-- AC

snsni-, =, aL



0 = 580 AT the decay almost entirely (> 96%) proceeds to 3301(0} .
The intensity of a cascade through 330(1) is less than 0.5% (Va 58e) ; in Va Wt,
however, 10% is reported. Polarization measurements (Su 60c) of the ground
state 7 ray confirm the J,' = J+ assignment to the resonance level, and select
the small value for the E2/M1 amplitude ratio, x = -0.09±0.03, out of the
two possibilities found from angular distribution measurements (Va 58e, Ira 59a) .

587 AT they decay about equally proceeds to 3301(0} and !4) ; the
-y-ray energies are E. = 2.862±0.015, 2.053±0.015, and 0.806±0.004 MeV
(A 54 W 590. Polarization measurements prove the odd parity of this
resonance, and confirm the j- = J+ assignment to 330(l) (Su 60c) .

The reaction energy, computed from the resonance and -y-ray energies
amounts to Q = 2.289±0.011 MeV (Va 58e) .
The resonance at 1890 AV probably corresponds with the lowest (p, p)

resonance listed in table 33.7 .
C.

	

3ZS(g j)32S

	

Eb = 2285±12
esonances, observed in the elastic and inelastic (to 32S*= 2.24 MeV) scatter-

ing cross sections at firme different angles and at proton energies up to 3.8 MCV,
are listed hale 33.7, with corresponding excitation energies in 3:10, spins,

TABLE 33.7
Resonances for proton scattering from 32S (0158)

it No measurable difference betweenrp, andr.

RGAP` LEVELS OF LIGHT NUCLEI . III

MCI

19:!

parities, partial widths, and reduced widths . No capture V rays have been
found except, probably, at the 1900 keV resonance (see reaction 13} . The
difference in the reported level densities of 3301 aad MSisdiscussed in 0158.
Essentially the same results at the 1 .90 and 2.31 MeV resomnces are given in
Fe 53. For cross sections in the EP = 4.95-5.45 MeV range, see Od 59 .
For non-resonance data, see 32S.

Ep
(,lev ,.-LkeV)

ucle
(NIffl 13 (keV)

rp.
(keV)

rpl
(keV)

e 2
P®

X 10 3
0 2
Pl
X 103

1 .IM 1 2 4.127 8.5 ± 1 .5 a 43
2L310=1 4 4.525 4_ 55 5 a 118
15787E 3 4185 (1 . 41- 0.25 :E 0.0) a 9
2.8101 2 5.010 4 _ 6 je 2 2 w10015 6 w500
1895+30 5.092 1 - 360 :~60 a 336
2.902+ 2 5.099 ( -, I-) < 015 a ob 0.010 < 9 9
2.917-j- 2 5.114 1+ 1 .5 ± 0.5 a o~ 0.0018 4 s:,-, 1 .6
3.094 A- 2 5.285 4 - 0.34± 0.06 0.29 0.05 4 101
3.195-1: 2 5.383 1-+ 0.44± 0.08 0.43 0.01 0.8 2.3
3.273± 4 5.459 4+ 32 -1: 4 a ( < 0.01) 12.8 (< 9.4)
3.379± 2 5.562 4- 1.00± 0.20 0.40 0.60 3.0 106
3.480±10 5.660 12- 100 ±15 a ( < 0.08) 54.7 ( < 8)
3.570 .5 5.747 1+ 40 5_i a < 0.01) 13.1 ( < 0.9)
3.716 ± 2 5.888 1 .50+ 0.30 0.84 0.66 4.2 19
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32S(d, n)33CI

ith nuclear emulsions, at Ed = 8 MeV, neutron groups have been found
to 33CI* - 0, 0.76 ±0.07, 184 +0.06, and 4.22±0.08 MeV. Angular distributionmeasureents yield 1~ == 2, 0, 1, and 1, giving jn = (J . f)t 11 , Q ~ - , and
(1, A') - , respectively . Groups to several more closely spaced levels above 4 .22

2
eV have been fou-nd. A doubtful level at 1 .89 MeV is reported (Mi 53) . The

relative reduced widths of the transitions to 33CI* == 0, 0.76, and 4.12 'Met",
are 1, 33, and (15), respectively (Mi 53, Ma 60d) . Time-of-flight measurements,
at Ed = 3 .5, 3.9, awl 4 .2 MeV, yield levels at 0.88 X0.07, 2.11 ±0.06, 2.53 ±0.06,
and 2.82±0.06 MeV ; Q0 = 0.10±0.05 MeV (Ma 60) .

F.

E .

	

33S(p , n)33CI

Observed, Wh 41 .

Not reported :
31P(3He, n)33C1
32S(3He, d)33C1
32S(OC

P
t)33CI

33S13He, t) 33C1
35CI(p" t) 33CI
36Ar(p, CX)33CI

A .

	

34"F)(fl -) 34S

Q. = 60±12

QM

TABLE 34.1

The 34P(P-)34S decay

Qm = 5 100± 200

6358±12

QM 33430±12
Qin 3208±12
QM

	

-17528± 12
QnI

	

- 5593 :~L12
-15663+12

4 355 ±12

(Not illustrated ; sec fig . 34 .1, p. 1 .96)

The half-life is 12AO~412 sec (BI 46 ; see also Co 40, Hu. 45) . The #- decay
predominantly proceeds t.0 34S(O) and (1) (BI 46) ; in addition, a 4 .0 MeNI 7, ray,
with a 0.2 0% intensity, reveals a weak #- branch to a 4.0 MeV level (Mo 56d) .
For end points, branching ratios, and log ft values, see table 34 .1 . A discussion
of the fl- transition probabilities is given in De 53b.
The allowed character of the transitions to 34S(O) and (1) with J., = 0`- and

2+, respectively, yields jn = I+ for 34P(O) .

Final 34S state Ep-
(MeV)

Branching
ratio (%) log ft Reference

I 11±0.2 75 5.1 B1462,13 12±0.2 25 17 B146310 > 06 Mo 56d4 .0 12 " 19 Mo 56d



C.

	

-"S(n, p) 34P

	

Qm == -4320±200
= 14.5 MeV, Pa 53.

(n, y)"P

	

^m = 6570±200v
erhaps observed, see Ya 51

3

Cross sectio

3'Cl(n, a) "P

	

QM = -1290±200
Cross section, Pa 53, Le 57b.

A repoked :
-US(t , 3

31&S(n, t)
365T,
36S(d,

A.

	

31p(oe, p)US

	

A = 62)
*
9~13

Scintillation spectrometer measurements of proton and y-ray energies and
coincidences yield levels at "S* = 2.13±0.02, 3.33±0.05, 4 .3±0.1, and
4.8±0.1 MeV ; Q0 = 0.7±0.1 MeV. The 3.30 eV level decays by y emission
to "S(1), (73±4)%, and to 34S 0), (27±4)% (St 56b) ; see, however, 340, reac-
tion X Mherential cross sections for transitions to 34S(O) and (1) -,t E x = 7..0
and &I MeV (Vo 57a), and to 34S(O) at E. = 30.4

	

eV (Hu 59a), are - in fair
agreement with direct-interaction calculations .

e)
P

B.

	

335,(d, p) 34S

	

QM	9196.1±4.0
At Ed =6.0 MeV, with enriched targets, proton groups have been observed

to 34S levels at 0, 2.123, 1305, 4.125, (4.26), 4.630, (4.70), 4.886, (5.38), 5.691,
(185), 1173, 6.252, 6.348, 6.482, 6.64, 7.110, 7.632, 7.78, 7.914, (8.12), 8.30,
and (8.62) MeV ; Q0 = 9.194 MeV. Groups have been seen at different angles
unless the corresponding excitation energy has been put in brackens (Br 61e) .
See also Da 49a.
C .

at

4
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nd je 52.

34

(Fig. 3-1.1, p. 196 ; table 3- ; - .% p. 197)

9
3

agnetic analysis yields Q0 = 3.023 ±0.006

	

eV (Va 57d), 3.026 ±0.008

	

eV

Qm - 5080±200
Qm -12700±200
Q
M 3460±200

QM 4890±200

34p(fl-)34S QM = 510 200
See 34P and remarks .

34CI(fl+)34S Qm 5519±21
See Cl and remarks .

37CI(p, 0e)34S Qm 3030.1±3.1
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Fig. 34 . 1 . Energy levels (if

il: . -, -,';,),and 3 .015+0-015MeV(CI60) . At EP = 1 .8-4 .OMeV, a level has been
found a, 2.12941014 MeV (Va 56), and at EP = 7.0 MeV levels at 2 .127,
=2, 19 1 5, 4071 111t 4.621, 4185, and 4 .876, all ±0.008 MeV (En 56c) .
Or the ex&Won func6on of the a. group, see "Ar.

30SI .O.

M.Ce

31p +

32AO m

09

Woos

a4 Ao
P,* 27 01*-.1.33
P; 27M2.4
Y(0143)461*
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(0) and Jn = 2+ to

	

S(1) follow from the
allowed character of both the sap ~- decay to

	

S(C) and (1), and the 3~Clm
(

	

~ =

	

+)

	

+ decay to

	

S(1) .
For a

	

°scussion of the J~ = 2+ assignment to 3~S

	

= 3.30 and 4.11 ~IetT,
see ~Cl, reaction A.
For a theoretical discussion of the excitation energy of the lowest 2+ states,

see

	

h 56.
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ig. 34.2, p. 198 ; table 3

	

. 3,

	

. 199)

A.

	

(a) s~Cl( +)s S

	

Qm = 5 51

	

~21

he weighted

	

can half-life is 1 .588 0.014 sec (St 53b,

	

l 54b, hli ~8,

a 60a) . The decay proceeds to

	

S( ) ; end point 4.50~0. 03

	

e

	

(

	

r ~i6) ,
4.45

	

0.11

	

e~ï (

	

u 51), 4.45X0.10

	

e

	

(

	

u 5 a) . The log ft value is 3.5,

indicating that

	

Cl(0) is the

	

=

	

analog of

	

S(0) (see also

	

u 56) . Atheoretical

~n7

( tev -~ l~cev) .% Decay Reactions

Stahle A, dJ, C, D, ir
2.127 .ßi 2 Y B, C, D, E

. 2 Y lá, L.D, D, E
3.91 (Y) C, 1I~, E
4. 73 -~-3 (Y) C, D, E
4.114 =~~ (r1) Y B, C~ D, E

. ®1 .62 ; ~

ot re orte

legels, see reaction B

s S(t ' )~ S 11581.0~3.1
~sS~ns ~,) S 11420.8~4.0
~~S(t~ d)~~S Q~ --® 5163 .2 ~4.0
~~S( , e) S ~ --~, 9156. 3 i4.0
~~~®1(r~, ~~ 5 ~ --~ 4141 .9~3.8
~~Cl( ~® e)s S

m
= --~ 873.4 ~3.7
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u 60.
on ltu

ri mm& Ij

a 58e,
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0.04

	

in (Gr 56 ; see also
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Reactions
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1.~ß3~0.014 sec
t~.143 -?

	

3g ® 0

	

32.40

	

~0.04

	

in
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~+ many-
B, C, E, H

199

i i'a,

	

e =1Ka,

	

=13,

	

i 37) . ®Tf~e decay proceeds by y emission (46°,®) to
~~~1(0) (Gr 56, St 53,

	

u 51), and with about ~°qual intensities; by ~+ emission
to 34S

	

= 2.13

	

eV ( `$+~AX = 2 .48

	

0.07 NieV) and 3.30 NIeV (EßfmaY -
- 1 .33

0.10

	

eV) ; log ft = 6.1 and 4.9, respectively (Gr 56, I":u 51) . From the
conversion coefficient of the 145 ~3 keV y ray, a = 0.14 X0.01, it follows that
this transition has Ni3 character (St 53) . I-ience the isomeric state has J~ = 3+.

lieasure ent of single y-ray spectra (see table 34 .4) and of coi~lcidences
confirms the ß- branches to 34S

	

= ,.13 and 3.30 NieV, and indicates a weak
( ~ 0.4°/®) ß+ branch to 34S

	

_ 1.11

	

eV, with log ft = 5.4 . The latter state
decays to 34S(0) with Er = 4.100.0, IVIeV ; it should thus ha`Te J

~ = 2+ . The
0.64 and 0.77

	

eV y rays possibly indicate weak ß+ transitions to 3~S* = 3 .9?
and 4.07

	

eV, respectively (To 60a ; also I~o 56d) .
The angular correlation of the 1 .17 and 2.13 ti1eV y rays indicates that both

the :~.13 and 3.30

	

eVlevels have J.~ = 2+ (tea 56d, Fi 57, Sh 58~.) . The

	

2/ :~T 1
amplitude ratio of the 1 .17 NIeV y ray is x = -}-0.13 (
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1 .9, 2.7, 3.7, 4,6, (5.7), and (7 .2)

	

e~T, if it is assumed that the highest Q value
assured (

	

® --.0.1 1 e~T}, corresponds to ~~Cl(0} (1~~ 55) .

Not reported

RI?i~iAHl{~

3dS(t~ n)34C1
33S(3 e~ d}34C1
33S(a, t)34C1
34S(3 e~ t}34~1

35~1(Tl d%''l,l
s5C1( , t) Cl
asCl(s e, a)34C1
~e r(n, t) Cl
ss~r(p, ~ e)s4C1
a~~r(d 1 ~)s4Cl

34C(n~ y)35~

ENERGY LEVELS OF LIGHT NUCLEI. III

	

`?®1

35~1(Y' n)34C

	

Q

	

= --12 668 ~ 21m

e Q value for the transition to ~Cl~ is -12 .35~0.35 IVIe~T (I~e 55) . The
ground-state Q value is -12.79 0.07

	

eV (fia 57b), -12.66 0.04 i~Ze~T
(Sa 61) .

Cross section, Fe 59a, a 57b, Go 54a, Ed 52, ~Ta 48.
For `'breaks" in the excitation curve, see 3~C1 .

Qm =

	

5279~21
Qm = ®

	

374~21
Qm = -14693~21
Qm ---- - 5537~21
Q~ = -10443~21
Q~ _ - 6411~21
Qm ---

	

7909~21
Q~ --- -12691 ~21
Qm = -1345E~21
Qm ---

	

4$97 ~21

positions of the lowest l --= 0 and T == 1 states, St 53a, St 53b, l'e 53, IVIo 54,
i :"~6a, `1a 58d.

3s

(Fig. 35 .1, p. 202 ; table 35.1, p . 202)

A.

	

35S(ß-)sSCI

	

,~ --- 167.34 X0.19

The half-life is 86.73 X0.27 days (weighted average, I-~e 43, Se 58b, Ca 59a,
Co 59e) ; the end point is 167 .6 X0.3 key' (Co 57c, Fe 54a, La 50, Gr 50b, Co 48,
ß.3e 48b) . The spectrum has the allowe

	

shape, at least down to 2 keV (Al 48c,
e 48b, Co 48, La 50, tJr 50b, I-1[e 51,

	

i 53a, Fe 54a, NIo 54a, Di 55, Co 57c) .
Log ft = 5.0. For computation of the ß- rr~atrix element, see Gr 56c.
The longitudinal ß- polarization is equal to -v(c (I,a 58) .
For inner bremsstrahlung, see St 55, Ch 59, Le 5~'a (theory) . For effects

involving the atomic electron cloud, see Du 61a, C,h 59,

	

u 54b .

Qm -_= 6981.83.8

he thermal neutron capture cross section is 0.26 ~ 0 .05 lb, u 58.

~4~ 1 3s
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C.

	

311S(d, p)35S

	

Qm = 4757.1±3 .7
Magnetic analysis of charged particles from na ,.ural sulphur

barded with deuterons of 6.0 and 6.5 MeV, gives weak proton gnou

3.803 ±10
(4.025+10)
4.192 ± 10
4.961± 10

P . til . ENDT AND C . VAN DER LEUN

TABLn 3K I
1--nergy levels of t11'.S

86.73±0.27 days

2

Fig. 35 . 1 . r-.nerg y levels of 35S .

7.8

Tj

	

Decay

345 +d -p

p-

75

targets bom-
Sto 35s* = 0,

Reactions

A, C, D, E, F
C, F
C, F
F
F
c
F
c
c

1 .992+0.008,2.346±0.00~3,3 .803±0 .010,4 .192+0.010, and 4.961 ±0.010MeV ;
')' o = 4.757 ±0.010 MeV (En 58) . At Ed = 7.77 MeV, angular distribution
weasurements of the groups to 35S* = 0, 1 .992, and 2.346 1%[eV, yield 1. = 2, 3,
and 1, respectively, and (2j+ ')On2 = 1 .5, 11 .0, and 5.7 (relative), Ja 61b.

Ex
(«,'%Ie«\r ± keV) JIT

0
1 .092 ± 6 01 10-1347 4- 6 QL 31)-2.714SIO
1955MIO



35CI(n, j -))35S

	

Qln = 615.27±0.44
The thermal neutron cross section is 0.19±0.05 b (Hu 58) . See also Be 55c.

Cross section at 14 MeV, AI 61
From measurements with thermal and D(d, n) neutrons, Q0 = 0.52±0.04
eV (Gi 44) .
For resonances, see 36CI .

G.

	

Not -eported :
dis(t, P)s5ss
34S(t, (1)35S
3490 3He)35S
35(ij(t~ 311e)35S
3OS(p, d)3-'S
nos(d ' t)asss

S30(3W a)35

37CI( ,

	

St)35Sn
37C1(p® 3He)35SS
3"Ar(n, 2)35S

Cross section for 32

ENERGY LEVELS OF LIGHT NUCLEI. 111
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37CI

	

35S

	

= -16058.4±3 .2(y, d) S

	

QM
eV brernsitrahlung, Er 57.

F.

	

37CI(d, a)35S

	

Qm = 7787.2±3.2
From bombardment of targets containing natural chlorine, at severaldeuteron

energies between 3.0 and 7 .5 MeV, Q0 = 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 ±1010 MeV (Pa 55c) . An additional a-particle
group which had Won assigned to the 35CI(d,,x) 33S reaction, actually has to be
ascribed to 37C] ;d,

	

.ae)35~.;' leading to a 35S level at 2.955±0.010 MeV (En 58) .

2 n
m

,2. =

Q. =
,2. =

Qm

QM

9920 .3 4-3 .6
724 .2 ±3.7

-13595.3 ±3 .8
- 149.21±0.20
- 7657 ±9
- 3624

	

±9
10695

	

±9
- 9800.8 ±3.2
-10565.3 ±3.2
-	230.8

	

-~-3.4

35CI

(Fig. 35.2, p. 204 ; table 35.2, p. 205)

Qm = -1865.1±2 .6

35S, 35C]

A.

	

32S(a, p)35CI

At E. = 8 MeV, proton groups have been observed to 35CI* = 0, (0.7), 1 .1,
and (1 .7) MeV ; Q0 = -2.3 MeV (Pi 55) . I-or work with a particles from natural
radioactive sources, see En 54a.

34S(p, y)35CI

	

Qm= 6366 .6±:3 .7

With enriched targets, 44 resonances have been found in the E, = 0.6-1 .9
eV region ; see table 35.3 for resonance energies, corresponding 35CI excitation

energies, J-n values, widths, and yields (An 60a, An 61c) . For branching ratios
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D.

	

Not reported :

A .

I
361I

33S(3He, n) 3
35CI(3He, t)35

36Ar(p, d)35Ar
36Ar(d, t)35
36Ar(3

36CI(l~C)36ç ;

	

QnI ==
1137±10

See 36C1 .

r
e, oc) 35Ar

40Ar(y, a)36S

Observed at E, = 23, 26, and 30

C .

	

Not reported :
34S(t,

p)
36S

37CI(n, d) 36S
37CI(e 3He)36Ss
37CI(t ' a)36S
WAr(n' 3He)36S

P . M . ENDT ANL) C . VAN DER LEUN

QM =

	

3317 ±30
QM = - 5988±30
QM = -13033±30
Qzn = - 9001±30
QM =

	

5319±30

36

(Not illustrated)

Qm = -6809±9

36

V (Em 59 ; see also Wi 51) .

Qin =

	

8381±9
Q'ni = - 6177±9
Qin = - 2908±9
QM =

	

11411 ±9
QnI = -10926 .1-9

íFig. 36.1, p. 209 ; table 36.1, p. 210)

A .

	

(a) .16C](P-)36Ar

	

QIn ==*

	

711 .5± 4 .3
(b) 36C1(EC)36S

	

Qm = 1137 ± 10

The half-life has been measured by absolute #- counting, using samples of
known 36CI content, as (4.4±0.5)X 105 yr (Wu 49), (3.08±0.03)X 105 yr
(Ba 55a), and (2.5±0.4) X 1,()5 yr (Wr 57) .
The end point of the fl- spectrum is 0.714±0.005 MeV (Fe 52) . For a dis-

cussion of the ft-value (log J. = 13.4), see Fo 54, jo 56. The shape of the #-
spectrum is consistent with a A j = '2, no, transition (Wu 50, Fu 51, Fe 52,
jo 55) .
Th® number of positons is less than 10-4 times the number of electrons

(Wu 41, jo 49) ; no y rays are present with E. > 20 keV and with an intensity
of more than 5% (Wu 49, Dr 55) . hirough. observation of K quanta, it has been
shown that 36CI also decays by K capture to "S with K/fl - = (1 .7±0.1)% ;
log ft = 13.5 (Dr 55) .
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36

ELS FROM

	

CI +n

3.08 x 105y

1

	

C,8 '0.6' . ' 29 '3'9

0.6

	

5 .0.9_ I _ 15,14 3

Fig. 36 . l. . Energy legels of 36C1 .

ß° 98 .3°10 ;0 .714

Qm ® 8576.7±4.5

at, t

	

I y , P

o .zC 2

2~r3

8.577
CI+n

764
32P+a

_t6Qr

-1 .322

3 'Ci+y-n

__

From the thermal-neutron absorption cross section of natural chlorine,

33.6-4-1 .1 b, and the capture cross section of 37Cl, 0.56±0.12 te ( u 58),

and the 3501 and. 3'C abundances, it follows that less than 1% of the thermal-

neutron captures in natural chlorine occur in 37Cl.
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TAbLE 311

Energy levels of 36CI

P . M . ENDT AND C. VAN DER LEUN

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 energy y rays (Ba 58c) . See also Ur 59 .
Assignments of the most intensive y rays to transitions in 36CI are based on

coincidence measurements with a three-crystal pair spectrometer. These meal-
wernents 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 36CI* = 0.79, 1 .16, (1 .60), 1 .96, and 2 .87 MeV (Bu 59b), and
through 36CI*= 0.79, 1 .60, 1 .96, 2 .68, 2 .87, X3.00), (5 .52), 5.95, and 6 .36 MeV
(Dr 61) . See also Re 54 . The branching fractions of these intermediate 3tates

2 .522 !_5
1681 ±5
2.818±5
2.870--.'-5

5) -

K W
(< 5)-

13, 1 --.
Is H.
11, 1 r.
Ii, Ià

2.902 - : - .5 (< 3)-
3.002 1-5 3)- I1, 1~

3.106 ~-5 3)-
3.213 6 3) --
3.339 5 3) -
3.474 5 (< 3)-
3.606 5 3) - 11 . l'

3A41 5 3) -
3.67 1 - ._6
3130 ~ 5 K o)-
(1831)
3.970 5 3)- 11 . 1 >
4.001 5 3) - 1 '
4 .041 -5 3) - 13 . f .'
4.146 7 3) 14, v.

4.269-7.007 ; 45 levels, see table 36.5 and reaction 11 (anti 11)
8 .576-8.773 ; 14 levels, see tables 36.3 and 36.4 and reactions 13, C . 1)

E,,
(MeV ±keV) JIT r& Decay Reactions

0 2+ (3.08 LO.03) x 105 Yr I C niany

0.788-~1:2 (3)+ 13, E, F, H

1 . 164 ± 2 ( 1 ) + B, E, F

1 .598-t-3 (1, 2)+ B, E, F

1 .949 3 (1, 2)+ B . E

1 .13 :_>7 3 B, E

2.469 3 3) - 13, E

2 .4971-5 (1, 2)+ 13, r,.
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°rABLE 36.2

Galr~n'a ra® "s írom ~JCI(n, y)~gCl (Gr 60a)

Jr
a :~ssignlnent b

Intensities per 100 netltruns captured in natut- ,il chlorine ; the errors in tlje intensities are 10°ó
for the st~°~mg lines, and uF to 50®® for the ~`eak lines .
í'1e capturing state is indicated by C ; escitati,)ro ~°nergiPS in tiíe~' .
.~ssigir :oents marked (c) are based on coincidE ace measurements (Bu :î9b, Se ä5l1, I~r 61) . The
remaining y rays are fitted between levels known from Ho 61b ; two-step cascades are marked
(t) . (~~tmma ray°s de-exciting levels of ovhich the mode of population is unknown, are bracketed ;
these transitions are not includecí in fig . 36.1 .
Calibration line ; energ`° calculated from masse.
Se~ :ï9 .

to

	

the

	

ground

	

state

	

art'

	

1, 0. 91 ~-0.09,

	

1.0t=0.15,

	

~~.~9~0.09,

	

1 . 2~0.2,
0.~4

	

0.15, 0.45X0.1, 0.4~~ X0.1, C 1, and ` 0.55, respectively (I~r 61) " For
a discussion of spins and parities of 3SC1 levais with ~,~ ~ ~~ 1 eV, based on the
i tl,nsities of the cascades,. see I)r 61 .

8.5i3 - ; 4 cI 3 .1 C -~-~ 0 3.î42~-6 0.4 (3.â3 -~ 0) -
ï ~. ï86 5- 8 .'' C -~ 0 . i9(c) 3.596 -` .5 0 . .5 4 . î7 -~ 1 .1 Ei
î.410 t~ .5 11°ï C --~ 1 .16(c) 3.566 - ;_4 1 °1 C -~ 5.01(t) ; i~ . :îl --~ 1 .9 :~

1.510 -_ 4 O.t~ (4.30 -~ 0 . ï11)

ti .413
~

~3 0°3
3.33íá ~= 5 0.8 3.34 -~ 0(c)

ti .?'6ti ; 13 0.6

'.8á16 : - . 3 O .fD

®i .l)lfi ; 4 Il ° li :ï .01 ~ Illt) °? .!i 1O ,~ 4 11.7 4 .7ï --~ I .!Ilí ; 3 .9i -~ 1 .16

®' .4 r 7 3 Il . .r ®' .47 --~ 1)

4 .1!)R 4 I) . :i 14 . :30 -~ Oj
l .fi~3ti ~- 3 1 .1 3 .ß1 -~ 1 .!1~6, l .!) :i(c) ; 4 .1 :ï -} :),a0

4 .Ot~0 á-4 0.7 14 .t~6 -> 0 . á!l) 1 .3''!) --'' 1 .3 ~' .a0 --~ 1 .16
l .lfi5 -~ 1 j7.°ï 1 .16 -~ 0(c) ; 1 .96, 1 .9:~ --~ O . î9(c)
1 .13e 3.ti1 -~ 2.9~ï(c)
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P. M . NU~r ~xb c. v~r~ b ït L~U~

°The assignments teased o

	

coinci ence

	

saws eats are

	

arks

	

as suc in
table 36.2 . See also

	

u

	

c. ~Jsing the precision energy

	

ensure

	

ants

	

n

	

the
intensities, most of the re

	

wining y rays can

	

e

	

tte

	

in t e ~Cl evel ache

	

e
no`s-n irorn the ~5C1( , p)~~C,1 reaction . t~a

	

a~ray pai~s wit

	

ener ies ad ing
up to the neutron binding energy indicate t~1o®step cascades t roug new levels
at 4.138, 4.589, 4.?57, 5 .016, 5 .516, and 6.34~~

	

e`V' ( r

	

~.) .

	

e exists ce o
these levels has later been conhrn~ed fro

	

tl'e 3~C1(d,

	

)~~C reaction (

	

0 6 b) .
the doublet character of the 1 .95

	

e`i level is i

	

°sated by the fact that
the branchiYlg of this 1eve1 depends on the method of its population ( e 59) ;
later, this doublet has been resolved. in 1 .957 x,0.003 and 1 .949

	

0.003

	

e`~'
le~-els. "The 2.47

	

e

	

leve decays to the lowest of these twolevels

	

ya51.8 ,.~.

	

key
~l ray. Using the asSlgn elltS based on coincidence

	

e~.sure ants, the gray
energies yield the excitation energies of the six lowest ~gCl legels wit good
precision :

	

~~C~~° = 0.787 X0.002,

	

1.165X0.002,

	

1.597 ~~0.003,

	

1 .949

	

-0.003,
1 .95i ~0.003, and 2.467

	

0.003

	

e

	

(

	

r 60a) .
For resonances, see table 36 .3 .

C.

	

35C1(n, p)s~s

	

G15.27 ~~4.4

	

s~,

	

-. 85 6 .7

	

~4 .

F'or resonances, see table 3G.3. For non resonance ~la4a, see ~5 .

`~~~~~, 3ß.3

I~esonances in the ab~l(n, y)°®Cl and ~°Cl(n, 1~)~ss cross scpction:~ ( ® ß ~)

EIIl (1{~V,

	

S8c`l

	

(

	

eV)

	

e
}r (~V)

	

~ (Yi1C'~V)

-o.~l~o.ol~

	

3.676

	

o.vtio o.01

	

2.4~; ~o .

	

0
0.405 (datu

	

)

	

3.677

	

70

	

~ m2

	

:?8

	

ß5~

	

1 c
1 .1 ~0.2

	

3.678

	

~50

	

~ 30~

	

1
4.3 ~0.3

	

3.531

	

3.'

	

~15

	

2509-?OOb

	

1
3.592

	

~

	

~ 100

	

~

	

65 x 10~

	

017

	

3.594

a .Already suggested in Br 56c.
b Value d(:pending on resonance spin .
c Iel I-Iu t3 In = 0 is gitten .

T~ s~E 36.4

E;,~
(ke'tl)

Resonances

saC,l~

(1Vi,:V)

in flee a&Cl-~n total cross

(iceV)

ser,~tion ( u 58)

(~~V

°~1
(hiev)

n
(he`,)

0.405~0.006 3.~i77 0 O.0001~H 13~ 8.707 0.&1
15 3.591 s~ 0.03 144 ~.?17 O.al
27 8 .003 0.13 184 B.76ß 1 .7
104 3.073 0.30 190 B.7ß2 1 .
114 8.a33 0 . 202 8.7?3 2 .8
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~ Ho C ~U ; Ed = 7.5 1~TeV .

	

~ ~iso 1{i 52a, 1{i 53U, E~ = 11.9 and 7.8 ~Ie`' .
Pa 55c ; E~ = 3.0-7 .5 NIe~+' .

	

e S~- ß1 ; E~ ~- 7.77 í~TeV.
c Also Te 56b ; Ed = 4 ~Iev'.

	

t Se-e also rsact~on B (Gr ß0a) .

ss~l~n, n)sSCI

	

Eb = 8576 . î ~~ .5

eso ances observzd with enriched ni ~, ~~erial are listed in table 36 .4 (

	

~~ .~8 ;
see also

	

r 56c,

	

i 61) . For cross section, see

	

u 58.
For non®resonance information, see s~Cl .

~~~1 ~

z~et y~ le` "els of

l,~ ~

~~Cl fro ~~Cl(3,

;< lo$

g)$gCl

(~le~r) l
~

°
(2~~ 1lynza

X 1 C's

0 0 2 ( -i.p)c® ~ . e 41 (S 2) 4.834
0°?89 4 0.790 ~5 ~C, 0

lß 4.85î
5.3 0 4.8L7

1 .1ß3 4 l.lß3~ß
1`'r 7.4 ~ 4.aln

1 .599 ~5 1 .600-?- 7 Oc 2.7 ~ 4.t)ß:~ 1 14
Oc 13 5.008r 1 1 S

1.9J4~5 1 .952-~7 2or3c 30 ur <60
~

5.090 1 6
2 .472 ß 2.473 1 43 5.16~3 1 13
2.497 ß 2.498 7 0 3.4 5.213 1 7(,
2.522 ~-ß 2.523 -~ 7 3 133 ~ 5.269 1 36
2.ß79 ß °?.ß84 ~7 5,314 1 3v
2.81ß ß .820 7 3 5ß 5.339
2.8ß8 ß 2.872 m- 7 3 22 ~ 5.376
2. -~ß 2.9 5 -~- 7 1 55 5.469 1 56
3 ß 3. ~7 1 35 5.518i

3.1037 3.110-!®8
1 .'. ~ 5.550
3 2:? I 5.584

.ál`e8 3.214~~8 1 22 ~ 5.ß22 1 3.~?
3.338 ß 3.341 8 1 î7 ~ 5.701 1 1
3.47 =~= 7 3.474 ~,~8 1 n.1 5.731

I 5.7ß6
1 s.0

3. 7 3.ß ß B 1 3.6 1 1°
3.ß40 ß 3.ß44 8 1 22 5.836 1 ..l
3.ß70 8 (3.ß73 ,~ 8) ~ 5.871 1 i.F
3.728 _~m 7 3.732 :?m K 3 23 ~ 5.906 1 ß?
(3.8 :s1) ~ 5.952
3.9~O g 7 3.970 ~~- ál l `_?7 i 5.972
.0 ~~ 7 4 .003 1 ~rn

I
6.032

4 040 7 4 .043 -~ 8 1 `l,L
I

6.090 1 64
4,14ß 7 ~ 1 ~ 7 6.155 1 17
(4 .Lß9) i ß.356~ 1
(4.300) y 6.445 1
4 .323 ~- 7 1 19 ' 6.474
4.413 8 ß.510
4.504 7 1 46 ß.546
4.560~8 0 3 6.680 1
4.ß0? ~8 t 1 39 7.007
4.734-?-8 3 lr ~ all -,~_ 8 keV
4.765 ~8 t 1 9.?
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'E .

	

35CI(d, p)36CI

	

Qm == 6352.0±4.5

agnetic analysis of (d, p) reactions with natural chlorine targets yield ,;

Q0 = 6.354±0.008 MeV (Pa 55c and Ho 61by Seventy levels are listed in tabit.
26.5 (Pa 55c, Ho 61b ; for low-resolution work, see En 51b, Te 56b) wit], 1, ,

values and reduced widths (Ho 61b, Se 61, Te 56b) . The 1,, = 2 ground-stat(_~

group has less than 4% admixture of I., = 0 (Ki 52a, Ki 53b) . The reduce(I
widths of the lowest three states are in agreement with the results of a ,' j-
coupling computation, assumingj I = 2+, 3+, and I+, for 36CI(o), (1), and (2) .
respectively (Ho 61b) . See also Mc 59. The 1,, = 0+3 value of the 1 .95 MeY
level suggests a doublet character (see 36CL reaction B) (Te 56b, Gr 60a) .

F.

	

31sAr(n, p)311C1

	

Qn, = 71 .2±4 .3

P. M . ENDT AND C . VAN DER LEUN

G.

	

37CI(y, n)36C1

	

Qm = -- 10 322 -~L 5

At En -,7-- 1 .32-8.94 MeV, cross sections haye been measured for proton groul)s
to the 36CI ground state and the first three excited states (Da 60, Da 611)) .

Resonances, see 37a.

The photo-neutron threshold is

	

10.307 -1-0.037 MeV (Ge 60a) .

	

Sec also
Sh 51a. Cross section measurements, Go 51a.
If . 39

Irradiation of KI crystals witi-, D(d, n) netitrons and pulse-height analysi,
of the scintillation spectrum, yields Q j) =-- 1 .25jfl.2 MeV. A transition to
36CI* = 0.87±41 MeV is also observed (Sc 50'a) . For cross section mca-
urements, see Li 58d, Bo 60d, Ba 61g, Di (H .
For resonances, see 40K .

(n, oe) 36C1

Not reported :
33S* P)`160 Q., = - 1931 ±O'
34S(t , n)36CI Q =ni 6 461 ±6
34S(3He, p)36(cl Qin 7 225 ±6
34S(m, d)36C1

QM 11127 ±635C1 (t, d)36C1 Qin 2319.1 ±4 .5
3'CI( Oe ~ 3He)36C1 QM 12 000.4 ±4.5
36S(p, n)36CI QM - 1920 ±10
36S(3He, t)36CI Q�, = - 1156 ± 10
36Ar(t, 3He)36CI QM = - 693 .3 ±4.3
31CI (p, d)36CI

Q. = --- 8 097 ±537CI(d, t)36CI
Q. 4064. ±537CI (311e, oe)36CI
QM 10255 ±5

38 jn, t) 36C1
-12082 ±6

38 r(p~ 3He)36C1 -12847 ±6
38 r(d, oe)36(,'l

QM 5506 ±6



REMARKS

ure jj coupling predicts a linear relation between excitation energies of
-') levels in 36CI and those of On dd -')

	

311K. Using thislevels in
relation J= = 2+, 3+, and P has been ULICulated for 36cl* = 0, 0.79, and 1 .60
eV (Pa 61b) .
For a theoretical discussion of the 36C1 ground-state configuration, see Ku 53,
e 53a, Hi 54, Sc 54c .

A .

	

3-1CI(p , y) 36Ar

	

Q n = 8505.6±2.1

The V ray yield from targets containing natural chlorine bombarded with
protons in the energy range EP = 500--2150 keV shows 86 resonances (not
tabulated), Br 51 . The resonances assigned to 35C1 by the use of isotopically
enriched targets and/or by the energies 44 the y rays emitted, are listed in table
36.7 together with the observed resonz nee strengths, the corresponding 36Ar
excitation energies, and a qualitative indication of the decay (Ku 61, Li 60b,
Wit 60, To 57, Br 51, Ta 46) .

L'sing single counter and coincidence techniques, the decay schemes of six
resonance levels and of the lower levels at 1 .97±0.02, 4.17±0.03, 4.45±0.05,
4 .94 ±0.03, 5.85±403, and 185±403 &V have been measured ; see fig . 36.2
(Li (10b) . A few discrepancies with measurcinents reported in Ku 61 and To 57
are given in the figure caption .

Angular distribution measurements at EP = 861 keV indicate J, ' = 20),

:14 ), and 3M for 36Ar* == 1 .95, and 4 .1 MeV, and the resonance state, respec-
tively (Be 57b) . At EP = 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 Ni f_V level is tentative (Li 60b) .

B.

	

35CI(p, pl)35C1

	

Eb == 8505.6±2 .1

Resonances (not tabulated) in the encitation curve for inelastic proton
scattering, observed by measuring the } -ray yield from 35C.1(1), have a spacing
of 18 keV at an average proton energy of 2 .8 MeV (Pr 58a) . 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 at d widths, see table

_
36.8 . With natural

chlorine targets weak po resonances hove been observed at EP 1 .496 and
1 .96 MeV, with r = 20 and 70 keV, respectively (Ru 59) .
For non-resonance data, see 35C1.

r
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36 r

(Fig . 36.2, p. 216 ; 1 able 36.6, p. 217)

36CI, 36
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Fig. 36 .2 . Energy levels of "Ar. Gamma decal as reported in Li 60b. The branchings are in agree-
rnent vrith the indications given in Ku 61, Tic) 57, Be 57b, except for the annotated transitions :
intenifty ratio yl /Vo == 3 (Ku 6iß® b decay proceeds to 1 .97 level, ground-state transition not

observed (Ifu 61) ; c intensity ratio ijQO = 4 (Be 57b) ; d intensity y, '_> 3 (To 57).

-A32S1150(1', CX)C.

	

1

	

Qnl = 1865.1 ±2.6

	

Eb = 8505 .6 -' 2. 1
Thirty-eight resonances (not tabulated) have been observed in the energy

range E. ~ L'; j-3.1 MeV. For a discussion of level spacing, strength function,
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Bnergy levels of ~~~r

Deca}1

	

Rf',aCtiO11S

Stable

	

A, L~, E, B, G
A o

y

	

A

Y
Y
y

	

A

Y

	

A
see table 36.7 and reaction

Y, p

	

A, !3
P

	

B
see table 36.8 and reactions

	

B, C

TAS~.s 36.7

esonances in the reaction 3$Cl(p, y)s~Ar

858
888

1102

To 57

	

1258

1484

	

1484a

1510

	

15104
1580

~ The y® indicates a transition to the ground state (To .5?) ; observation of this transition implies
fz = ~lf, 2+) for the resoa~ance level . The y~ indicates a transition to ssAr - 1 .95 ~0.0? :1IeV
(1{u 61) .

b Possibly due to 15N contamination (Ku 61) .
c Not observed in Ku 61 .
~ .fit Ep r 1496 kcV, a resonance is reported in the reaction Cl{p, p)Cl, with l'

	

20 kei', l~~.i á9 .
e This level corresponds to a 1960 keC resonance in the reaction Cl(p, r~)Cl ; I' = 70 kei", IZ.~a 59 .

~ Ku 61 .
~ To 57 ; the yields given here are apparently about 100 times higher than those given in I~~~i 61 .

~ l'C 5 keV for these resonances .

ss~ r

(1-Îe~')
(.'J + 1) rrl'ph

(meV)
Decay

(8.921)
8.93!) 3g Y~
(8.992)
9.02J 8t Y~
9.066 7t

9.132 4c Y~
9.144 3I Y~
9.220 20i see fig . 36.3
!,.240 4 t Yi
!).301 3e see fig . 36.3
").343 100f ; 9600s see fig . 86.3
9.367 20~ see fig . 36.3
9.374 40t see fig. 36.3
9.380 see fig. 36.3
9.577

9.729

9.948 8000~ y®
9.974 32000g Yo
10.042 22040~ ?'®
(10.41)

(~~ei%~kei+')

1 .973 7 (2
.17 30 (2,

4.45 ~50

.5.85 30
6.85 30

533.8
;i7;~.!)
ß44.2 ~q
fl.iß.8 ~~J

i3 .ß

l .s3
1 .5
1,5
1 .
1.5

i ß0b n

73ß
75~.4 1 .5
818.?~ 1 .5 81J
861 .4 1 .5 861
885.7 l .a 883
893.0 1 .5 890
899.2 1 .5 896

all~5
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and reduced -particle and proton widths, see Cl 60.
2.3 N[eV are quoted in St 61b ; see table 36.8.

or non-resonance data, see 32S.

36CI(fl-)36

See 360.

39

r

a11~0005

(p, a)36r

QM

F . 36Ar(p,
P)36r

for cross section and resonances, see 37

E.

	

36Ar(n, a}á6Ar

See 37Ar for cross section and resonances .
TABLE 36.8

Levels in 3"Ar from the 35CI(p, p'~Y) 350 and 35CI(p, oco)"S reactions

a The yield was measured of E. = 1 .22 and 1.76 MeV.
b At these resonances the 1 .76 MeV Y ray is strong .
c As quoted in St 61b.

all ±0.005

711.5±4.3

QM = 1292.3±3 .9

he resonances above

G.
mastic analysis at E,, = 7.0-7 .5 MeV yields an a-particle group to the

ground state, Q0 = 1.286±0.007 AleV, and one to an excited state at
1 .977 +0.008 MeV (gyp 58) . At Ep - 1 .9 MeV, Q0 = 1 .267 ±0 .020 MeV (Cl so) .
for resonances, see 40Ca.

CI 60e
Y au
Ep (MeV)

St 61ba
é P, y)

Ep (MeV) 1'(keV) 3"Ar* (Meed)

CI 600
(P= «®)

1 Ep (MeV)

St

Ep (MeV)

61b$

r (keV) 36Ar* (MeV)

2107 10.749 2 .830 2 .826 11156
2125 11767 2.838 5 11 .265

2.345 6 10.786 2 .867 11194
2.00 11840 1892 1892 5 11118
2A50 2 .460 8 10893 21lé 1907 10 11134
?j05 10942 2121 11146

0530 11 10966 2133 5 11158
2045 2145 6 10980 2078 2180b 8 11 .402

1560 7 11995 ,2.993 9 11 .416
2S72 1572 < 3 11107 103 1020 5 11 .442
2102 2106 8 11 .038 3.065b 9 11 .486

2150 7 11 .083 3093 b 14 11013
2382 2183 < 4 11 .115 1115b 4 11035
W18 1724 4 1L152 1135b 4 11054
1730 2033 11 .163 1154 23 11073
1757 11 .187 1159b 11.578
0772 11 .201 3.182 < 10 11.600
2.800 2 .807 8 11 .232 3.205 b < 8 11.622

1818 11l46 1225 < 12 11142



RE~raa~xs

ss r(p' t)3s

	

r

	

Q~ - -12.153.2 ~3.8

~.ecalculation of the excitation energy of the lowest T = 1 State In seal',
computed in

	

i 56a, yields Ex = 6.68 1VIeV (Gl 61b) .

3~C

~7e3
(Fig . 37 .1, p . 219 ; table 37.1, p. 2,0)

The half-life is 5.07 ~ :0.01 min (El 59), 5.04 X0 .02 min (

	

l 46) . The f~- spec-

trum, measured by Al ~.bsorption, consists of two components with the follo~~~-

5.~6 rr~

Fig. 37 . l . Energy" le~~els of 3'S .

36 3

ing end points and relative intensities : 4.3 ~, 0. 3 ~IeV (10 °/®) and 1 .6~0.1 ?fie '
(90%) . The second component is in coincidence with a 2.7 X0.2

	

e

	

Yray ( 140) .

ENERGY LEVELS OF' LIGHT NUCLEI . III

1~Tot re orted :

34S(a e' n)3s r
~

=~ 7154 .3 ~4.2
~~ 5~1(d, n)3s r Q~ = 6280.9~2.1
35~1(s c' d)ss r =~ 3012 .4 ~2.1
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3ß~~(t ' 137C

36~~( 3 e)37~
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A.

I
(Fig . 37.2, p. 221 ; table 37.2, p. 221)

36CI(n, y) 37CI

	

Qm = 10322±5
neutron capture cross section is 90±30 b, Hu 58.

Qm = 4790±90
The therm

37S(fl-)37CI

See 37S.
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C .	37CI(p, pf)37CI

At Ev = 7.0 MeV, magnetic analysis yields proton groups to 37CI* = 0.838,
152t M87, and 3.105 MeV, all ±0.005 MeV (En 56c) . With enriched 37CI

37

Fig. 37 .2 . Energy levels of 37CI .

TABLE 37.2

Energ), levels of 37CI

targets, however, only one level below E. = 2
37CI* = 1.713±0.010 MeV (Sc 56c ; E,, = 4.6-5.6
For resonance-.-,, see 38Ar.

37

eV has been found :
eV) .

E,
(MeV±keV)

J. Decay Reactions

0 + stable A, B, C, D
(V. .838±5) c
1 .725+5 c
3.087+5 B, C
1105±3 B, C
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37~~r( ~)a®~l

	

m ~ 81 .0 1 .

4~Ce 37.c~r .

lr. .

	

4®~~r(p, ~)37~,1

()t rel~OrtCd

1 .5 2 .3 2 .

`1"hc vvciglatccl

	

c~tn half-life is 34 .033 ~~o fi . l ~, Gays (1

	

i

	

5t),

	

i 52a,

	

'c.~

	

tlef) ;
)~)~; f~ ~ 5 .0. Shape and intensit~r off the internal hr(~n'sstr~tlalut'~; spectrut

	

hay®c®
1~~~cn it~~~c~sti~atE'(1 lay sc,vcrrtl authors (fin ~)~3, 1®n~ 511,

	

i 551~, Sa 5f3) . The t°astute
~lI°c lIl agr('c

	

et~t ~ritli tl~c~cary, tal:ir,l; ilccotltlt oî calattxrc frt)x~n ' states (t~l ~~G) .
"hl~~c' cI1d 1)Olllt is its agrcet~aent with the clcc~ay energy co puted fro

	

tl'c'
threshold for tl~c 37C',l(p, n)s7Ar reaction . ®hc decay energy has also been ob-
tai ed frot~n recoil

	

casule

	

eI1ts as

	

814

	

2 hc`i (Sn 55)

	

and 81 Z

	

8 key'
(

	

0 54 ; also

	

Ll 55b) . T' e

	

® to

	

-capture ratio is 0 .102

	

0.003 (~ sighted
mean of Sa 60b, .hi 59,

	

a 56 ; see also Po 49a) . 'or other small effects
(c.g . the production of double holes in the I~ shell), :ice

	

i 54, V~1o 54a, Ki 59.
Theoretical discussion of the rnatri~ element, Go 5Gb, Gr 56c.

Trie circular 1-~olari~ation of the internal bremsstrahlung has been measured
~ls l' = 0. 97 :~ 0.15 (

	

a 58c,

	

) and. 1 .03

	

0.04 (

	

a 58b,

	

a 59d) .
The CrcaSS SeCtl®Il of the inverse reaction 3'~1(v, e -i 3'Ar is smaller that,
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s4S(~, n)s7Ar
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4 628.7 ;.~ 3.4
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( Ll 58) .

sG`;(p~ i~)37~1
sGÇ;(d' t~)s7~1
3GÇ;(s c,a cl)37~~1

;~a~;(~' t13~t~1

~n
8401 9

ri, Gi 9

~%~' 2 908 9
11411 9

:lR~~r(tl, Cl) 37~1 m 8018 .0 .(l
3K~~1(d, 3 C)3i~"1

n~ .1749 .5 0 .9
3~~~r(t, ~)s7C;1 9 r,70.C 1 .0

r~~ 8892 .(i ~~ ; .5
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(hig . 37 .3, 1) . , 23 ® t~th1,, ;i7 .3, h . , ,.1)

s7t1a°(l:.v.;)~ ; °'C',l ~,f«
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6.792
335 + (X

so

;W-r1

36Ar+n

6.570
364.r+d - p

t750
40C a +n -a

y

1641

-4.629

L- -1.599
37C 1 -p-n
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W2

5.85

5.07
4AO 4.Q-34

155

Z25 2.41-2--52-41

1.42 "(31

	

02*

PAW

34.3 d
K 91 11/oQ814

L 9'/o

Fig . 37 .3 . Energy levels of 3 ' .ßr .

In

011

u

7862
39K+d-a

7

8.72
36C I

	

p

p,- 100 % ; 5 .11

rO.816 3/2
37C I

37'C

	

1.23 S

2m, C2

D.

	

36Ar(n, n) 36Ar

	

EI) = 8794.2±4 .0

Analysis of the scattering cross section measured ir . the En = 0.1-6 'x, 1 .)4 eV
range, yields a resonance at En 5 .4 keV, with Fn = 50 eV, and F,, =-- 1 .0 eV,

(Ch 60) . See also IFTe 57a.

E.

	

(a) MAr(n, p)36CI

	

QM ==

	

71 .2 ±4 .3

	

Eb = 8794.2±4 .0

(b) 36Ar(n,
«)33S

	

Qin = 2 002.1 +4 .1

	

Eb = 879C2±4.0

Pronounced resonance structure has been observed in the E,' = 1 .2-9.0 :Vie`'

region (Da 61b) . For non-resonance data, see 33S and 36C1.

F.

	

36Ar(d, p)3'Ar

	

Qm= 6569 .5±4 .0

Deuteron bombardment of argon gas enriched in 36Ar content yiel( s the
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® 3?

See 37

~ I~a 49 ; Ea ® 3.4 ~Ie~T.
b Zu 50; ~~ = 3.9 T~Se~~ .
C Xa 61 ; Ea . 3.351~Sev.
~ ~®lso Su 59a ; ~~ = 41VIei~.
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TAnL~ 37.3
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Levels in ~ 7Ar from the 38Ar(d, p)g7Ar reaction
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Cross sec ion,
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or resc~ ancoas, see as r.

15 5

37Ar~ ~,
(1VIeV)

37A r~ ~
(1l~e`T)

37A r~ C

( ev) ln C

0 0 0 2~
1 .53 1 .44 1 .39~0.06 0
1.67 1 .63~0.06 2
2.2?
2.56 2.56 2 .54 ~0.0 .5 (2)
3.46 3.54 3.55~0.05 (2)

4.40
4.63

5.01 5.07
5.35

(:~Se`' keV) ~1 or .I' Decay S2c.actions

0 (2, )+ 34.33~0.1~ days EC manti°
1 .42 s 10 - -~ + F, G
l .~íl ~10 (~e ii+

F, C~



1.

	

39K(d, a)37

Observed,
J.

	

40Ca(n, CC)37Ar

	

Qln = 1750.2±4.3
Cross section measurements, Ba 60c, Mu 58a . With emulsion

Q0 = 2.0±0.44 MeV has been found (Mu 58a) .

K .

	

Not reported :
35CI(t, n)37Ar

35C1(3He, p)37Ar

35CI(oe, d)37Ar
36Ar(t, d) 37Ar
36Ar(«, 3He)37Ar
37C1(3He, t)37Ar
38A1, (p, d) 37Ar
33Ar(d, t)37Ar

38Ar(3He, oe) 37Ar
39K(n, t)37Ar

(y sHe)37Ar39

e

3'K(#+)37Ar

44.

A.
I

	

The half-life is 1 .23±0.02 sec (weighted mean of Se 58b, Su 58, Wa 60a,
o 51, La 48) . The fi+ end point is 5.15±0.07 MeV (Wa 60a), 5.10±0.07 MeV

(Su 58), 5.06±0.11 MeV (Ki 54b) . The transition is super-allowed, with
log ft = 3 .6 .

36Ar(p,
y)37K = 1860±50

No resonances have Men found in the range EP = 0.5-1 .8 MeV with targets
containing separated 36Ar (

ENERGY LEVELS OF LIGHT NUCLEI . III

(Fig . 37 .4, p. 226 ; table 37 .5, p . 226)

r 48a) .

* = 3.31 MeV; J = .1 (Ki 61a) .

Qm = 7861 .9±3.8

8817.5±3.5QM
QM 9581 .9±3.5
QM 8770.5±3.5
QM 25316110
Qin ==-11783.0±4.'
QM = - 834.1 -j- 1 .5
Qlla = - 9616.6-El .7
QM = - 5583.7 ±1 .8
QM =

	

8735.9±1 .8
Qin = - 9726 .1±3.8
QM = -10490.6±3 .7

37

Q,n = 6150±56

QM

C.

	

36Ar(p,
p)36Ar

	

Eb = 1860±50

The elastic scattering differential cross section has been measured in the
EP = 1.0-1 .8 MeV region ; an anomaly at EP = 1.494 MeV corresponds with
37

Qm = --360±50

7 37

225

techniques,

D.

	

36Ar(d, n)37K
At Ed = 3.85 MeV, two neutron groups have Men observed vith Q == -0.32

±0.10 and -1.78±0.10 MeV, corresponding to the ground state and a 37
level (or doublet) at 1.46±0.10 MeV ; angular distribution measure,-,nent yields
1P = 2 and 0+2, respectively (Ya 61) .
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) .	iso ce-for ï den 0~°

	

2- transition has

	

og ft = 8.2,
lo

	

(

	

~2°1) ft =

	

.

	

(

	

e 58).
ot re orte :

s~S(t, P) s8S

	

m ®

	

3810

	

i50
e)3sS

	

~ ® ®15090~ 150

38C1(ß~)ss r

	

m ®: 4916

	

8
he Half-life is 37.29

	

0.04

	

in (Co 5 a ; ee also

	

a 5Jb,

	

n 54a) .
he decay is c ~

	

lex.

	

hree

	

-bra ches `ynd two y rays have been observed ;
see table 38.2 for energies an

	

relative intensities. The intensit~9 of ~, poten
tial 3.78

	

eV cross-over y ray is less than 0.3°/® per ß° particle (

	

y 49) . T'he
shape of the hig -energy ß- spectrum ~.nd its ft value, log ft = 7 .5 and
log (

	

®®1)

	

t =9.~°r, are characteristic for unique once-forbidden transitions,
thus Jn(sgCl)

	

2- ( ®a 5 ;,

	

u 50; theory

	

o 58). The ß- transition to the
,. 6

	

eV level is also forbidden (log ft -® 6.9), while that to the 3.78 1l1eV
level is allowed (log t = 4.9) . I"rom the data given above ar~d from the
easured y~y an ular correlation (

	

1, St 50,

	

r 54a) and ~ polarization
r 58d), J~

	

2~ and a- follow for s8

	

® d.16 and 3.7®~

	

eV, respectively .
For ß~y angul~.r correlation, see

r(n,

i 61.

~~ ~1° ~~~"~t.~ ®~ r.rcr~r°r rrvca.~r . rrr
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381

(Fig . 38.1,

	

. 228; table 38.1, p. 228)

a 55 .

s'Cl(n, y)

	

Cl

	

m ~ 6110

	

8
The thermal neutron capture cross sectïnn is 0.56~0.12 b (

	

u 58) . For the
cross section at

	

n ® 25 keV, see I~o 58d.
From thermal neutron capture in separated s'Cl, an isomeric state has been

found emitting 660~20 keV y rays with a half-life of 1 .0 X0.2 sec (Sc 54) . In
l~0 59a are reported : Ev = 663~i2 keV and ~ = 1 .5~0.8 sec. The thermal
neutron cross section for formation of g'Cl~ is 5~3

	

b (

	

u 58) .

38 ~' 38

C.11 ' $7C1(n, n)s7C1

	

b = 6110~S
V~ith enriched material, résonances in

	

e total neutron cross section have
been observed at

	

n = 8.8, 26.5, 47.4, 55.5, 65.0, and 94.2 keV, with .~� = 0.09,.
0.33, 0.20, 0.18, 0.18, and 0.80 keV, rE~spectively (

	

58).
See also

s7Cl(d,
P)

sBCI

	

Qm = 3 885~8

t

	

~ ® 3.0 acid 7.5

	

eV, ten proton groups have been observed. The
excitation energies of s8C1 levels, the reduced widths, and In va:aues are listed
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G.

	

4OAr(d, oe)38CI
Perhaps observed, En 54a.

ENERGY LEVELS OF LIGHT NUCLEI. 111

	

229

TABLE 38.2

Beta decay of 38CI

TABLE 38.3

Levels of 318CI from 37CI(d, p) 8110

& Pa 55c . Ed

	

3.0 and 7.5 MeV.
b blo 61b ; Ed	7.5 MeV.
c Angular distribution incomplete because of interference with a 850(d, p)36CI group.

in table 38.3 ; Q0 = 3.877-4-0.008 MeV (Pa 55c), 3.878±0.008 MeV (Ho 61b) .
The intensity ratio of the proton groups leading to 38C1{0) and (1) is 0.4 :3 X0 .04.
as measured at Ed = 5.6 MeV, in agreement with ja == 2- and 5- assignments,
respectively (Pa 55c) .

E.

	

38S(ß-)38c1

	

Qm = 3000 4- 150
See 38S.

F.

	

40Ar(y, np)38CI

	

QIn = -20593±8
Cross section for E, = 20-45 MeV, Pe 59.

Qm = 5477±8

41V{",138C1

	

0 =-Qq -i-%

Cross-section measurements at E. = 14 MeV, Pa 53, Bo 60d .

38CI

(MeV ±keV)
38CJ* b

(MeV±keV) J,b
(2j+j)en2 b

X 10$

0 0 -C -C
0.672+5 0.671±5 3 200
0.762±5 0.761±5 1,3 24, 70
1 .312±6 1 .309±6 3 110
1 .620±7 1.622±6 1 :39
1 .658 e7
1 .693 ±7 1 .695+6 1 79

1.748±7 1 32
1 .789+8
118617 1 102

Epf,
(UV)

Eps
(MeV)

Ea.
!Mw}

Eva
(UV)

Eys
(MeV) Ref.

419±0A6 1A8±e06 Wa 39
215 07M 1 .65 (43'D/,) Cu 40
2.19±0.03 (531%) 1 .64±0.02 (4-j?,) It 41

5.2(53%) 2.70 (11%) 1 .19(36%) 2.15 (570,/,) 1 .60 (43%) Ho 46
4SI±105(53A%) 217±1N(15.8%) 1 .11±0.01(3&8%) Lo 50a



RtE-1 1.1

	

- ErC. s

,are ~~ C&UDIL-Z, a linear relation, can be deen-ed between excitatio
Q mates 0 Al wd th" of ~.dj	statesin 415K. Frof

cu-~=,n exdt~: Hon er-enze--, wd spins in 44K cal llatiOn vields

	

levels at
We " 1.328 MeE with j= = 2- , 5 - , -3- r and 4 -, :respectively

in very go-A za!_Teement with experiment .

= 10211700
'n 141 t_VP, R~alk_l

	

r_ b= IV

	

Z.i =ILP. ZY

R~wwcw fomd "i "Q_-d'-1-,C1 --argets in the range E. = 0.3-0.9 Mel'
I '), 0.

	

MeV (Li 6A), and (P.8-1 .8 MeV (To 57) are listed in table 38.5,
%&iith the excitation energies of c~&rrcsponding IsAr le-vels, widiths, and main
- I

	

Innodc-s of

	

380 for the decay of M inte= ` ate states.
C01der -work wiCh natural chlorine HMO, Br 51, A46, Cu 39. For the reaction

, see a-1-so Pu 59.
n-resonance data, see 3-,CL

11A
a C~A

Qm = -1598.6 =L5 Eb= 1024!7
41 ±2 ker to 2130 kel', 130 rescAnances have been

widths (resolution 1.4 k-eV at E., = 1800 keV)
esz, see Sc .32a. See alseo BI 51, Br 51, jo 58. The 150 rezs-

(not tabulated) observed in tA ranze E = 164-2.9 MeV form t ,%vo
urps w,hich may U asseciat& Ot h "t

	

splitting (Ma 6l) .

d (EP = I
frjur .~ ; tor energies
- ,Lrd . tlative intensi

= 1411 =14
.ient of enriched 35CI targets yields proton groups

and 3.73=Û.C4 MeV ; Q,, =

	

MeV ~Kr 53~ .

-12
6 79S." 12

-11Wy 12
148 - ~~-

133
1 S97 =
2111~
1217.5

231 ; tablle 3,;SA, p. 2,31`~
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MANY
RESONr-

1.o

19-243
37C1

+p

no,

1 .725=

0.724

Ex
(MeV±keV)

ENERGY LEVELS OF LIGHT NUCLEI . III

MANY LEVELS FROM 37C1 +p

J0.248

7.85

Fig. 38 .2 . Energy levels of 38Ar.

TABLE 38.4

Energy levels of 3BAr

J~ Decay

	

Reactions

0

	

0+

	

stable

	

A, B, E, F, G, H
2.158±13

	

2+

	

y

	

A, B, E, F, G, H
3.78 ±20

	

3-

	

y

	

A, B, E, G
4.3

	

G
5.0

	

y

	

B, G
5.4

	

G
6.3

.

	

B, G
7.3
7.85

	

G
10.948-11.923 ; 10 levels, see table 38.5 and reaction

	

B
For levels with Ez > 11 MeV, see also reactions

	

C, D

37A1,
+r1

38

231
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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.

REMARKS

Theoretical discussions on low-lying

(b) 38K-(P+) 3'3Ar

38
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38

excited states

(Fig. 38.3, p. '.34 ; table 38.6, p. 234)

Qm = 6052 --~ 14

in 313Ar, Th 56, Ta 54.

A .

	

(a) 38K(#+)38Ar

	

Qm = 5929±11
The weighted mean of the half-lhe measurements for which errors have been

given is 7.66±0.03 min (Ri 37, He 37a, Hu 37, Gr 56, Cl 57) .
The #+ spectrum has the allowed shapo wi,-h a 2.68±0.03 MeV end point ;

log ft = 5 . 0. The #+ decay is followed by a 2.16 ±0.03 MeV y ray (Ti 51) . The
intensity of a possible higher energy #+ transition is less than 0.6% of the
main transition (Gr 56) . These results yield ln(38K) = (2,3)-F.
For a ji-coupling calculation of the #+ matrix element, see Gr 56c.

The half-life is 0.946±0.005 sec (weighted mean of St 53b, KI 54b, Cl 57,
Mi 58, ja 60a, Li 60a) . The #+ 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
yields a J-n = 0+, T = 1 assignment to the isomeric state. The occurrence of
isomerism requires a spin difference with the ground state of at least 3, which
determines, with the results mentioned above, J,-, (38K) = 3+. For theoretical
discussions concerning the isobaric spin of levels in 38K, see Mo 54, Ta 54, Wi56a .
The absence of 38K in meteorites contradicts the hypothesis of a long-lived

38K isomeric state (Vo 59) .

38

Not reported :
318S(We, n)38Ar QM = 10926 ±9
36Ar(t, p)38Ar QM = 12153.2+3.8
37CI(d, n) 38Ar QM = 8018.04-1.0
37CIeHe, d)3"Ar QM = 4749.5±0.9
37CI(a, t)38Ar QM = 9570.0±1 .0
39K(n, d)38Ar QM = 4142.4+3.6
39K(d, 3He)3sAr QM = 874.0±3.6
39K(t, a)38Ar QM = 13445.5+3.6
40Ar(p, t)38Ar QM = 7977.7~-2.3
40Ca(n, 3He) 315Ar QM = 6985.7 +4.1
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7

31

_JW_I

Ex
(1leV-4-keV)

C . 38Ca(#+) 38

See 38Ca .

0

	

3+ ; 0

	

7.66 ±0.03 min
0.123± 8

	

0+ ; 1

	

0.946±0.005 sec
045 ~10
(16)

	

(0, 1)+

TABLE 38.6

Energy levels of 38K

9Gy -n f
Fig. 38 .3 . Imergy levels of 311 K .

350(q Q381K

	

Qm = -5866±11

estimated = 6700

Jn ; T

	

Tj

	

Decay

	

Reactions

A, B, D, E, F, G
A, C, D, G
G
c

The ground-state Q value has been measured as Q0 = -5.89±0.06
(Srr- 6 1) .

X
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(a) 39K(y, n)38K

	

Qm = -13079±11
3

	

M9K(y, QW

	

Qm = -13202±14

The threshold for the production of the 7 .7

	

in activity has been measured

REMARKS

as < 11125±0.038 MeV (Ge 60a), 13.2±0.2 MeV (Mc 49), and 13.00 MeV
e 55) . Cross-section measurements, see Wa 48, Mc 50, Ed 52 . See also

rn 59a.
ro action of 38

	

m, see Cl

	

7.

E.

	

40Ca(y, d)38K

	

QM = _19191±10
Cross section, Fe 60.

F .

	

40Ca(n, t)38K

	

Qm= -12933±10
Upper

limit
of the cross section at E. = 14.6 MeV, Ba 61f.

G.

	

40Ca(d, oe) 38
At deuteron energies up to 7 MeV, two a-particle groups have been observed,

to 38K* = 0 and 0.45±0.01 MeV; Q0 = 4.650±0.010 MeV (Br 56f) . A new
group, corresponding to 3' 3K* = 0.123 X0.008 MeV, with about one tenth of the
intensity of the two known groups, has been found at Ed = 3.,214.1 MeV. This
level presumably is the T,.= 1, j = 0+ state expected at ahcut th--"is energy

a 59c) . For a discussion of the relative intensities of the groups, see Ha 59c.

38

Q. = 4655±10

400(y 3He) 381K

	

QM	13697±10

For a. theoretical discussion of (d,-', d,-') levels, see Pa 61b.

(Not illustrated ; see fig . W, p. 234)

3

3"Ca(#+)38K

	

Qestimated = 6700

Calcium targets irradiated with 85 MeV bremsstrahlung yield 3.5±0.1 MeV

y rays with a half-life of 0.66±0.05 sec. This activity is in terpreted as a transi-

Not reported :

30Ar(t, n)38K QM = 5441±11

36Ar(3He, p) 31K Qni = 6206±11

36AQ, d) 3@K Q
M = -12147 ±11

39Ar(p, n)"K Qln = - 6, 712 ± 11

38Ar(3He, t) 319K Qm -- 5 947 ± 11
38

(p' d)38K Q
M -10854±11

39K(d, t)38K Qm != - 6821±11
so (3He, a) 38K QM - 7498±11



9

1:ion in 3s

	

(presu

	

ably to 3$

	

=0 or 0.12

	

e~rj fo owing a

	

ranching of the
+ decal' of 3$Ca, produced in the ~°Ca(y, 2 )ssCa reaction .
The occurence of this ß+ branch (only y r~.ys have been observed) in catn-

petition

	

°th a super-allowed transition to 3s

	

= 0.12

	

e

	

('got observed
since other + transitions with about the earns end point occur sirr~

	

ta eously)
suggests a

	

~ = 1+, T = 0 assi~ nrr~en~t to 3s

	

= 3.6

	

eV, bait J~: ® 0~,

	

.-_ 1
is also possible (Cl 57) ; in the latter case, the 3.5

	

e~T y ray probably wrotild
not feed the ground state or 0 .12

	

eV level, but the 0.45

	

e

	

level (presumably "
~~ 1+) .
1~n eats

	

ate of the 3sCa mass excess from Coulomb energy syste;t~atics yields
the

	

values for reactions A and

~TOt reported :

n) 38~~13s

F'. Aß . EPT13T ~eNL1 C . VdlN l3Eèt T.~UN

39

Qeeei~~tea = -1300

( Tot illt~~strate ; see fig . 39.1, p. 23~ ; table 39.1, p. `~3~i~)

39C1(~ -)39

	

r

	

m .-_ 3 430~ 21

E$
( ev)

TABLE 39.1

Energy levels of a°Cl

The half-life is 55.5 X0.2 ruin (

	

a 5Ua), 56.5 rein (

	

u 52) .
The decayis ~~orn l~ex .

	

y

	

agnetic spectrometer, t rLe branches are observed
with

	

the

	

following

	

end points and intensities :

	

3.45

	

O.í)2

	

~,

	

(?~2) ° (,,
2.13 'Ie

	

(~~4) °/®, and 1 .91 ~0.02

	

e

	

(35~6) °/®. "The shape of the high-energ`r
bra s°~ is characteristic of unique, cnce~-forbidden transitions (~,~r -- 2, yes) .

il Decay Rea.~~tions

0.364 i `!.030

	

1 +

	

55.5~0.? min -

	

~i, 13, C, D
I)

Three Y rays are observd with the following energies and relative inten-sities :

	

vg -

	

0.246 ~0.003

	

e

	

(0.9

	

0.1),

	

vg
=

	

1.266~0.01U

	

eV

	

(1.) ,
ßv8 = 1.520=0.010

	

e~i (0.~5X0 .05) . ~7pper limits of 2.1 X 10 -3, 1 .6 X 10 -3 ,
~.~~~

	

c.2 x 1 -3 are givers for the conversion coefficients of yi, ya, and ys, res-pectiv~aly. Coincidence assure ants yield the decay sche e given iY'fig. 3 . ~ . Fro

	

f~2-y coincidences a half-life of (9.5 X0.5) X 10 -1® sec is found



for 39Ar* = 1.52 MeV. The log ft values for theP-transitions to 39Ar* = 0, 1 .27,
and 1.52 MeV, are 8.3, 6.8, and 5.6, respectively.

All data are in agreement with the assignments jn = 3+ to 390, andi
Ta

	

2 P

	

2

	

and 3+ to 39Ar* = 0, 1 .27, and 1 .52 MeV, respectively (Pe 56) ..1
See also Ha 50a.

For a jî-coupling computation of the ,R- matrix element, see Gr 56c.

A.

36S(a, p)39CI

E.

	

Not reported :

39
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39

Qm = -5714±23

A 1.1 hr activity has been observed from the bombardment of sulphur by
16 MeV a particles (Ki 39a) .

C.

	

40Ar(y, p)39C1

	

Qm = -12523-±22

A threshold measurement yields F. = 14 .2±0.2
penetration of protons through the Coulomb barrier (

For proton energy spectrum see Wi fil (P- = 17 .9,

	

V

	

- y

	

y

.MeV) . The proton angular distribution indicates the possible existence of a
0.8±9.2 MeV excited state in 3901, with Jx = J+ (Gu 58) . See a)--,o Em. 59,
Sp 55a, Ko 56.

Cross section, Mc 54a, Ia 58, Br 59e, Pe 59, Do 60a, Go 60.

40Ar(t, oe)39CI

	

Qm = 7290±22

agnexic analysis at Et = 2 .6 MeV, yields tx-particle groups to 39CI(O) -
Q0 = 7 .259±0.040, and to a level at 0.364±0.030 MeV (ja 61d) .

37C1(t , p)39C1	Q M

	

5698±22
40Ar(n, d)39CI	Q M

	

-10298±22
4&r(d, 3He)s9CI

	

Qm

	

- 7030±22
3He)39(41K(n

	

ci	Q M = -12605 ± 22

r

(Fig. 39.1, p. 238 ; table 39.2, p. 238)

39Ar(fl -)39K

	

Qm = 565±5

eV, not corrected for
50a) .
eV) Gu 58 (E == 15

a

The half-life is 265±30 yr (Ze 52) .
The shape of the fl - spectrum, with end point 565±5 keV is unique

first forbidden (Aj = 2, yes) which agrees with the ft value ; log ft = 9.9

and log (W02 - 1) ft == ICA (Br 50) Gamma rays have not been observed

(Br 50, An 52) .

38Ar(n, y)39Ar

	

Qm = 6585±6

The thermal neutron activation cross section is 0.8±0.2 b u 58) .

1, 39Ar
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T.A-BLE 39.2

Enierp- levels of

-r 8

265~30 yr

\15=0j) y Wo m

J:

~ . 39 .1 . Energ~ l~ levels of "Ar.

Ar

nn ~~~ .~

Decay Reacti-ons

A. C. D, E

7 C, D

~ C. D

D

D
D

D

D



C. 390(fl-)"Ar
See 390.

39

F.

	

Not reported-.
34S(,X, 1~3
37CI(t n) s"Ar
37Q(3He, p)39Ar
37C](ot, d)39p,,r
3"Ar(d, p) 39Ar
38Ar(t, d) 39Ar
311Ar(a1 vHe)3"Ar
39K(t, 3He) 39Ar
40Ar(p, d) 39Ar
40Ar(d, t)3"Ar
40Ar(3He, a)39Ar
4i (n, t)39Ar
411K1p, 3He) 39Ar
41K(d, X)39Ar
42Ca(n, oe) 39Ar

39
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Qm = 3430±21

(n, p) 31>Ar
ombardment of a KI

the range E. == 2.4-8.7
1 .57, 2.17, 2.52,

all
X105, 3.10±0.10, (3.45±0.10), 3.82±0.05,

(C75), 4.94, 5.40, and ?00, a!l ±0.10 MeV. The groups to 39Ar* ==
3.82, and 5.40 MeV are strong (Ba 61g) . In the range En = IN5-5
height analysis yields proton groups to 3%r* = 1.24±0.05 and
ey if Qo = 0.20 MeV is assumed (Sc 56a) .
For cross section, see Li 58d, Bo 60d, Ba 61g, Iii 61 .
For resonances, see 4®

Qm =218±5
scintillation crystal with monoenergetic neutrons in
eV, yields proton groups leading to 39Ar* = 0, 1 .32,

4.25, 4 .52,
1 .32, 2.52,
eV, pulse

2.46-x-0.10~

E.

	

40Ar(y, n) 3"Ar

	

QIn = -9875±6
The threshold is 185±115
c 54a, la 58, Fa 60.

eßí (Ha 54) . For cross section, see Fe 54,

39

Q,
Q.
Q,
Q.
Q.
Q.
Q.
Q.

Q.
QM

- 3066-1-11
8345±6
9110±6

- 9243±6
4360±6
327 ±6

-139P,2±6
- 547±5
- 7651±6
- 3618±6

10 702 ±6
- 9193±7
- 9957±7

8395±7
344+7

(Fig . 39 .2, p. 240 ; table 39 .3, p. 240)

Qm = -1292.3±3 .9A.

	

"Ar(a, p)39K
At E, = 7.4 MeV, with enriched targets, Q values are observed

-1.28±0.03, -3.78±0.06, and -4.15±0.04 MeV, corresponding to tran-
sitions to 39K* = 0, 2 .50, and 2.87 MeV (Sc 56b) .

39It

of



39

240

See 39Ar.

C . 39

39Ar(#-)3SjK

P . M . ENDT AND C . VAN DER LEUN

Q. 39 .2 . Energy levels of 311K.

TABLE 39.3

Energy levels of 39K

Qm == 565±5

(n, n")39

In the range E, = 2.5-4.0 Me, the cross secdon for inelastic neutron
scattering to '19K* = 2.52, 2 .81, 3 .05, and 3.59 MeV has been measured by
Aservation of 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.

40vor resonances, see

Ex
(MeV±keV)

J. Decay Reactions

0 -?,L+2 stabie A, B, C, D, E, F, G, H
1526±7 A, C, D
2.817±7 A, C, D
3521±7 C, D
3.603+7 C, D
3.879-5.168 ; 12 levels, see reaction D



A 039
Magnetic analysis at several angles of observation at EP = 7.0-7 .5 MeV,

yields proton groups to 39K* = 2.526, 2.817, 3.021, 3.603, 3.879, and 3.935
eV, all ±0.007 MeV, and 4.078, 4092, 1122, 4.472, 4.511, 4 .678, 4-.737, 4.928,

5.010, and 5.168 MeV, all ±0.008 MeV (gyp 58) . The absence of levels below
E, = 2 MeV has been confirmed (Sc 56c) . Inelastic scattering at EP := 185

At E;, = 85
(Ko 59) . Cross section, Jo 55,

I .

	

Not reported :
57K3 e' n)39

3"Ar(p, V) 39K
38Ar(d, n)391K
38Ar(3He, d) 39K
3"Ar(ot, t)39K
40Ca(dl 3He)39K
40Ca(t, ot)39K

9
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eV, some structure has been observed in the proton spectrum
o 55a.

QM
41K(p, t)391K

	

Qm

42Ca(p, a139K

	

Qm = 126.0±4.4
Magnetic analysis at EP = 6.5 and
r 56P .

Q.
QM
QM

39Ca

8892.0±3 .5
6367 . z ±3 .6
4142.4±3 .6
874.0±3.6

-13445.5±3 .6
- 2843.3±4 .3
11476.3±4 .4

- 9 410

	

±5

(Fig. 39.3, p. 242 ; table 39.4, p. 242)

9 3

G.

	

4OCa(n, d)39K

	

Qm = -6111.7+4.4

A ground-state group and some unresolved groups have been observed at
En = 14 MeV (Co 59b) .

7.4 MeV yields Q0 == 0.118 ±0.005 M'eV

A .

	

39Ca (#+) 19K

	

Qm = 6490±40
The half-life is 0.877 ±0.006 sec (weighted mean of Li 60a, C1 58, Ki 58,

hl 54b ; see also Wa 60a, Br 53, Su 53, Bo 51, Hu 43) .
agneiic spectrometer measurements of the end point give 5.43±0.06 MeV

(Wa 60a), 5.490±0.025 MeV (Ki .58) ; see also Br 53, Hu 54 . The transition is
super-allowed (log ft = 3.6), giving J- = -!+ for 39Ca .2

58,

eV, see Ty 58.
For resonances, see "Ca.

E. 39Ca(P+)39K Q. = 6490±40
See 390.

F. 4"Ca(y, p)39K Qm = -8336.4±4.3
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242

otential branches to 39K excited states are very weak. Gamma rays with
= 2.5-3.5 MeV have an intensity < 0.12% per disintegration (Ki 58 ; see

also Ta 60c) .

P. M. ENDT AND C. VAN DER L

2.473-5.13 -, 16 Ie%-els, see reaction

UN

0511 -1
j4OCa+y-n~

Fig, 39 .3. Energy levels of 39Ca .

TABLE 39.4
Energy levels of 39Ca

(MeV)

	

Tt Decay Reactions

kl

	

; +

	

1877=1%6 sec 9 +

) 39Ca

	

Qm = -7280±4
e threshold has been measured at 7 .227 +1070 MeN 1

;0 (Br 5
Cios-s section, Ta 58.

A, A D,

vingQO= -7.044±



C.

	

40Ca(y, n) 39Ca

	

Qm = -15610±40
The threshold is measured as 15.8±0.1 MeV (Su 53), 15.9±0.4 MeV
c 491), and 16.0±0.3 MeV (Be 47) . For neutron energy spectra, measured

at E. = 3C) MeV, see Ag 59, Em 59a.
Cross section, Wa 48, Mc 50, Su 53, Go 54a, Mo 55a, Li 60a, Ne 50c. Theory,

see Le 61 .

"OCa(3He, M)39Ca.

	

Qm = 4960±40
At

	

(s

	

e) == 10.1 MeV, magnetic analysis yields seventeen L-4-particle groups
leading to 39Ca* == 0, 2.473, 2.79% 1032 (all ±0.010), 3.66, 3.84, 3.88, 3 .95,
4 .02, 4.32, 4.43, 4.49, 4 .61, 4 .71, 4.92 (double?), 5.07 and 5.13 MeV (all ±0.02
MeV) (Hi 60f) .

E.

	

Not reported :
36Ar(a, n) 39Ca

	

Q1rn = - 8570±40
soK(3He, t) 39Ca

	

Qm = - 6510±40
40Ca(p, d) 39Ca

	

Qm = -13390±40
40Ca(d, t)39Ca

	

Qm ~ - 9350±40

A.

	

40CI(fl -)"Ar

	

Qm = 7500±500
The half-life is 1 .42±0.02 min (Ro 57) .
The #- spectrum has been investigated with a scintillation spectrometer ;

the end point is 7 .5 MeV. A strong fl- 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, = 2.54.0 MeV range have been observed (Ro 57, IVIO 56b) . The 1 .46 and
2.80 MeV y rays have about equal intensities. These data suggest a decay
scheme as shown in fig. 40.1 . They are compatible with the assignment
jx = 2-- to 40CI, and J:g = 0+, 2t W, and I- to 40Ar* = 0, 1 .46, 4.2, and
5.8 MeV, respectively (Mo 56b) .

B.

	

40Ar(n, p)40CI

	

Qla = -6700±500

Cross section, Za 59.

REMARKS

C .

	

Not reported :
40Ar(t ~ 3He)40C1

39C
9 400
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40CI

(Not illustrated ; see fig. 40.1, p. 244)

QM 7500±500

For a prediction of the excitation energies of (d j , fps} states in 40CI, see
Ta 57a, Pa 57c.



A.

ysis at E. = 187 MaV of inelastically scattered electrons shows
lev'els at 1 .46 and 14 MeT The differential cross section leads to tentative
assignments J :, = 0+ and 2+, respectively, and to F, = 2.0±0.4 meV,
T,, = (3.3±0.6) x 10 -13 see, for the 2.4 MeV level (He 56) .

Er= "'E

-r,

1-
T

Ed= "

C. 40

See

Ma
r(e,

netic a

2.29

r

40K+n-p

(y J)40

P. M. ESDT AND C. VAN DER LEUN

. 40.1, p. 24

r(n, n)4"1r

Cross section and resonaiats, see 4

; table 401, p. 245)

Qm = 7500±500

.40
j

Fig . 40 . 1 . Energy levels of 4OAr .

Inelastic scattering of protons by 40Ar yields groups to 40Ar* = 1,48±0.02
WeV (A 54), 1 .48±0.02, 2.22±0.04, (166), 3.12+103, 3.80±103,
(4.~ O), 4.50±105, and 4 .98±0.05 MeV (Va 56e) ; 1 .46, 3.7, and sw 4.8 MeV

d 60) . A scintillation spectrometer measurement yields a y ray with
= 1 .442 X0 .015 MeV (Ho 59). Angular distribution of elastically and inelas-

36S + CL

1.513 4-



H. 40K(EC)40Ar
See 40K.

L

	

4° (n, p)4OAr
Cross section,

Not reported :
37Cl(jX, p)40Ar
saAr(t, p)40Ar
41K(n, d)4OAr
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TABLE 40.1

Energy levels of 40Ar

o 58a.

tically scattered protons, He 47, Fr 54, Hi 55, Bu 56a, Ei 56, Iii 56, Va 56e,
î,ßi 57, Ty 58, Od 60 ; theory Me 57a. Polarization measurement of elastically
scattered protons, Ro 61c.
For cross section and resonances, see 41K.

E.

	

40Ar(d, d)40Ar
inferential elastic scattering cross section at Ed =11 MeV, Ta 60e .

F.

	

40Ar(3He, 3He)40Ar
ifferential cross section for elastic and inelastic scattering at E(3He) =

28.5 MeV, Ag 60.

G.

	

"Ar(oe, al)4OAr
Differential cross section for elastic scattering and for inelastic scattering

to 4OAr* = 1.46 MeV, has been measured 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 40Ar(1) (ha 59) .

QM 1512.8±3.4

Qin ®2Z5.3±3.4

QIn = - 1592.3±2 .2
QM 7977.7±2 .3
QM = - 5575.1 -f- 4.3

40

Ex
(MeV±keV)

J. TM Decay Reactions

0 0+ stable many
1 .462± 5 2+ 7 A, B, D, G, H
2.22 ±40 (2+) (3.3±0.6) x 10-13 sec & D
(216) D
3.12 ±30 D
3.80 ±30 D
12 y A
W40) D
4.50 = 50 D
4.98 = 50 D
08 01 A
13 A
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REMARKS

ure ji-coupling the
(Th 57) .

A .

	

(a) 4

It

41

41

(Y 40

40

(t, a)"Ar
a(, 3He)41r

:a(n, 1)4PAr

-)40(C
Q40Ar

(a) The number of # - pMicles emitted per E 7 per g of potassium is '27.7 ± 0.3
(weighted average of Gr 48, Fl 49, Ho 50, Sa. R a, Go 51c, Ko 55, Su 55, Mc 56,

e 59a, Sa 60c) . Together with the shundease of 40K in natural potassium,
(L178±1004) x 10-4 (Ni 50, Re 52a, Re 56a), this number gives a partial
half-life for #- decay, -r, (#-) = (1 .439±0.015) x 109 yr.
The fl- end point is 1330±9 keV (weighted average of Dz 46, Al 50c,
e 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 51c, he 52,
via 53c, Ko 55), in agreement with the Ja = 4- assignment to 4OK (St 58b),
and J- = 0'- to "Ca .

ry

ig . 412,

S.INDT AND C. VAX DER LEUN

- 23017VC3
120119±C3

-10358.2±4.2
22815+C5

40Ar with E. = Ipredicts a J- = 3 - level in

	

2-51 MeV

247 ; table 402, p. 248)

QM 1321 .5±4 .5
= 15118±3 .4

(b) The decay almost entirely proceeds through electron capture to 4OAr* =
1 .46 MeV. The number of 1 .46 MeVy 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 #+ emission to 4OAr(O) are neg-
lected (see below), this number of V rays gives a partial half-life rj (EC)
(11 .8±0.2) x 109 yr.

Measurements of the V-ray energy yield a weighted average of 1 .462±0.005
X'IeV (GI 47, Be 50c, Be 50d, Ho 50b, Pr 50, Go 51a, Mc 56) . The assignment of
this 7 ray to 40Ar, which follows from the mass-spectroscopic 40K_4OCa and
40W A A;=ass r conk

	

betweenImces, s,

	

amed by coincidence measurements
;,, quanta and Auger electrons (Pa 52a) . I
vi . ,eld a 4°Ar excited state at 1 .462±1012
energy with the Q. value, gives 51±6 ke
p ,trtial half-life given above, this ener
vai,'ie in the class of Rrst-for

ependent experiments (see 40Ar)
X. Combination of the nray

for the capture energy. With the
yields log ft = 10.6, a rather high

den electron capture transitions.
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Fig. 40.2 . Energy levels of 40K.

7
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is available for /~+ decay, the ratio of

	

captures to
the ground state over ~+ emissions is expected to be about 200 (

	

0 51a) . It is
not excluded therefore, that a fe`v tenths of a percent of the decay to ~°~r
proceeds by electron capture directly to the ground state.

iZeactions

(a) anti (b) . T'he

	

ost accurate direct measurements of the ratio of the nugnber
of Y quanta over the nu

	

bar of electrons yield 0.124 ~0.002 and 0.121 ~0.004
(1 c 56) . this is to be co

	

pared with the ratio 0.122 X0.003, which i°ollo`vs from
the average values given abotre for the nu bar of

	

- particles and Y quanta
er~~it ed per sec per g of potassiu

	

.

	

easu.re

	

ant of the ratio of the number of
electron captures over the number of

	

- ein1SS10I1S yields 0.135

	

0.040 (Sa 50a ;
.~®e also

	

n 5 a) .
assure

	

ants of the a

	

oun~t of argon in

	

inerals of known age which contain
pots . ~siu

	

, and mass s ectro~ eter studies of the relative a

	

our.ts of

	

°~~r,

(aoe~~ ~~_~w")
4®

0.0297 _~0.7 3- (3.9 ~0.4) x 10~° sec Y
0.7~9 y4 Y

~
F

0. 3~ y~
5- y C, F, I-1, 1

I .639 Á~ (~ 3)_ F
1 .954 y F

F

2.064 -'.- 9 (2-) C, F
2. 099 -~- 3 (1-) F
m.256 ~~ F
2.~6~~ F
2.393 ~~ (~ 3)- F
2.4 5 -L . ~ (~ 3)_ F
2.5s5 ~s F
2.s22 ~é s (®-) F
2 .é4 .902 ; 3~ levels, see tattle 40.4 and reacti®n F
7 -~-.~OI 4 12 e~' n
7.30? -i4 60 eL° n Ll
9.?2-I0. 77 ; 50 levels, see reaction



40 and 40Ca in such minerals, yield values for the electron - apture to fl-
emission branching ratiowhich generally come out lower than thevalue deduced
from counting experiments (In 50, however, gives 0.126±0 .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
4117+4015, in good agreement with the value 0.1230±0.0015, deduced from
counting experiments.

Other reviews of the 40K decay, ale 56, Ro 60d.

Suminary : 40K decays by 1.33 MeV #- emission (89 .0%) to 41)Ca(O), and by
electron capture (11 .0%) to "Ar(l), which in turn decays by y emission to
40Ar(O) . It is not excluded that a few tenths of a percent of the decay proceeds
by electron capture directly to 40Ar(O) .
The partial half-life for the#- decay to 40Ca,

	

(1.439 ±0.015) X 109 yr,
and for electron capture to 40Ar(l), T, (EC)

	

1,11.8±0.2) x 109 yr, yield a
total half-life (1 .282 ±0.013) x 109 yr .

31CI(m, n)401K

	

Qm = -.3887.6±3.9
At Ea, = 8.3 MeV, nuclear emulsion measurements yield Q0	3 .86±0.06

MeV (Sm 61) .
Q

	

3g (n, y)40 K

	

Qm = 7797.6±3.3
The thermal neutron absorption cross section of natural potassium is

2.07±0.07 b. The isotopic cross sections of 39K, 40K, and 41K, are 1 .94 ±0.15,
70±20, and 1.24±0.10 b, dnd their abundances 93 .1, 0.012, and 6.91® ,',) ,
respectively . About 95% of the thermal neutron captures in natural potassium
should then occur in 39K (Hu 58) .

Energies, intensities, and assignments of y rays resulting from thermal
neutron capture in natural potassium are listed in table 40.3. The assignment
of the 9.39 and 8.45 MeVy rays to capture in '111K is based on experiments with
potassium enriched in 4°K. Some probable transitions in 40K 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 391K 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 V transitions, see Ad 56, Gr 58c.
For a comparison of the reduced width-, from (n, y) and (d, p) reactions, see

Bo 59a.
D.

	

39

	

(n, n)39

Cross section, Hu 58.
esonances have been reported at E, = 3.4 keV (F = 12 eV) and 9 .2 keV

(«r == 60 eV), Go 58a. See also Hu 58, Ma 58, B1 58b.
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(;~Ie~ ~ e~ï )

9.39 ~60
8.45 i 20

pv~, n

Garr~~r a rays frown thermal neutron capture in potassium

0.08 U.Or,
0.1

	

(9.1

"~ F~i 52, 13a 53 ; magnetic pair spectrometer .
~ lii .52, as revised in ~a 38c .

53 .

P. Ald . ENIDi' ANI3 ~ . `IAN I3EIZ I:EtIN

TASt.E 40.3

7763 ~ 10 ~l .4

~ina.l Probable
nucleus transition

a
~ _` d 56, as corrected in Gr 58c ; magnetic Cnmpton spectrometer.e ~r 56e ; 2-crystal scintillation s ectrorrfleter .
t :also reported in L~r .59 ; scintillation spectrometer.
~ The capturing stc,te is indicated by C, the excitation energies are ~.

	

e`T.
~ Intensities are gi~rera as the number of y quant,~. per 1.00 capturES in natural potassium .

ea
4rI~

	

G -~ 1 .6i
og~

	

C -~ O.n3
7.757 ~ 8
7.34 ~ 20
6.994 ~ 7
6 .31 ~60
5.î40-12

4
0.4
2
0.4

1 ~,

3.5
0.1
1 .3
(~ .3
6
4

7 .320 t 25
7 .000±15

5.725 ~ 15
(5.55 ~40)

í) .2
1 .6~

11
~ 3

aog~

~o~

C --~ 0.80

C ~ j.`)6

5.65 ~- 20
,5.50 ~ 20 . :5 5.51 ~ 30 ~ 2

5.38 ~30 6 G 5.40 ~ 20 6.4

.5 .18 =20 5.25 ~50 2.5

:~ .06 ' 20 4 3 5.02 ~30 4 .5
4.81 ~40 1,5
4.71) y 30 ti 1
4.,5'J ~.40 ti 1

4.39 ~30 4 4.39 ~20 5
4 .18 =50 7 4 .11 ~30 4

3 .92 y5® s 3.97 ~30 5
3.81 ~ 5® 2

3.67 ~50 3.70 z 30 4
e 3.60 1,30 4

(3.15 1 50) ~ 1. .5
3.05 i 30

?.80 '-30 6 2.75 -±-40 ~ 4
(2 .b0 ~40) ~ 4
(2 .55 ~40) ti 4
(2 .42 ~30) ti 2
(2.37 ~30} s~ 3
(2.30 ~30} ~ 3
2 .05 ~ 10 9

2.03 -i- 30 13 2.020~ 15 7
1 .95 ~20 4
1 .85 -_~- 20 ti 3
1 .7 .5 -_~- 20 ~ 3

1 .61 ~30 5 1 .610~ 8 13
1 .51 ~ 10 5
1.40 y20 ~ 2
1 .27 i20 ~ 2

I.19 ~30 8 1 .18®-_ç-15 7~
0.900 -}--1 .5 2 ~o 0.89 -~ 0

0.77 ~-30 24 0.770 ;- 7 2fii ~og~ 0.80 -~ 0.'s3
0 . 625 -~-10 3



E.

	

( , .t) 39 (n, p) 39Ar
(b) 39K(n, oe)36C1

	

Qnl = 1364±6

	

Eb = 7797 .6±3.3
Sixty resonances in po have been observed in the En -" 1 .46-3.05 MeV region

(10 keV resolution) . With 70-150 keV resolution, strong resonance structure
in the P0 yield has also been found in the En 3.05-8.7 MeV region, and in
the P, and ao yield in the 2.3-3 .8 MeV region (Ba 61g) .
F.

	

39

	

(d, p) 40K

	

Qm = 5572.8±3 .3
The excitation energies of 52 levels in the Ex = 0-5.0 MeV range are listed

in table 40.4, together with 1. values and reduced widths (En 59, Ma 60d) .
Analogous work, at Ed = 8.9 MeV, with lower resolution, is reported in
Da 59b. The relative reduced widths in En 59 and Ira 59b are in good agree-
ment. At Ed = 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±0.010 MeV (Bu 53a) ,
5.569±0.010 MeV (En 59), 5.583±0.010 MeV (Ma 60e)
The states at 0, 0.030, 0.798, and 0.888 MeV all have 'n = 3. The ratio of

the weighted reduced widths, (2j+1)0,2, is 9.8 : 8.4 : 6.1 : 11 . This ratio is in
agreement with the theoretical ratio 9 :7 :5 :11, calculated assuming a
ja = 4-, 3-, 2-, and 5- sequence for the four levels, the (d,- 1 , f,) quadruplet,
mentioned above . The levels at 2042, 2064, and 2.099 MeV, to which strong
proton groups have been observed, evidently belong to the (d,-', 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 -, I -, 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.
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Qm =

	

218±5

	

Eb = 7797.6±3.3

40

G.

	

40Ar(p, n)40K

	

Qm = -2295.3±3 .4
Time-of-flight measurements yield neutron groups to 40K* = 0.029 and

080 Me, with Q = -2.336±0.010 and -3.104+0.015 MeV, respectively .
With a scintillation spectrometer, thresh Ids have been measured for the
production of 29.4± 1 .0 keV (I -->- 0) and 77 1 ± 10 keV (2 -* 1) V rays, yielding

2.332 ±0.010 and -3.096±0.010 MeV, respectively . These fourQ values,
combined with the excitation energies of Bu 53a, yieldQ0 = --2.304 X0.006 MeV
(Ho 59) . The mean life of the 30 keV level, measured by a pulsed-bE!am
technique, is (5 .6+0.5) x 10 -9 sec. This supports the assumption that the
30 keV V ray is mainly MI (Ly 59) .

40Ca(n, p)40K

	

Qm = -538.9±4 .5
Gamma rays of 30±2, 767~t and 877+17 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 section?, see Ba 60c, A161 ; for angular distributions, Co 58d.
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P . NI . ENI~T ANfl) C. VAN D~HB LEiJPJ

3~j I'~~ m r!)4®

e ~®
9

A°~~a '

E~ , ~~®

all y3 hejT

~ En 59.
b En 59, 1VIa 60d .
e ~2 keV.
~ For E~ > 4 ~IeV, only levels corresponding to strong groups have been tabulated.

1 a~,~netic analysis at E~,
e

	

o;

	

r 56á~ .

T°AnLE 40.4

Levels in ~°I~ lroYn the $°K(d, F)~°1{ reaction

= 6.5 and 7.0 'VIe~I yields Q~ = -0.014 ~ 0.008

Q = 5682.4~4.0
.8~4.0

~ - ~- 11905.6~ .0
39.

	

~3.
-1 79. .
-- 5 0.

	

.

eV)
6~~

x 103 ( eV) ~ x 103

0 3 3fi 3. 12 0 0.

0.023 ~ 3 73 3. 79 1 4.9

0 .795 3 55 3.599 1 1 .4

0.835 3 100 3.629 1 30

1 .639 1 0.7 3.657
1.954 3.715
2.042 1 36 3.738
2 .064 1 73 3.7fi6 1 2.7
2.099 1 53 3.790 0 1.3
2.256 ~ or 3 3.820 (1} (1.6)
2.286 (1) (1 .6) ~ 3.838
2.393 1 1 .0 3.8fi9 1 1.7
2.415 1 2 .6 3.883
2 .565 3.898
2 .622 1 13 ~ 3.920
2 .743 1 6.7 4.017 ~ 1 9.á
2.781 4.102 a 1 1C
2.304 1 1 .8 ~ 4.253~ 1 33
2.943 4.396(' 1 17
2.983 4.462a 1 17
(3.0 :1) 4.539 ~, 1 17
3.104 0 1 .0 4.ö32a (1) (6 .3)
3.125 4.653a 1 9 .4
3.144 (1) (1 .5) 4.788a 1 7 .3
3.22.5 1 22 4.301 a 1 12
3.3fi'7 1 6.3 4.902a 1 8.9
3.335 (1) ( .a .5) ëal~8 keV
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1
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Q~ _ -- 1303.3 ~4.5
= - 7870 ~5
_ °- 3838 ~5
= 10 82 ~5

Qm ° --11889 ~5
Q~ = -12053 .6~4.9
~~ =

	

5699

	

~5

For a discussion of a relation between excitation energies In 3~C1 and 4°K
Uased on ~~®coupling, see 3sCl, Remarks. Theoretical discussion of the 40

ground state configuration, Ku 53, Ire 53a,

	

i 54, iVta 54, Sc 54c, Ta 54a,
a 56a, Fa 57a, Sh 60,

	

e 61a.

(Fig. 40.3, p. 254 ; taule 40.5, P. 255)

A.

	

a9K(p~ y)4oCa

	

Qm = 8330.4~4.3
Experimental information on resonance energies, relative y yields, absolute

y® yields, and

	

ganching percentages is gi~~en in table 40.6 .

	

esonances in the
~ = 2-3 lieV region (not tabulated} have also been observed (Zi 61 } .
The y° yield measured in the

	

~ _--- 9-14

	

eVregion shows broad resonance'
at

	

p = 10.8, 11 .0, and 12.0

	

eV (Ta 61b~).
From delayed c®incidence rneasurernerits the half-life of ~®Ca(1) has been

determined as ~ = (2 .15 X0.08) X 10-9 sec (~0 60f} .

'The a® yield has been measured in the
resonances (not tabulated ; yield curve give
I~ C 15 keV (Cl 60) .
For non-resonance data, see ~s,Ar.

See 4oK.

saK(p, ~r)39

	

~~ = f~ 336.4 ~4 .3
í~~o elastic scattering resonances have been observed in the Ep = 1.0-2.0

	

e~'
region (R.u 59) . many resonances (not tabula+ed} are seen in the yield of the
Er --- 2.53

	

eV y ray de-exciting asK(1) . The average distance at are excitation
energy of 12.4

	

eV in 4oCa is .D = 16 keV (Pr 58a).
For non-resonance data, see asI~ .

C .

	

ssK(F' ~}ss~r

	

Qm _-._ 1292.3~3.9	E n = ~~336.4 ~4.3
eV region . many

are found, at an average distance
= 2.2-3.2



254

T

112aol -

MANY
RE SON.

MANY
RESON,

y

11 .6

las

WANY
RE SON .

36Ar+a

14

2=7--I

OW ,

P . M . ENDT AND C. VAN DER LEUN

Q9.ro)L - - - - -

Fig. 40.3 . Energy levels of 40Ca .

P* 9.2

2mo C2

40C

lm
40Sc 0"9S

+X-X
I

Q083

r
Ee 44

T
E 14

T
Q 13
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~°Ca(e, e°}~°Ca

Inelastic scattering of 4

ENERGá' LEVELS OF LIGHT :~TÜCLEI . III

	

`7J5

TASLE 40. .5
Energy levels of a°Ca

~o

The angular distribution has been measured by niagnetíe analysis of 1831V1[eV
electrons scattered inelastically from calcium . both the angular distribution
and the crass section, yielding a mean life r~ = (7.1 X0.3} x 10--11 sec, supp~o :rt
a J~ --- 3- a,ssignn~ent to the 4°Ca level at 3 .73 MeV (tea 56b,

	

e 56) .

eV neutrons by calcium yields y rays of

	

~ _=
3.74X0.04 and 3.9 X0,1 MeV, in addition to annihilation radiation . Tr.e
threshold for ß+ production is ~� = 3.44 X0.05

	

eV, showing that ~°Ca.( :_}
decays by pair emission (Da 56c} . The mean lice of ~°Ca(1} has been rneas~xred
with a pulsed neutron source, yielding ~m = {3 .4 X0.2} x 10-- g sec and a reduced
0 matrix element ~ = 0.15 (ill 59) .

E~
( e~~keV) zm Decay IZeactíons

® p~- stable many
3.35I ~ 3 0~ (3.15 ~0.10) x 10_s sec ~z, e- A, F, G
3.730~ 4 3- (7.1 ~-0.3) x 1J-" sec Y A,Fa F.G,I, J.900 ~ 4 y A,1-',G,I
4.483 ~ 5 3- y A, G, I
5 .20r ~ 8 G
a.241 ~ 6 G
5.27, ~ 6 G
5.606 ~ 8 y fB
5.621 ~ 8 Y (',5.901 ~ 8 G
6.029 -~- 8 Cr
6.16 ~ 70 (3- ) I
6.74 ~ 70 (3-) y G, I
8 .4 I
J .197 ~ 11 Y A
9.238~ 11 Y
9.25)2 ~ 11 ^r
9.441-~ 5 y .i
5) .6l 5 _-i_ :í Y A
9.651 _i_ 5 Y A
9.877 ~ 5 (elouUlet) y :1

10,062 5 y a
10.330 ~; 5 Y
10.3~-13 .4 ; many levels, see reactions A,$,C
18.8 y A
1`J .6 Y
20.0 y A
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G.

	

4°Ca(p, p')4®Ca

40Ca
ENERGY LEVELS OF LIGHT NTJCLEI . III

	

2157

Elastic scattering cross section and angular distribution, Cr 55, We 56a,
Cr 58, Cr 60,

	

e 60, La 61 ; theory, Cu 56.
For resonances, see 41Ca.

Eleven levels in 4®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 (EX in McVykeV) from the 4°Ca(p, p')4°Ca reaction (Br 56b)

3.348 ,-F- 4

	

4.483-L5

	

5.272j-6

	

5.901-1-8
3.730±4

	

5.202±8

	

5.606 4--8

	

6.029

	

8
3.900±4

	

5.241 J-6

	

5.621±8

The first level in 4°Ca has been found to deca;,, by internal pair formation ;
the sum of e+ and e- energies leads to EX = 3.46+0.10 MeV (Be 55b) . The e+-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±0.20) 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 61, also Ne 59) . Resonances in the
yield of e+-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 40Ca(1) and (2) . The
lp = 0 resonances decay to (1), the lp = 2 resonantes decay with equal intensity
to (1) and (2), one lp = 3 resonance decays only to (2) (Jo 59) .

Angular distribution of elastic scattering, Jo 61b, and of inelastically scat-
tered protons exciting 40Ca(l) and (2) (unresolved), Ha 52c. Energy spectrum
of inelacl-ically scattered protons at EP = 11 MeV, Sh 39. Angular distribution
of E., = 3.73 and 3.90 MeV (unr~,olved), Hi 58b. Gamma spectrum at
EP =,10 and 14 MeV, Wa 60c. Polarization of po and pl proton groups, Al 57d,
Ro 61c.
From p'-y angular correlation measurements at EP = 150 MeV, branching

(see fig. 40.3) have been obtained of the levels at 3.73 MeV (J-" -- 3 -), 4.48 MeV

(J,t _-_ . 3-), . 5.6, and ,. 6.8 MeV (Ro 61e) .

H.

	

40Ca(d, c4-)4oCa

Differential cross section for elastic scattering at Ed = 11 MeV, Ta 60e ;

at Ed == 13 MeV, Fr 61 .

1 .

	

40Ca(a, a`)4°Ca

At ELI --- 43 MeV, a-particle groups have been observed e"~.citing 4"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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i', M. ENDT AND C. °'AN DER l',EU23

The cc' anguiac distribution and the a'--~ (Ev = 3.8

	

eV) ang~:~lar correlation

yield J~ - 1 - or 3 - for ~°Ca(4.48}, anti 2+ or 3 - for ~°Ca{2} or (3) (Sh 59} . dot
44

	

e~.', ~oCa levels at 3.78, 4 .47, 6.16 and 6.74

	

eV, all. X0.07 ~~IetiT,

are exeited ; l. e a° angular distribution points to odd parity far all these states,

ar~d to spins f -- 3, 5 (or 1), (3), and (3), respectively { e 61e, 5a 61a} . In
159a, the oc` angular distribution measurements given in Sh59 are re-analysed,

with aiffraction scattering theory, yielding J~ -= 3+ f®r ~°Ca(4.48

	

eV) . SF~e

also ~to 60b .

4o~c(ß+%4o~a

	

~~ _-_ 13 950 ~200

The

	

half-life

	

has been measured as 0 .35 sec (Ty ve},

	

0.22X0.03 ~c.c
(Gl 55} , 0 .1 á 9 -~-0.002 sec (Sc 59c} . The ß+ end point is 9 .0~0.4 NIeV (Gl . ~ :~ ~ ,
9.2 y0.2 ?~IeV (log ft --- 4.1 } (Sc 59c) . .~ y ray (EJ, r 3.75~0.04

	

eV) has bran
observed . ~:o delayed a particles are found (Gl 55). Discussion of a possibh~ ~ó~
transition to the lowest T -- 1 state in 4°Ca, expected at 7 .5 MeV,

	

o 55, i~'i :~F~~~ .

~EbíAItKS

For theoretical ~ziscusJions of 4oCa states, see Da v9a, Sh 60 . ,A discussion of
vibrational 3 - states in 4°Ca is given in

	

r 61f, La 60.

r

(Fig . 41 .1, p . 259 ; table 4I.1, p. 260)

~m = 2490~10
The half-life measurement with the lowest stated error, yielding 109.6~ 0.4 min

( a 51a}, is in good agreement with older rneasurernenïs wYíh larger errors
(En 54a} .
The ~- decay proceeds by two branches. The end point of the ground-state

transition has been measured by magnetic spectrometer as 2.48 X0.04 ~IL'`~
(iÄ~.tensity 0.88%) (Sc 56), and ?.4850.010 MeV (intensity 0.78%) ~( .lia G1i~!,
yielding log ft ~ 8.5, log ( tf'® 2-1 } ~ft _-_ 10.0 . The shape of the sFeectrum is unicjcie
once-forbidden (L9J = 2, yes) (Sc 56} . The end point of the rraain branch has
been

	

assured by magnetic spectrometer as 1 .245 ;~U.005 MeV ($r 5~.oa)
1 .109 X0.008 MeV (Sc 56}, and 1 .195 ~O .U08 . eV (

	

a 61b) . "d'he spectrur~n il<<ti
an allow°e

	

shape (13r 50a, Sc 56,

	

a 61b) . L,og ft ~ 6.1 .

hTot reported
38~r(3 e~ n}4oCa ~~ ~ 6985.7 ~4.1

39 (3 e~ d)4oCa Q~ ~ 2843.3 ~4.3
saj.~(~ ' t}4oCa ~m .- -- 11476.3~4 .4



9.0 19.8
®"totT

6.09
40Ar + n

-1.71
41K+n®P

14 .5

ENERGY LEVELS OF LIGHT NUCLEI . III

2.40

1.871 1.88

1.636
1.354

1.035

0.517

0.171

41
1.83 h

2.49

Fig . -11 .1 . Energy levels of 41ar.

0
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2

(3)
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2

	

99.2°lo ; 1 .20
ß 0	L .8'/0 ; 2.48
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In
615 3

5.82
3
2 (1,2)

(2)
5.44 1

5.07
1

7.5

_4._6__8
4.39

2-0
- 0

1 4-11
(0)

M 1

1 3.85 3.90 .3--98', 1 3.87
'--1-583--6-Q 3.7Q

40Ar+d _ P
33 3.39 3.44

2
113 1
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E, (MeV)

P . MI . ENDT AND C . VAN DER LEUN

TABLE 41 .1

Energy levels of 4IAr

0

	

7 -

	

109.6j.0.4 min

	

0-

	

A, B, E, F

0.171-6.1.46 ; 50 levels, see table 41 .2 and reaction

T

	

, the main fl- branch has been measured h-̀ -
scintillation

e energy of the y ray folloNNing

scintillation spectrometer as 1 .298 .i:0.010 MeV (KI 55), and 1 .290-1-0.005 .11e V
(Sc 56), and by magnetic spectrometer as 1 .293±0.004 MeV (Ka 61b) . Tina .

conversion coefficient is (6 .8 ± 0 .9) x 10 - 5 , indicating an M2 transi tion (Ka 611) .

y fl-y delayed coincidence measurements the half-life of the 1 .29NIeV le%-d
in 4 1 K has been established as (6 .7 ± 0.5) x 10 -9 sec (EI 52), and 6.6 x 10 -9 Se . :

(En ä3j, which is 60 times slower than the single particle estimate for an .11 -,
transition .
Two measurements of the

	

circ,,-ilar polarization correlation are contni-
dictory as to the existence of a Fermi contribution in the fl - matrix elemcm
Pla 59e ; BI 60c, BI 61c) . Theoretically, this contribution should be quite sinall
(Bo 61a1 .
A measurement of the ß-y angular correlation shows that the parity noel-

conserving relative amplitude in the y decay is smaller than 6 x 10 -5 (Bo 6w .
For a ii-coupling computation of the P- matrix element, see Gr 56c .

,,,) 4 'Ar

	

M =__-IOAr(n, .

	

Q

	

6092 ±11
The thermal neutron capture cross section is 0.53±0.02 b

cross section at En ~ I NleV, see Hu 58.

Decay Reactions

u 58) . For tli a -

C .

	

I~Ar(n, ii)"Ar

	

Eb == 6092 : :--Il
There are no resonances in the total cross section beneath E. = 11) kc\*

(Hu 50 Me also He 57a, Sp 60. Pronounced resonance structure has becii
observed in the En = 0.4-1 .1 .11el' region (íßu 53) . For the En = 0.12-6.2 A-ft N
and 12.1-19.8 `1eß' regions, see Va 60c .

40Ar(n, X)37S

	

Qm = -2420±90

	

E =6092- 11b
Pronounced resonance -structure has been observed in the 5.8-9.0 Met' rq,,.JosI

(Da 61b) . For non-resonance data, see 37Q, .

E.

	

40Ar(d I D~41.-kr

	

f)

	

Iq QPIQ x11-M
The ground-state Q value has been measured as 3.874±0.004 I.IeV .
igh resolution angular distribution measurements have been performed -it
d = 7.5 31eV. Excitation energies of 56 4'Ar levels, 1

	

val es. and redtie, 411.
WAS are listed in table 41 .2 (Ka, 61a) . For earlier measurements at 11 ,
resolution, see En 57 . The reduced widths froin the older work, as analyse(I
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TABLE 41 .2

Levels in 4'Ar from the 4°Ar(d, p)41Ar reaction (Ka 61a)

F.

	

41K(n, p)41Ar

	

Qln - -17'j7±10
For the cross section at En = 14.5 MeV, see lea 53.

G.

	

Not reported
40Ar(t, d)'-'Ar

	

Qm = -

	

165 4-11
40Ar(a, 3He)41Ar

	

Qm .= --14485±11
41K(t, 3He)41Ar

	

Q. = - 24724-10
43Ca(n, 3He)41Ar

	

Qm - -12195±12
44Ca(n, a)41Ar

	

QM
_-__ -2154±11

4IAr

261

a lwrrors in excitation enemies range from 2 keV for the 0 .171 MeV levf .l to 9 key' for all levels
above4.5 MeV. For Ex > 5.07 MeVonly the levels with relatively high yields have been incl ,ided .

Ma 60d, are in fair agreement with those given in Ka 61a. See also Ma 60d
for theoretical remarks on the observed widths . See also Ra 56a.

4'Ar* a
(MeV)

ln (2,+1)8n2
X 101, i

4iAr*a
(MeV)

In (2j+ 1)®n2
x 103

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. :177 2 4.4
2.740 1 11 .3 4.613 0 (x.53
2.895 0 0.4 4.676 2 î .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 2Af 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 (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 .975) l 17 6.146 3 1 .5
4 .108
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A.
Fiftv 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, yielding a.o. E. == 1 .59, 1.29, 0.98, and
460 AM (Va 60e) . The first three are probably ground-state transitions, the
last a transition from 41K(Ijy to 4"K(O.98) . See a!so Br 48a.

Strong rmnances, for elastic scattering have been observed at 1 .90 and
2.48]%IeV (Fr 58), 1 .86 and 2.45NIeV (Va 59b), 1 .88, 2.45, and 3.4'MeV (Ba 60á'r .

e 1 .8 6 MeV resonance is at least double ; the 2.45 MeV resonance has 1,, ---- 1 a
(J-, = I -) (Va 59b) .
For non-resonance data, -see 4®Ar.

40_kr(py37C1

	

Qm = 1592.3 :~:2.2

	

EP = 7799.8 :t4 .,3
Tbirg- five resonances 'knot tabulated) have been observed in the Ep = 2.4-

3 .4 Niet' region (Ba 60d) .

0

40

At Ed = 3.2 MeV, the ground-state Q value has been measured a ~
5.97=0.25_'JPV, and transitions are observed to 41 K* = 1 .34=1 0.15, 3.1o,
and 4.0'_%IeV(IAVo 50) . See also Be 58f.

E . 40

dt 04

Q41

The them
Two w

table 40.3), pr
"yed to 4 1)
=m~%" ;" 40

eutron a4orption cross section is 70±20 b (Hu 58) .
gh steam- y rays k'E,. = 9.39±0.06 and 8.45 :t,0.02 Me`' ; ,,
aced by thermal neutron captnre in natural potassium, are

on account of their energies, and from experiments with target ~,
i 52 . The first is difficult to fit into the 41K level scheme.

the second might excite the 1 .67 MeV level.

F .

	

4'Ar(

Q11

	

mK

	

799.8±4.3QI

(p p)40 A r

	

Eb = 7799.8 -~-- 4.3

See -lAr .

Y)411K

P . M . EENDT AND C . VA 2N DER LEIUN

(Fig . 41 .2, p . 263 ; table 41 .3, p. 264)
41

Qm = 5575.1±4.3

Qm = 10095±5

Qm = 2490±10

Levels found from magnetic analysis at EP = 6.5 -XleV' are given in table
41 .5 ~ En .5,,Qa, Ke 58,~ .
G=ma rays of E_ ::= 0.98, 1 .27, and 1 .65 _MeV have been observed in coin-

cidence Wth inelasticHly scattered protons. They might be, explained
o7und-state transitions . Gamma-ray angular distribution measurements sbm, -
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-1.05
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57 LEVELS FROM

8.58

	

40Ar(p.Y)
41K

3.28 _

14 3:1
3,21

41

Fig. 41 .? . Energy levels of 411 .
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P. ~i . E:~I3á A~i9 C. vA3v ~~R L?EUAi

( Ieë° yke~")

3f

iAELE 41 .3

Enerly le~~els ®f ~~K

T~rsLr; 41 .4

Levels in °ili from the ~°:~. r{P, y,)~1K reaction (~.r 61)

~ 13oa~ble .

	

-__

l~rc~laablw- c~o¬~bte .
~~ _~lso obsert-ed ir~ ~

.
a fi

	

, at Prr>t®n e;~aergies alaout 6 ~e% higher .

tl Decay Reactions

Stable

~ke~,')
E$

{~tet~ (ke~') (i~3eti~) ~ (keV) (~IeV)

99 8.579 i06S 8.842 1229 8.999
519 b.599 10ï4 5.545 1240 9.010
81fi 8.635

~
1031 5.8ââ 1244 9.014

898 ~° 8.6;6 1086~ 5 .560 1249 9.019
904 S.êaB2 1096 8.869 1258 9.02ï
91 I 8.689 1101 a S.Sï4 1262 9.031
920 5.698 1105~ 5.881 I268 9.03ê
94? 5.719 ~ 1 r.18~ 8.891 1279 9.045
~~50 5.7?® 11~9 8.911 1283 9.Oâ2
96?~ 5.ï39 1152 5.9`'4~ 1293 9.061
9®3 ~ 8.i-19 1162 e 5.934 1303 9.Gï 1
98â 8.7ó 1 i li0 8.941 1321 9.059
99., 8 .ïr 1 11®9 5.950 1331 9.099

1O~Já 5.751 ' 1186 8.9â7 1336 9.103
1 ~'1, ~ b.790 1194 8.96â 1349 9.I16
lï~?9 8.50-1 1 ?00 8.9ê1 1358 9.1?â
10-~9 8.523 120i 5.9ï$ 1365 9.13?
10~s? b.$°'6 1?17 5.957 1368 9 .135
1t~6 l b~ . fi3.7 1 ?`?? 8.992 13ï.''. 9.13~~

0.9iS y6 (g~) Y :i., G
1.'?91 ;4 ~~ (6.7 -x-0 .5) X 10-® seC ?° 1~, ~, ~, G

1 .~sâ9~6 G
1 .550 yó .~, G
l .sï5-=-~ ~r E, G

1 .696 y6 G
?.143-3 .~i9 ; 16 flc"~ :els, see table 41 . â, reaction G
5.5s9-9.139 ; âá let°eis. see nable 4I.4, reaction A

9.%1 (double) P B
10. r9 P B
1(1. ?-11 .1 ; 35 levels, see reacti®n C
11 .1 P ß
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TABLE 41.5
Levels in 41K (EX in MeV) from the 41K(p, p')41K reaction. (En 58a, Ke .58) a

$ Ep = 6.5 MeV, enriched target, magnetic analysis at two different angles .

that the 0.98 MeV level in 41K is most likely a 2+ state (Sly 58c, Sh 59a, Sh 61) .
For resonances, see 42Ca .

By magnetic analysis at EP = 6.5 and 7 .4 MeV the ETOund state Q value
is measured as -1. .057 ±0.010 Mel' ($r 56f).
J.

	

Not reported
39K(t,

p) 41K

	

Qm =

	

9410 ±5
40Ar(3H e, d)41K

	

Qm .-

	

2306.7 ±47 .3
40Ar(a, t)41K

	

Qm ---- -12012.9±4- .3
42Ca(n, d)41K

	

Qm --- - 8052

	

±fr
42Ca(d, 3He)411ti

	

m = - 4783 ±6
42Ca(t, a)41K

	

Qm =

	

9536
43Ca(n, t)41K

	

Qm = - 9723 ±6
43Ca(p, 3He)41K

	

Qm _-_ -10488 ±6
43Ca (d , a)41K

	

Qm .-

	

7865

	

-~-6

41Ca

(Fig. 41 .3, p . 266 ; table 41 .6, p . 267)
A.

	

41Ca(EQ4IK

	

Qln = 413±9
The half-life is (1 .1 ±0.3) x 10 5 yr (Br 53a) ; log ft = 10.7 .

9 41Ca

40Ca(n, y)41Ca

	

Qm = 8361 -=8
The thermal neutronabsorption cross section of natural calcium is 0. 44 - - 0.02 b ;

the main contribution ; are from "Ca and 42(--a, with cross sections of 0.22 ±0.04
and 42±3 b, and abundances of 97% arA 0.64 0,6', respectively, indicating
that these isotopes contribute about equally to the cross section of natural
calcium (Hu 58) . For a theoretical estimate of the cross section, see iNlo 60a .

Observed y rays from thermal neutron capture in natural calcium are given

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±0.006 MeV

. 41Ca(EC)41K
Qm --- 413±9

See 41Ca.
44Ca(p, a)41K Q

m -1047±6
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TABLE 41.6

Energy levels of +iCa

®

	

á
_

	

(1.110.3) X lOb yr
1.947 14 -
2.014~5
2.469 _-~- 5
2.584-4.194 ; 22 levels, see table 41.9, reaction
8.44î-8.942 ; 14 levels, see table 41 .8, reaction

TABLE 41 .7

Gamma rays from thermal neutro~~ capture in natural calcium

$ riumber of photons per 100 captures in naturel calcium.
b The capturing state is denoted by C.

Decay Reactions

EC
Y
Y
Y

a,B,D,E,~,c*
B, D
B, D
B, D, E
D (and F3)
C

in table 41 . i.

	

y using enriched material it has been made probable that the
á.50 and 5.15 NIeV lines result from capture in ~2Ca. It is not clear why the
observed intensity sum of 42Ca(n, y) lines is so relatively small (Ad 56) . h®r
connparison between (n, y) and (d, p) intensities, see Gr 5~b, I3o 59a.

i'he circular polarization has been measured of the strong 6.41 eiT y ray,

Ad 56, Gr 58c

l~Iagn . Compton spectrometer
EJ , (J1eV) Intensity

h; i 52,

~ Magn . p~~ir
.Ey (1VIeV)

Ba 58c

spectrometer
Intensity

Probable
transition
in 4iCab

7.8310.0` 0.4
7.4310.05 0.6

6.406 -~O.O li 22 6.4210.03 40 C --} 1.95
5.90 ~0.03 3.8 ;~p.8910.03 6 C--~2 .4î
.5 .70 -1-0 .03 1 .L 5.6610.06 3

4 42Ca(n, Y)~~Ca
5.15 ~--0.04 0.9 42Ca(n, y)$~Ca
4,94 10.03 2.3 4.9510.03 5
4.î6 -±-0.03 ` .~i 4.i610.03 4
~1.4181G 01~~ 12.3 4.4510.05 18 C -~ 3.95
3.î6 --0.0`? 1 .8
3.60 ~~=0 .01 6.4 3.62 ~~_0.05 lo
2 .81 ~0.03 > 3.6 Br 56e
2 .66 __U.05 > 2.0 Two-crystal scint. spectrom.

2.004 ^0.010 1~ .î 3.95 -~ l.9ä, 2.(ßl --~ R)

1 .944 ,1 0.008 39 1.9310.03 45 1 .95 -~ 0
1 . 844 -L- 0.015 6.4
1 . î9010.015 > 3.6

~~ 1 .48 ti 3 .2
.., 1 .2 ti 4.8

(0.53' ' 0.010} ti .j 2.4î -~ 1 .95

0.463 --' 0.010 ~ 9 0.48 -±- 0.05 15 2.47 -~ 2 .01
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resulting from capture of polarized thermal neutrons . This yields J-
1 .95 MeVlevel in 4 'Ca (Tr 57) .
w swtion at higher E, Hu 58, Be 58e.

th

C.

	

-11.'Czi(n . n)40Ca

	

Eb == 8 361 =, 8

rved resonances in the total cross section below
Wi 61) -are e-en in table 41 .8 . See Mo ia 58. Considerable resonance structure
lias a ~c) been observed in the E ll = 600-1000 keN7 region (Wi 61) . For tcotal
cross section measurements in the E. = 1-25 MeV region, see Hu 58, Co
k r

	

Pe 6o.
FL-tr non-resonance data, see 40C.a .

TABLE 41 .8

Pra disclivioll

== 6 136-

=M;'

	

low resculion rosi
517
0 &

t

	

I " ! 0=41c"

7la

	

MX[U 1 Yleit.1 ot "f' Iw

	

Zr

W HI 1

in t

0-10
1.3
(0 ïv~
1 .1
2-2

446

6

on 2

x I

* ik 611 Ol E, ~ 250 key, Wi 61 for h-, ~- 250 keYAU =nazn,~es
MIOEY s meve ji re 1 A. Kveral �x-caker re-sonances m-;	t'-sepi,~_=t

F1,

	

:1- 4 ko\ - an~d Fn

	

± .'I kev L ,iVeZI-I
"Snau" .

T,--

	

11 -T r kil '-,ind the rt'sult~; fro i hi .,

	

Lir,,,h

	

e:s , uti,
are ~Z-zvejl q, 1,,bje 4 1 - 19. The hitter iv,~~, flts we i~t, e~--en

ts ~It E- , ==	mev

	

-s~,se',
see Fu' ~~4~

keV (Bi 61a,

174,05 0

for

S,
~00

Re-z,onounces in the 4OCa-' n

"Ca*
illes-)

total cross secíá®n '

4
(kcV)

8.447 0.148=0.015
8.499 2.54 =0.12

1 .44 ~ kl 5 S-501 0.19 =' 0.04
16-. = I .k) 8.524 2.41P ::E0.25
C20 � :'- =6 7.0 11 .5

4 - 1 L'- 111% .609 22.7 ±2b
M : -2 8.6â3 2.2 ± M-)
uzs .- :2 8.690 13.6 = 1 .2
11 12-lt;jcq -1 2 -S.112 1,5 ' 0.6
440,1 0j9011
44-1 ~ J-®___ 12 S.-,`ó8 13.4
M', 11834)
'104 :-:- 2 SX13 lo.6 =2 .()
jQ 11- S.942 5111% -:-~ 4



E.

	

40Ca(t, d)41Ca

	

Qm =_ 21034-8
At Et = 5.5 MeV, angular distributions have been measured yielding In --= 3

and 1 for the deuteron groups leading to 41Ca(0) and 41Ca(2.47), respectively
(De 61 b) .
F.

	

41K(p, n) 41Ca

	

Qm = -1196±9
The threshold has been observed at Ep = 1.25±0.02 MeV (Ri 50) ; the Q

value is measured as -1.10±0.05 MeV (El 58) . Cross section, Sc 58a.
For resonances, see 42Ca.

4'Ca *
,le'\' - keV)

0
1 .947-1-4
2.014 -y5
2.469 --5
2.584 -!-6
2.612±6
2.677±6
2.890±6
2.967 ±6

	

1
3.056±6
3.206±6
3.375 ±7
3-405±7 0
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TABLE 41 .9

Levels in 4'Ca from the "Ca(d, p) 4',Ca reactions

3.95O-L7 1
3.982±7
4.023 -~ 7
4.101±7
4.194±7

H.

4'Ca

Excitation energies from Br 56g ; angular distribution results (Ed --- 7.0 MeV) from Bo 57c.
Groups for which no In and reduced width has been indicated are weak and/or isotropic. Reduced
widths in Bo 57c are not absoluta ; they have roughly been normalized (Ma 60d) with the help
of the absolute widths given in Ho 53c.
Two In values are indicated in Bo 57c as possible for these groups ; for reasons given in Ma 60d,
always the lowest In value has been taken here .

G.

	

41St(#+)41Ca

	

Qm = 6495±13
The half-life has been measured as 0.87 ±0 .03 sec (El 41), 0.873 sec (Ma 52a),

0.87 ±0.05 sec (Wa 60a), and 0.628±0.014 sec (Ja 60a) . The ß+ end point, as
measured by cloud chamber is 4.94 ±0.07 MeV (El 41) . A recent measurement,
however, yields 5.W-0-10 MeV (Cl 60b) . The transition is superallowed
(log ft- 3.6) .

n (2j+ 1)On2 ,
x 103

.i]Ca*
(NTeV -keti') Ir.

( 2J + 1)0n2
x 103

3 114 3.500±7
1 80 3 .531±7
2 3 .619 7_;_ 1 b i

1 27 3 .682±7
3 .736 ±7 1 b 3
3 .837 ±7

0 1 3 .854 y7
3.921±7

b 3,

Not reported
3"Ar(a, n)41Ca Qm 5231-1-9
39K(t, n)41Ca Q,n --- 8215±9
39K(3He, p) 4'Ca QM 8979±9
39K(a, d)41Ca Qm - --- 93731-9
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Jn

TABLE 42.1

Energy levels of 43Ar

0

	

0+

	

>3.5 yr

	

p-	A, B, C
1.138±30

D.

	

Not reported
44Ca(n, 3 e)42Ar

	

Qm = -13896-4-40

42

(Fig . 42.2, p. 272 ; table 42.2, p . 271)

TABLE 42.2

Energy levels of 42K

Tl Decay React>ons

13

B.

	

4®Ar(t, p)42Ar

	

Qm = 7046±40
From magnetic analysis at Et = 2.6 MeV, the ground state Q value has been

measured as 7.046 ±0.040 MeV. The first excited state in 42Ár is at 1 .138 ±0.030
MeV (Ja 61d) .

C.

	

4'Ar(n, y) 42Ar

	

Qm = 9436-41
The thermal neutron capture cross section is larger than 0.06 b (Ka 52a) .

A.

	

42K(ß-)42Ca

	

Qm = 3530=20
The measurement of the half-life with the lowest stated error, 12.516±0.007 hr

(Bu 53), is in reasonable agreement with older results with larger errors
(En 54a), and with more recent measurements, 12 .37±0.09 hr (Ma 59g),
12.46±0.07 hr (Wr 57) .

There are strong #- transitions to 42Ca(0) and (1) . The best measurement of
the end points yields 3.545 ±0.010 and 1 .985 ±0.010 MeV, respectively (Po 56) .
The intensity of the low-energy branch (in percents of total decay) has been
measured as 30% (BI 47), 25% (Si 47), (20±1)% (Ka 53), 16% (Si 47a), 18.2®®
(Ko 54), (10.8±0.6)% (Em 55), (18.4±1 .4)% (Ma 59g) . The average, 18®x® ,
yields log ft = 7.9, log (Wo2-1) ft = 9 .7, for ßo-, and log ft = 7 .5 for ßl -.
One strong and many weak y lines have been observed ; see table 42.3. They

Ex (MeV) Jn l' Decay Reactions
0 2- ß- A,B,D,E,F,G,H
0.104-4.842, 55 levels, see table 42.4, reaction D
7.534 35 eV n C
7.545 60 eV n l;
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TABLE 42.3

a Gamma-ray energies in MeV ; intensities, in percentF, of EV = 1 .52 MeV intensity, in brackets .
b Excitation energies. of 42Ca levels in MeV.
e In coincidence with Ey = 1 .52 MeV.

D.

	

41K(d, p)42K

	

QIn = 5304±21

The ground-state Q value is 5.309±0.012 MeV (Mo 58) . Levels in 4

42

273

yield branching ratios of 0.18% (log ft = 9.2), 0.05% (log ft = 8.1), <0.021,1,0;0
(lag ft > 7.9), and 0.09%, (log fit = 5.1), for the ß- transitions to the 1 .84, 2 .4 2,
3.25, and 3.44 MeV 42Ca level:.A, respectively (Mc 61) .
The shape of the high-energy ,B - spectrum is unique first-forbidden (4 f =- ),

yes), from which a Jn = 2 - assignment follows for 42K(0) (Si 47, Sh 49, fro 54,
Po 56 ; for theory, see De 53a, Sc 54c) . The #- transition to 42Ca(i) has the
allowed shape (Ko 54, Po 56) ; for theory, see Ko 58.
The ß--y (E7 = 0.31 MeV) angular correlation is not isotropic (Be 50, St 51b,

St 61a) . For fl-y polarization correlation measurements, see Ha 53a, St 5 ¬ßa .
The y-y (Ev = 0.31-1 .52 MeV) angular correlation yields a J = 0 --> . 2 --y 0

sequence (As 59, Mo 59b), in contradiction to an earlier result (Ca 54) . From
a delayed coincidence experiment the mean life of 42Ca(2) has been measured as
(4.8±0.3) X 10 -10 sec (Si 61) .

B .

	

41K(n, y) 42K

	

Qm = 7 529± 21

The thermal neutron absorption cross section is 1 .24 ±0 .10 b (Hu 58) . For
cross section at higher En , see Hu 58, Bo 58b, Ko 58d .
None of the y rays from thermal neutron capture in natural potassiu

	

ca.n
be assigned to capture in 41K with confidence .

C.

	

41K(n, n)41K

	

Et, --- 7 j94-21
Resonances in the total cross section have been observed at En = 5.4 key'.

(T = 35 eV), and 16.2 keV (I' = 60 eV), corresponding to 41K

	

= 7.531 and
7.545 MeV, respectively (Go 58a) .

found

La 54b

Gamma

Po 56

rays following the

Mo 59b

42K(í-1w42Ca decaya

Mc 61
Probable

Seint. spectrom. Magn. spectrom . Seint. spectrom. Seint, spectrum .
transition

bin 42Ca

0.309 (1 .5) 0.320±0.005 (0.8) 0.31 (1)~ 0.31±0.01 (1.1)C 1 .84 -~ 1 .52
(0.49±0.02) ( C 0.1) (3, 25 -~ 2. 7 5)
0.60±0.02 (0.1) c 2-42 - 1 .84

0.9 (0.3) e 0.90±0.02 (0.1) `- 2.42 1 .52

1 .52(100) 1.53 -~- 0.01 (100) 1.53(100) 1 .52±0.01 (100) 1 .52 --." f4
1.94 (0 .3) 1 .92±0.01 (0.3)c 3,44 - 1 .52
2,42 (0.2) 2.42±0.02 (0 .2) 2.42-0



~

	

~ci

	

ti~sn energies i~. ~~K in 31ev. The relatively strong gr®ups are printed in italics.
_~L err~~rj i-~ ~E. ~.!ues are 12 key+'. There are unresolved levels in the Eg = 2.74-2.80 Kiev

at

	

~ =

	

.

	

1~ ' by

	

agnetic analysis at three angles are given in table 4`j.-~ .
fee a. so

	

a 50.
.r~ '-)

~~e ~~ r.
atn, P)`~

~:~oss sectio~~, ~,e 57b.
.

	

` ~a~d, ~~¢2~

	

Qm = 4257

	

21
'e~

	

`

	

activity observed, En 54a.
~c~nD ~~ 2

~:ross secti®n,
ot re ®rted

~~a r(t, n~4:Ca

	

Qm =

	

6846z2®
= 7611~20

Qm -- -10742~2~0

=

	

1271 ~ß~l
_ -13048~21

Qm- - 3512-~ .`r0
Qm = -- 84 .52~21
m = - 5184 -~~- 21

Q~ =

	

9136~21
Q~ _ -13331 ~21

_ -14095~21

4 ` ~~~ ~
D ~~1`~2

42 ~~ d~42
D

3 ~~~2KD

~~ ' ~i42

.~~~ ' ~ y 2

t~a~
D

3 ,~,~~2

a6 .

P.

	

. E'.~°I3Y A:~Y) c. iTA~ 33ER LEUN

~AEZE ~$2.4

dens in '~K from the ~TK(d, p)~~K reaction (~~io 58) $

Q~ = 583~ 45

m = -2 747 ~ 20

Q~ _ -407 ~21

re~ical discussion of t e ~2

	

level ache

	

e, see Pa 57c, ~0 5 ic.

0 l .453 2.470 3.195 4.123
C~ .1(t4 1 .4i2 ?.~54á 3.275 4.174
{~. ?á? 1 . âé6 ?. ~fi3 3.356 4.409
~ ~ . fi23 1.913 2.595 3.4p8 4.474
~~ ~i8¬~ 1.927 2.616 3.606 4.544

. ää2 2.¬~35 2.633 3.650 4.56i
~~.8?r 2.061 2.706 3.fi91 4.797
l .126 2.1fi2 2 .832 3. ä 19 4.842

. ~ ä9 r.189 2. 906 3.îfi6
I. :Z~v 2.227 :'.929 3.83î
l .3fi3 2.356 .3.007 3.881
l .39fi 2.389 3.0i6 3.92



~gK(a, p)42Ca

	

Qm - -126.0

	

4.4
t E,~ = 8.2 MeV, the ground-state Q value was detern~inPd lby range analysis

as

	

-0.19X0.07 MeV,

	

and levels in ~2Ca were observed at

	

1.51 :EO.i15,
1 .96~O.Oi, 2.29 ~O.U5, 2 .59 ~0.07, 3.02~0.05, (3 . 30~0.10), 3. 75

	

O.Oi, and
( 4.09 ~0. 10) MeV (Sc 55) .

a~CQ ¢P® P,

(Fig . 42 .3, p . 275 ; table 42 .5, p. 276)

ßó

	

82 °!° ; 3 54

ßi

	

Q.18 °/°
ßs 0.05°/°
ßá 0.09°I°
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Fig . 4`~ .3 . Energy levels of ~rCa .

c

11.47

t
-x- 2iï7o C2

2.34

52 s

®®.126

	

1
39~ ~ a

82



Q~ = --11969

	

~b = 102761E
~e~°eral incorn letely resolved resonances áre observed in the Ep = 1 .5-3 .

fe ° ~egion (1Zi

	

0~ . For threshold, see 41Ca.

	

-

`~~

	

' P`~~~

	

Eb = 10276 ~-6
about fifty resonances (not tabulated in the ~F = 2.3--3.5

	

eV region haie
been observed in the yield of the 0.98

	

eV y ray ;Sh 58c, Sh 59a, Sh 61) .
lA or :~or~-resonance data, see 4iI~ .

~~

	

~ x~~$~r

	

Qm = 4035.2

	

4.8

	

Eb = 1~J27616
ha x® yield has been measured in the .gyp --- I-3 ~IeV region. h~any resonances

(not tabulated

	

have teen seen at a

	

average spaci~ig of 8 keV (~l 60) . For
resonances in the yield of the 2.16

	

eV y ray, see Sh 58c, Sh 59a, Sh 61 . For
Q value, see ~~A.r .

a

2

P, ;l4 . ENDT AND C, i7A2~à DER LEUN

TABLE 42.1;

nr~y Pevels of ~~Ca

4~ a( 9 ®~ ~~~~

etic a

	

ysis, at 90® and

	

2 ®, and at severa..l b®nibarding energies be-
t~~'een

	

.5 an

	

.0

	

eV, gives levels °

	

2Ca at 1 . 23~0.0í~4~, 1.836~0.O~J-f,
2 .122 -~ 0.005,

	

. 7

	

~0.0 5,

	

3.250 -~ 0.006,

	

3.2°37

	

O.OOf,

	

3.389 ~ 0.00F,
3®

	

2

	

0®~-~00,

	

3®6e5~. .,~ ~,,00 ,

	

3.883X0.007,

	

3. 149 -~~0,007,

	

and

	

4.043 ~O.OCoä
56fß .
ith a

	

a

	

etic lens spectrometer, c®aversion el'ectr~®ns have been observed
caf

	

°834 X0.009 and 0.3 S-~-O.C~ 3

	

eV transitions . the relative intensity of

Q~ -= 3530~2®

Decay Reactions

AF, H,

fly° st:abPe gnany
~~3 .~ ~ 2 .~ Y A, E, F, G, H

I . `4 (~.~-;-í1 .3) ~ 10 -YO sec Ya
e+-e~ A, E, F, H

`? . ?3 _.W... (P . 2)~ Y A,E,F,H
2.î°~P~- A,F,H

, ~á H

F
F

é,
F

3 . 3 -~ î F
3 . 5~ 9 .~ î F

F
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45SC(p~ a)421--a
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the former to the latter is 1 .03±0.10. A continuous e+ distribution with end
point at 0.80±0.03 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 e+ spectrum and the observed relative intensities confirm the 0+ assign ..
ixient to 42Ca(2) (Be 61d) .

G.

	

(a) 42SC(P+) 42Ca

	

Qm = 6260±60
Thehalf-life is 0.62 ±0-05 sec (Mo 55c), 0.68 +0.01 sec (Cl 57a), 0.695 -l-n . 07 sec;

(ja 60a) . With scintillation detectors the P+ end point has been i.-neasured
as 4.8±0.9 MeV (Cl 57a), and 5.32±0.15 MeV (ju 61) . No y rays have been
detected (Cl 57a) .
The decay is super allowed (log ft = 3.4), indicating that the 42sc ground

state presumably has J- = 0+, T = 1 . See also Mo 54 .

(b)

	

42SCm(P+)42Ca

	

Qm = 7130±40
Gamma-radiation with E. = 0.43(l), 1 .21(2), -.nd 1 .51(l) 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 39K(oi, 11)42Sc reaction with
a threshold of E,,, = 8.86±0.04 MeV. Presumably, a high-spin, T === 1, 12Sc
state at E. == 0.88±0.07 MeV is excited, decaying throagh emission to a
high-spin 42Ca level (Ne 61a) . See also ju 61 .

Qm == 2341±6
By magnetic analysis at EP = 5.9 and 6.5 MeV, the ground-state Q value

has been measured as l341±0.008 MeV, and levels in 42Ca have been observed
at Ex = 1 .526, WC 1425, 2.751 3391, and 3 .255 MeV, all ±0.008 MeV
(Ma 58h, Bu 58b) .

For theoretical discussions of the 4,2Ca level scheme, see Sc Aa, Th 51m, Ko .559a,
Iw 60, Ab 60, Mi 61 .

Not reported :
40Ar(3He, n)42Ca 10358.2 4- _t. .,
40Ca(t, p)42Ca 11 350 ±,!i

4'K(d, n) 42Ca 8052 ±6
4'K(3He, d)42Ca 4783 ±6
4'K(a, t)42Ca 9 536 jE 6
43Ca(p, d) 42Ca Q1 i 1 5 705 5
43Ca(d, t) 41'Ca 1672 5

43Ca(3He, ct)42Ca 12648 ±5
44Ca(p, t)42ICa QM -10583 ±6
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-
)43f'a

	

Qm = 1817±10
haH4Ue is 22 .4 hr (Ov 49), 21 .5 hr (Ru 52), 22.0 hr (Li 54a) .

lie ej - decay is complex ; # - end points, y-ray energies, and relative intensities
table 43.2. Extensive and e --y coincidence measurements

reported (Ba 57, Ni 57, Be 59a) ; these all support the decay scheme
table 43.2 and fig. 43.1 . The fl,5 - branch given in Li 54a must be

Ex
~%leV :t ke'V)

-1217
1esM-Y-Pi

P . M . ENDT AND C . VAN DER LEUN

(pig . 411, p. 278 ; table 411, p. 278)

j',

TABLE 43.1

Energy lev°ls of 43K

P,- EL2% . 0.46

03 87 'Vo ; 0.82
" 3Slo ; 124
PC, 1.3"/<> . 1.82

Fig. 43 . 1 . F- nergy levels of 43K.

43cß

T! Decay Reactions

0

	

-2,-

	

22.® hr

	

p-

	

A, B, C
Q65=4f)

	

B
lAse7()

	

B

regarled as instrumental . A compadson of the y-ray energies given in 113a 57
59a shows that the latter are low by about 0.75%. With this correction

the best value found from table 43.2 for the excitation energy of 43Ca (4) is
eV, which differs more than the sum of the experimental errors

the value 1394 ~4 kear' found from the 42Ca(d, 1))43Ca and 43Ca(p, p')43Ca
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TABLE 4.3 .2
The 43K(ß-) '3Ca decay 9,

43

Li 54a

	

Ba 57

	

Ni 57

	

13e 59a

	

Probïtlrle
Lens spectrum .

	

Double foe. Sp. b Lens spectrum .

	

Lens spectrom.b

	

logft

	

tr~ronsition

$ Beta-decay end points and y-ray energies in keV ; relative intensities in brackets . All y-ray energies ;le .ermined
from external conversion spectrum unless otherwise stated .

b Energy of y? determined by scintillation spectrometer .
e Also internal conversion line observed with aK ti 2 x 10--l .

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 ~o- spectrum is unique first-forbidden (A J = ), yes),
with logft = 8.7 and log (W0

2-1) ft = 10.0 (Li 544, Be 59a) .
The y-y angular correlation of the (3) --> (1) -->- (0) and the (4) --~- (1)

	

-~ (ír)
cascades has been measured (Li 57c) . For conclusions, see 43Ca, Remarks.
For theoretical remarks on the f3-y angular correlation, see Ga 57 .

C.

	

44Ca(y, p)43K

	

Qm = -12170±12

D.

B.

	

40Ar(a, p)43K

	

Qm = -33?4± 11
From nuclear emulsion measurements at Ex = 7.4 MeV, the ground state

Q value has been measured as -3.36±0.03 MeV, and levels in 43K have been
observed at {1.65 ±0.04and 1 .18 ±0.07 MeV(Sc 56b) . Cross section, Sc .56b,

	

a 60f.

PQ
pi-+~1'

pa-

Ps-

1839±30
1218±25
827±20
460±20
243±20

(1 .6)

(83.1)
(5 .4)
(4 .5)

1814±25 (1 .3) 8 .7

825±10 (97) 5.5
465L50 (8.2) 115 .

vi 219± 4 (1) 215± 5 220-" _ 2 (3) (2) _ (1 ;
72 369y 3 (67) 373.7± 0.4 376- 4 371 - 3 (85) (1) r (0)

73 388± 4 (7) (4) (3)
74 393± 4 (6) 394 7h 4(11) (3) -,(2)
75 591-1_ 6 (13) (2) -> (O)
70; 627 1 6 (100) c 618.9± 0.6 cí12 ± 5 614 - 6 (81) (5) -m

(1)

7? 1000 ±-- 20 (4) 102') ±10 1015 ±-- 10 1005±20 (2) (19
- m

(1)

Cross section, Br 584 .

Not reported
41K(t, p)43K

43Ca(n, p) ,13h
Qns - 689~ 1

Q. -__ - 10344-10

43Ca(t , 3He)43K Qm --= ---- 1 199 - 10
44Ca(n, d)4"R Qn, -= -- 9 946 - 1

44Ca(d, 3He)43K Qm
-- 6671 1

44Ca(t, 0e)43K Qm = '642 d- 1

45Sc(n, :'He)43K Qm = -11342±12

46Ca(p, 0C ) 43K Qm = - 1696 4-15
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Q~ = 5705 ~5
Ti°~e

	

o~ n.

	

state

	

value has been rmeasured as J.711 ~O.OIO IVfe~ (fir 57ój .
~-el.s in

	

a fro

	

etic anal~rsis and results front angular distribution
re ants at

	

~, = .0 ~ e

	

are given in table 43.4. For a theoretical
reta.tion of the

	

e

	

cared. angular distrib tians, see Fr 55,

	

a 56,

	

a 60d.

Q~ -_- 1817~10

a(p, p®;4~Ca
e~yels in

	

a found b5~ rnaglzetic analysis are given in table 43 .4.

c( -j

	

~a.

	

Q~ = 2220 ~10
e

	

urernent of the half-life with the smallest stated error, 3.92 X0.02 hr
5 , is in reaso~na.ble a¬;ree

	

ant wíth other xneasur~erments with Iarger errors
54a, lsi 54j .
e

	

=deca~r proceeds to the lowest two 43Ca states (tale 43.5} . For theoreti-
ora

	

values, see

	

r 56c,

	

l 57, Ca 58.
a(®~, nj~3~a

	

Qm = -11136~6
goss section,

	

0 54a .
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n ~~~,a
e, ~¢~ a

i( ' dj ~~a
t, dj ~~a
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~ c~d D ~~ a

j~~ a,

Q~ =

	

9723~6
= 10488~6

Q~ _ - 7805 ~6
Q~ =

	

1572~5
Qm = -126~18~5
Qm = - 89~1~s

~, --- -- 4878~6
=

	

9441~
- 9 43 ~- 6

= --I03 7 ~0
== 80-15~6

Q~ -- -
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Fig . 43 .2 . Energy levels (~f 43Ca .
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(l51 d

Ex
(11eV =, ke V)

70

	

2
0.3737 ---0 .4

	

5-2
a-4594 11 2

	

2
1,0.9926~0-7 2
3 +1 .389 ±3

	

2
ISM3.584 ; 32 levels, see

P . M . ENUT AND C . VAN DER LEUN

J

TABLE 43.3

Energy levels of 43Ca

Decay

Stable

7
Y

table 43.4, reactions

TABLE 43.4

A, C, DI, E, F, G
C, D, E, F
C, D, E
C, D, E
C, D, E
C, E

Levels in 43Ca from the 42Ca(d, p) 43Ca and 43Ca(p, p')43Ca reactions

Reactions

Listed excitation eriergies are weighted averages (where possible) of results obtained from the
42C2 /d 4 p) 43Ca and 43Ca(p, p')43~

	

Ca reactions.
b Obser-,-ed from the 42Ca(d, p) 43Ca reaction at several deuteron energies between 2.9 and

, .O'.%1eV and at

	

90' (Br 57b) .
A)4,erved fz , (,m the 43Ca(p, pl)43Ca reaction at Ep =- 6.5 MeV

	

90') and Ep=7 .0 MeV

	

1300)
(W 57b) .
Additional level observed from the 42Ca(d, p) 43Ca reaction (Bo 57) .
-kngular distribution measurements of the 42Ca(d, p)43Ca reaction at Ed - 7.0 MeV (Bo 57) .
G:ou ps for which no In value and refiuced width are given, are weak and/or isotropic.
Normalization of reduced widths in "Ma 60d. In Bo 57 only relative reduced widths are given,
in BO 57c the yields of the 42Ca(d, p)43Ca and 4OCa(d, p)41Ca reactions are compared.

4 a* P-
('MeV =keY) Ie t2,Î+On2f

x 1W
43Ca* a

(MeV±kep
1 en

(2J+ I)On2t
X 103

$l . E' 3 82 2.607 -5b, e 8
0173---30 e 2.673 =5e
0j93=30 e 1 5 2195±5c
0091 _-30 e 2 4 2 .753 ~5e
1194=40 C 2.844±5 b, e

1178=40 e 2.880±5b1 e 1 5
1M04=40 e 2.947=5b, e 5
1032 n4" e 312716e
1 .9,37=4 b, e 0 16 3147±60 e
1 .985 3&74±6e
2.048-5r) , e 80 3094160 e
2 .069 Z e 1194+6e
2095 5e 1279±6e
(2 .107 5) 1293±6c
2!25=50 3.369±6e
2.2.50 =;->b, e 3.398::L6e
2.2î3--5c 3.419±6W c
2.409 -= -Ie 3.584d I 5
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TABLE 43.5

The 4sSc(ß+)43Ca decay

a Also reported in Li 54 are a ß+- branch of 0.3910.03 MeV end point (4ió), and y rays of
Ey - 0.25±0.01 MeV, 0.627-L0.005 MeV (4 ,,ó), and 0 .84---0, .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 43Ca spins and parities

REMARKS

For theoretical work on the 43Ca level scheme, see Le 55, Ko 593, Ab 60,
Mi 61 .
The 42Ca(d, p) 43Ca angular distribution measurements (table 43.4) limit J",

of 43Ca(2) and UCa(3) to (, L) - and (, :j)+ , respectively . The observation of a y
transition to the 2 - 43Ca ground state (ys in table 43.2), then yields for 43Ca(2)
the unique assignment Jn =

	

-.

The 43SC ground state very probably has Jn =

	

- (f,) . The allowed character
of the 43SC(ß+)43Ca(l) transition then limits Jn of 43Ca(l)

_
to (, 7, )- ; spin -,'can be

excluded by the observation of the 43Ca(3) --> 43Ca(1) y transition (y6 in table 43.2) .
The 43K ground state has J- ==

	

+. The allowed character of the ß4 - branch
limits In of 43Ca(4) to (?,

	

,

	

)+ ; the observation of the 43Ca(4) -} 43Cal1)2

	

2
transition (y7 in table 43.2) eliminates spin 2 .

If 43Ca(1) had Jr =

	

-, both 431;a(3) and 43Ca(4) would have Jn = y+ (becanse
the observation of ys and y7 ru',es cut !!+) . The ys-y2and y7-y2 angular correlations
would then have to be identical, of !+ ~ :;-- M1

	

~- character . However,
they have been measured to be different (Li 57c) . Thus, 43Ca(l) has J" - ; -.
The y-y angular correlation measurements then yield Jn = l+ for 43('3(3) and
~+ for 43Ca(4), with an E2,11T11 amplitude ratio for y2 of x :_-= -0.05 o- x = -5 . -1 .

44

(Tot illustrated)

A .

	

44K(#--)44Ca

	

m _-.- 6 100 -r:n0
Half-life, 18+1 min (Wa 37), 20 min (An 54), 2`' .0+0.5 ruin ( , ;.`-o 5-t), alid

22.3 min (Su 60b) .

Method E(ßo+)
(MeV)

E(ß1 +)
(MeV) (MeV) Reference

magn . spectrom . 1 .18-~- 0.02 0.77±0.04 0 .375 -L0.002 Ha 52d
(72 ïui (28%)

c;cint . spectrom . 0.375^+-0 .004 Nu 53
(25~=2)°ó

:nagn . spectrom . 1 .20±0.01 0.82+0.02 0.369 -1-0 .005 Li 549
(82°,-ó) (18%) (16 0 '

znagn. spectrom . 0.374 --' 0-004 Ni 5 7

log ft 5.1 4.7
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C.

	

'ot reported
Ca~t, ~ e~

~~a( , 3 e)

~u 60b

afn, P~
goss sectïon, l.e 57b.

eferences

~0 54
~u 60b

P. A~ . E?~äDT A1~3~3 C. VAN i?Eát LE~SN

TABLE 44 . ~.

~&~e ~a~{ß-)a~Ga deca~~

~nd goints (in NieV) of partial ß- spectra

4 .9t (1Q~°,®), 3.55, 2 .63

®bservf-d gamma rays (energies in NieV)

ï.13, 2 .07, 2.48, 3.6 . Also unresolved y rays with Ey ~ Q.5 ~IeV .
0 48, O.fi3, 0.74, 0.®0 (1), 1 .Ofi (l) , f .ïó (i00), 1.5, 1 .74 (13),
2.íl8-}-2.i3 (I3), 2 .55 (12), 3.4, 3.66 (fi.2}, 4.4, 4.îr, 5.ü (0.8} .

scin llati®n s~ecirorneter, both for ß- and for y. Relative intensities in brackets .

h~

	

- deca~r is co plea. end points c+f partial f~
- spectra and observed y

rays are

	

'Wren in table 44 .1, °Tl~e asç;gnrr~ent of a~nost of the observed data is
o score. It is uncertain to which of the known ~Ca states the 4.9 ?VfeV f~

-

branch proceeds ; the Q~ value is calculated assuming that this branch proceeds
to 4~~a

	

= ~ . I s

	

eV.

(dig . 44.1, P. 285 ; table 44.2, p. 285}

~a

	

r~~, n)~a~a	,~~- .---2 289.5 ~4.5

	

.Eb _-_- 884G.6 ~4.5
esor~ances obse~ve

	

v~i~l~

	

h ~' ~ l~ ~rticles, ~u 38.

P~

	

~a

	

~ ?m ~= 1047~s
fro

	

rame analysis at .fix = 7.8

	

¬ ~ J, the ground-state Q value is measured
a~ x.98 ~4.I0 ~ eV, and. levels in

	

Cíß are observed at 3. .13, 1 .92, 2.28, 2.58,
r.

	

7, an

	

. I? ~

	

eV, a

	

-g-0.05 1

	

eV ~_ ~ ~ 55~ .

Q~ ~ --5320~200

Q~ ~ .-- s o~a~200
Q~ _= _._ ~ ~. sso~200
Q~ = _. _. ~~ 420 ~200

Q~ ^

	

293n~20®

¢~ a~d' P~

	

~a

	

~ --_ 89I I

	

0
fro

	

agnetic analysis at

	

~ = ~ i. ~3

	

eV, the ground-state Q value is
assured as 8.9I3 0.01.4

	

eV.

	

ra~ .sitions are also observed to the lowest
sf	alegels ~ r 50 .
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TABLE 44.2

Energy levels of 4'Ca

Fig. 44 . 1 . Energy levels af 44Ca .

u

-4-964

2.655±5 (1,2)+
3.044 -i- .5
3.297 -~- 6
&305+6
1354±6
3.581±6

	

(.5, 6) a.

	

y

1656±6
3.671+6

B, C, F
11, C, F, 11
i-. , H
l',

F, vi
F
p-

EC�, (3)
EG 2
EC, 2 te

EC2 <3 <>/<>
EP 5 %
PI 88 00 ;1.467

E,
(MeV±keV)

TM Decay Reactions

0 0+ stable many

1.158±3 2 -1- 10`12 sec

1.883±4 (4) B, C, l', 1- 1

2.284±5 B, C . F, 11
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E .

	

"Cr- L(n, n')44Ca
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 56c) .

44Ca(p, p')4'Ca
From magnetic analysis at EP = 6-5, 7.0, and 7 .4 MeV, le -vels in "Ca have

(P -) Ca

From Coulomb excitation with 16.8 and 21 .5 MeV 14N -ic- ;as and 26.0 MeV
2ONe ions, the 44Ca(I) mean life has been determined as (5.ii ± 1 . 1) X 10-12 sec
(An 61P .

(a) 44Sc(# 4- ) 44Ca

	

Q rn = 3648±5
The half-life has been measured as 302±0.03 hr, (Hi 45), in reasonable

agreement with other measurements -*Nith larger stated errors (En 54a) .

a '%leasurements by scintillation spectrometer. Relative intensities are in brackets . Gamma rays
:T 1, 7V 11 and --, are in coincidence 001A

The decay is complex . The end point of the #+ branch to 44Ca(l), has been
measured by magnetic spectrometer as 1 .463±0.005 Iel (Br 50b), and
1 .471 ~0 .005 MeN' (BI 55) . The liurie plot is straight (Br 50b, B1 55) . The y
ra-.,- follo%%ing the ~- decay hasC = L159=1 :0.003 MeV. Its conversion coeffi-
Kent is (6 .3=0.3) x 10 -5 , establishing this transition as E2 (BI 55) . Electron
capture also occurs, with an intensity EC,i~+ == 0.073±0.016 (BI 55),
0.023 ± 0.019 (Ko 58b) . See also La -54a . Two measurements of the #-/ circular
lailarization are contradictory as to the existence of a F"i contribution

the 3-4-- matrix element (Bo 58, BI 61c, B1 61d, see also Bo 60b).
A number of weak -.~ rays have been obser-v--ed, implIving electron capture to

Gamma rays in the 44SC(,O+)44Ca decay (Mc 61)
TABLE .44.3

Qm = 6100±200

E`'11 Probable transition EVa Probable transition
in "Ca (E, in Dkle'%l in 44Ca (E, in ~iE`"1

1 1 0.6S ~ 0.02 (3.2) 1 .88- 1.16 d'5 1 .50=0.02 (1 .7) 2.65 1 .16
72 1 .O' =OM) (wij 130 2"8 7r. L -d2± 0.02 (0.8) 3.58 1 .88

1 . 12 0 .02 (4 . 1) 2 .28 1 .16 7,7 2.28±0.02 (0.2) 2.28 0
1 . 16 0 .0 1 (100,1 1 .16-0 7a 2.69±0.02 (0.2) 2.65 0

been observed at 1 .156±0.004, 1 .883±0 .004, 2.284+0.0&5, 2 .655±0.005,
.3.044 ±0.005, 1297±0306, 1305±0.006, 3.354±0.00G, 3.581±0 .006,
3 .656 ='0.006, and 3.671 ±0).006 MeN' (Br 56-f) .
G. 44Ca+heavy ions (14 ..\T, 2"Ne)
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higher "Ca states (Mc 61, table 44.3). In this experiment a 44SCm source was
used ; the 44Ca 3.58 MeV level probably is excited directly from 44ScM . The
branching percentages to 44Ca 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 logft value found for excitation of
the 3.30 MeV level makes the assignment of Y2 doubtful (Mc 61) . See also BI 5-5J .

For a ji-coupling calculation of the ß+ matrix element, see (mar 56c.
(b)

	

44SCm(y)44SC

	

Qm = 270.6±0.6
44SCm(EC)"Ca

	

Qm = 3919 ±5
The half-life is 58.6 4- 0.7 hr (Hi 4-5) . The decay to 445c(o) proceeds through a

y ray of energy 269.3 o1 keV (Scan 42), 271.3±0.7 keV (Br 50b) . The total
conversion coefficient is 0.139±0,003, in agreement with the value expected
for an E4 transition (BI 55) . Electron capture to 44Ca(3.58) also occurs with an
intensity of 0.8% ; log ft = 5.4 (Mr 61) .

451K
(Not illustrated)

A 34- min A = 45 activity, observed by electromagneti,c separation of a
vanadium target bombarded by 187 MeV protons, has tentatively been assigned
to 4,1K (An 54).

asCa

(Fig. 45.1, p . 288 ; table 45.1, p. 288)

9
45C

A.

	

45Ca(fl-)455c

	

Qm = 252.0±1 .9

The half-life has been measured as 163.5±4 days (De 53), 153±2 day,'-)
(Th 57a), 167±3 days (Ca 59a) ; weighted average 158.2±4.5 days . f"or old ?r
measurements with larger errors, see En 54a.

45SC(n, d)44Ca
Observed, Co 61 a.

Q ln -- := --4664±5

Not reported :
4'Ca(t, p)44Ca Q]� = 105,33 ± 6
43Ca(n, y)"Ca QM = 11136± 6
43Ca(t, d)44Ca Q =in 4s78 =' 6
43Ca(a, 3He)44Ca Q. = - 9441± 6
45SC(d, 3He)44Ca Q�, = - 1396± 5
45SC(t, x)44Ca QM 1292,1± 5
46Ca(p, t)44Ca Qin 9338±11
46Ti(n, 3He)44Ca Qin 9520± 6
47Ti(n, (X)44Ca QM 2170± 9
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e #- spectruni is simple ; no y rays have been observed . The end point has
been measured by magnetic spectrometer as 255±4: keV (Ke 50), 254±3 k~-X
(Ma 50b), 261±4 keV (Ma 53) . The Kunie plot is straight ; logft = 5.7. Compu-
tation of ft vallue with configurationa,L mixing, Ca 58.

C

E�
(Mev) J. Tj

0

	

UP

	

158.214.5 days
f) .1 7V3.419 ; 22 levels, see table 45.3, reaction
d .442-7.661 ;

	

.5 levels, see table 45.2, reaction

Fig. 45 .1 . Energy levels of 45Ca.

TABLE 45.1

Energy levels of 4s(:a

Decay Reactions

P~

mot

Ca(n, V)45Ca

	

nC =Q 7420±6
The themal neutron capture cross section is 0 . 67± 0.07 b (

44Ca(n, rn)"Ca
esonances in the total cross section are given in table 45.2 (

A, B, D, E, F
D
c

u 58) .

Eb = 7420±6
i 61a) .



a, All resonances are probably s-wave .

E.

	

45Sc(n, p)45Ca

TABLE 45 .2

Resonances in the 44Ca+n total cross section (Bi 61a)a

D.

	

44Ca(d, p)45Ca

	

Qm = 51954-6

Cross section, Za 59, Ba 61b.
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TABLE 45.3

Levels in 45Ca from the 44Ca(d, p) 45Ca reaction

Qm = 530.E -i1 .9

48T1(n, a)45Ca

	

Qm = -2030±5

Cross section, He 48.

45

a Br 56f.
b Co

	

î. Only relative reduced widths are given in Co 57. They have been normalized, in Ma 60d,
by means of the relative yields of the 44Ca(d, p)45Ca and I°Ca(d, p)4'Ca ground-state transitions
given in Bo 57c, and by using the absolute reduced width of 40Ca(d, p)4'Ca given in Ho 153c .

c The lower of two possible In values has been chosen, for reasons given in Ma, 60d.

The ground-state Q value is 5.188±0.010 MeV (Br 56f) . Levels in 45C,ß
observed at several deuteron energies betw(Den 2.9 and 7.0 MeV (Br 56f), and
the results of angular distribution meas rernents at Ed = 7.0 MeV (Co 57),
are given in table 45 .3 . Theoretical remarks, Fr 55, Ra 56, To 59a, Sa 60, a 60d.

a5Ca* a
(MeV-keV) In b

(2j+ l)Bn2 b

,f 103
4'Ca* a

(MeV -keV) In b
(2j a_ 1 ) d n z n

;, 10 ;

0 3 45 I 2.681- 5
0.176_ 3 (2.763 -55)

(1 .036-10) i 2.844+5 1 c
1 .432-'- 4 ? 11 j 2 .950 i 5

(1 .475 6) 2 .970--5
(1 .557-10) j (3.032+6)
1 .902 - 4 1 54 3.148 -4- 6
1 .971 4 3.244 -=- 6 1 c 4
2.249 5 1 9 1 3.296 -i- 6
2.356- 5 j 3.319-6
2.394 5 0 2.5 1 3.419-6 1 c 1 -e

(2.597- 5)

En (keV) 45Ca* (MeV) rn ;keV) sample

22 -1 7.442 0 ..54-0.30 natural calcium
51 .5±1 7.470 2.13-0.70 natural calcium
82 2 7.500 1 .87 -1.00 natural calcium
150 3,i 7.567 8.6 ±1.0 enriched
247 _3 7.661 2.26±0.25 enriched
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9
47 ~

~'ot reported

a(t, p} 4~Ca
~a~a(pT t}4SCa
4s-pi (n, ~) 4~Ca

45 ~

(i~íot illustrated)

Qm =

	

9 338 ~ 11
Qm v -889s~1s

223 -L- I U

(I~Tot illustrated}

TAELE 47.1
The beta decay of 4'Ca

half-life measurement with Io~~.Test stated error : 4 . 51 ~0.02 days (Fo s(~a) .

For older measurements, En 57.
The ~- decay ís complex . End points of ß- branches, y-ray energies, and

relative intensities are given in table 47.1 . The log ft values for ~® and ß2 are
8.5 and s.~J, respecti~rely .

Co 53 ~

	

1\+Ia 53

	

l.,y 55

	

Li 56
magn . spectrom.

	

magn. spectrom .

	

Al abs. -~- scint.

	

magn. spectrom.
spectrom .

	

-(-scint. spectrom .

L~o (:Vleë%)

	

2.060~O.a20b

	

1.93-~-0.2

	

1.940~0.020b
(19%) ( 2`l~s)% (17%)

~$ (	e~

	

0.685iO.OÛ6

	

0. 70~0.02

	

0.660 ~0.010 b

~ 4dditional ~,~ rays of 234.0 and 149.5 ke~T reported in Co 53, not observed by others. The ß!
end points at 1 .4 -yc-0.1. eV (40;0) and 0.46 0.02 NIeV (60°/® 1 do not fit well in tl.e $~Ca decay
scheme .

~ curie plot is st~~aight .
e Coincidences ®a3served between Yz and Ya ; neither yz nor y~ coincident with yâ .

P . X33 . EINDT AND C. VAN DER LEUN

:~ot rep orted
44~a(t ' d}4~Ca Qm 1162 ~ 6

Ca(oe, ~ e)45Ca --13158 ~ 6
45~~(t 9 3 e}45~a m - 233.9~ 1 .9
~~a(p' d}45~a ~m - 817s ~11
46~a(d , ty45~a Qm -- 4143 ~11
46~a(3 e' ~}45~a m 10177

(~1 Ỳo> (76~ 6)% (g3%)
E~, 1 (iVte~~ 1 .303 i 0.040 1 . 29 1 .31 ~0.0~

(14.2 ~1.2) (13 ~2)
E;,~ ( :~1eV) 0.800 -~0.025 0.182 0.83 ~0.02

(1-~ 0.1, (1~0.1)
E~ a ( eö~') 0.495 y 0.015 0.500 0.48 ~0.02 ~

(1) (1}



The average energies of y, and of the y2 --y, cascade (Co 53, Li 56) yield tile
excitation 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 agreenient with the average end point E,,.-- 2000±60 key'
(Ma 53, Li 56) .

Theoretical remarks, Gr 56c, Ca 58 .
B.

	

4"Ca(n, y) 47Ca
The cross section for thermal neutron capture is 0.25±0.10 b (Hu 58) .

C.

('.\, 'ot illustrated ; table 48 .1, p. 291)

A.

	

48Ca(fl -)48SC

	

Qm = 122 -4- 16
This reaction has not been observed. The half-life is longer than

log .ft > 21 .5 (jo 52) .

Ex

	

j"
(MeV ±keV)

VC
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0

	

0+
1825~6
*499-7

48Ca

QIn = 7269±21

Qm = 4112±13B. 48Ca(2fl -)4ßT1
Lower limits of the half-life for double P- decay are given of

(Aw 56), and 7 x 1018 yr (Do 59) . However, in Mc 55 a half-life i,

TABLE 48.1

Energy levels of 4'Ca

Decay Reactions

stable

	

A, 13, C
C
C

9
4

2 x 1016 yr ;

2 x 10" yr
reported of

(1 .6±0.7) X 1017 yr and a total kinetic energy of the two electrons of 4 .1 - 1 () .'3
MeKTheoretical. work on double fl decay, Me 60. Review paper on double
decay, De 60c.

Not reported :
46Ca(d, p)47Ca QM = 5044 ±21
46Ca(t, d) 417Ca QM = 1012 ±21
46Ca(,x, 3He) 47Ca Qm -~ -13308±21
48Ca(p, d) 47Ca Qm -- -- 7884±22
48Ca(d, t)47Ca QM 3851±22
48Ca(3He, a)47Ca QM 10 469±22
49Ti(n, 3ffe)47Ca Qin =--13085±18,7,)47Ca Q - 3446 ±19
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C.

	

48Ca(p, pl) 48Ca
From ma&,netic analysis at E. = 6.5, 7.0, and 7 .4 MeAT, levels in 4SCa have

been observed at 3.825±0.006 and 4.499±0.007 MeV (Br 560 . A search for
devxchation of the Erst level by internal pair formation has been unsuccessful
k 58).

D . Not reported :
4"Ca(t, pt

	

QM	8 896±16
1

)48Ca

	

QM = --13914 ±14i(n, 3

49Ca(f,y49SCA.
Tbe half-life,

min.

515
Imn

(Fig. 49 .1, p. 292 ; table 49.1, p. 293)

Qm = 5090±40
averaged from two measurements (Ke 56, Ma 56a) is

49Ca

oued-state -y transitions.

Fig. 49 . 1 . Energy levels of 4"Ca.

4'Ca(n, y)49Ca

	

Qm= 5152±19
The thermal neutron capture cross section is 1 .1 ±0.1 b

49sc

The ~- decay is complex (table 49.2) . Beta transitions with log ft values
of 4 .9, 4 .6, and 4.5 occur to 49SC levels at 3.09, 4.05, and 4.68 MeV, respectively,
which are de-excited by

u 58) .
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TABLE 49.1

Energy levels of 49Ca,

TAUD 49.2

The beta decay of 49Ca

D.

	

Not reported :
4SCa(t, d)49Ca

	

Qm

	

1105 ±19
48Ca(a, 3He)49Ca

	

Qm

a Intensity of a possible 0.95 Me%,' 7 ray is < 2 0,/, No V-7 coincidences are observed .
b Intensity of ground-state fl- transition is < I % . intensity of a possible J.97j Me`';.,ray i, - 3

C.

	

4'Ca(d, p)49Ca

	

Qm = 2927 -1 19
The ground state Q value is 2.916±0 .006 MeV. By magnetic analysis at

Ed = 6.5 and 7 .0 MeV, levels in 49Ca have been obser% ,ed as gi ,m,en in table
49 .1 (Br 56f) . See also Wa 54.
Angular distribution measurements at Ed = 6.5 MeV show that 49Ca(0) and

(1) are p-states (I. = 1) (Bu 55a) .

49

49Ca*
(MeV±keV)

iÎtl Tî Decay

0 (D- 8.83 :i-0.14 min P-1 A, B, C
2.026± 5 c
1589± 6
4.004± 7 C'
(4.026±10) c

Ke 56a
seint. spectrom .

Ma 56ab
seint. spectrom .

Eel (MeV) 1 .95±0.05 (880/0) 2A2±&10
Eq (MeV) 015±OA5 (12%) W 1 .0
EVl (MeV) 3.10±0.03 (90 -+20/J 3.07 j (1 .O5 (89gó)
E., (MeV) 4 .05 é.05 (10+ 2 ,'Ilj 4 .04-_1-0.06 (10 11,J
E;, ., (MeV) 4.68--!-0 .05 (0.38 -~11 41 ±11 WSO,',)
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