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Ahstraet: The y-radiation produced by thermal neutron capture in enriched “‘Ti and @Ti targets has 

been investigated. In the analysis 57 excited states of 48Ti and 31 of soTi have been identified. The 

Q-value of the 47Ti(n, y) reaction, 11 626.66(4) keV, is in agreement with previous data. The 

present value for 49Ti, 10 939.20(4) keV, differs by five standard deviations from a previous result. 

The nature of the neutron-capture mechanism has been investigated by comparing the present 

results with those from previous (d, p) work. It appears that in 47Ti capture proceeds through a 

doorway state and that the potential capture formalism is valid for 49Ti. Yet the @Ti cross section 

for transitions to p-states is predicted low by a factor of 4. The Fermi gas model gives a good 

representation of the nuclear level density in both nuclei. 

The combination of nuclear orientation measurements and circular polarization measurements 

has yielded the unambiguous determination of the spins of one 48Ti state and of five soTi states. 

Further spin and parity determinations for six 48Ti and for five “Ti states have been obtained 

from the analysis of the identified branches together with the results of previous experiments. 

Shell-model calculations, which yielded excitation energies, branching ratios, lifetimes and (d, p) 
spectroscopic factors, give a good representation of the experimental data for the low-lying states 

in both nuclei. 

NUCLEAR REACTIONS 47Ti(n, y), (polarized n, i), @Ti(n, y), (polarized n, +), E = 
E thermal; measured E,, I,(E,, 0), y-CP; deduced Q-values, 48Ti deduced levels, y-branching, 

J, rr, soTi deduced levels, y-branching, J, n. Enriched, polarized, unpolarized targets. 

1. Introduction 

This article, in which radiative thermal neutron capture in 47Ti and 49Ti nuclei is 

treated, is the last in a series of two. In the first article ‘) the 48Ti(n, y)49Ti reaction 

has been covered. The latest spectroscopy on the 47Ti(n, 7) and 49Ti(n, y) reactions 

has been performed by Fettweis and Saidane 2, in 1969 and by Tenenbaum et al. ‘) 
in 1971, respectively. Angular-correlation (n, y-y) measurements of Tenenbaum et 
al. 3r4) have resulted in spin restrictions for four bound states in 48Ti and for three 
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bound states in “Ti. Further information about spins and parities has been gained 

by measuring angular distributions in elastic and inelastic scattering experiments 5-7) 

and in particle transfer reactions ‘-I’). Information about both excitation energies 

and spins of 48Ti and 50Ti excited states has also been obtained from investigations 

of the y-radiation emitted in reactions induced by charged particles 11-‘3). 

Since the previous measurements experimental techniques have been improved 

a great deal, thus it was felt that an investigation of the (n, y) reaction can give a 

valuable contribution to the knowledge of the decay schemes of both nuclei. 

Information concerning excitation energies and branching ratios can be obtained 

from the -y-ray spectra, produced by capture of unpolarized neutrons in unpolarized 

target nuclei. A measurement of the y-ray circular polarization resulting from the 

capture of polarized neutrons and a measurement of the asymmetric y-ray distribu- 

tion resulting from the capture of polarized neutrons in polarized target nuclei will 

provide model-independent information about the spins of excited states. From a 

survey of all available information final assignments or restrictions on spins and 

parities will be made. 

These results will be used to test shell-model calculations. lplh calculations have 

been performed with the active shells If,,,, 2~~,~, lfslz and 2p,,,. 

2. Experiments with unpolarized neutrons 

Capture -y-ray spectra were measured at the HFR in Petten with enriched TiOz 

targets (both weighing 8.4 g) at one of the thermal beam facilities. The procedure 

described in ref. ‘) was used for the experiments and for the calibration of the 

spectra and thus only some main points will be mentioned here. 

Both low-energy (O-2.5 MeV) singles spectra and high-energy (1.8-11.0 MeV) 

pair spectra were measured with a 30 cm3 Ge(Li) detector connected to a Tracer 

Northern 8 k data system. The count rate in the central detector was 3000 s-l, and 

in the pair mode the triple coincidence count rate was 7 s-’ for a timing resolution 

of 10 ns. In the low-energy spectra the FWHM increased linearly from 1.6 keV at 

60 keV to 2.6 keV at 1.3 MeV, in the high-energy spectra from 2.7 keV at 2.2 MeV 

to 5.4 keV at 6.8 MeV. 

The pair spectra were calibrated against the capture y-rays of *H and ‘“N and 

the singles spectra against the y-rays emitted by radioactive sources. The *H y-ray 

energy from ref. 14) was used together with the i5N y-ray energies from ref. 15), 

after correction for the 0.9 ppm higher value of the 15N neutron binding energy 

reported in ref. 14). For the y-rays originating from radioactive sources the energies 

from ref. 16) and the intensities from ref. “) were taken. As the 47Ti and 4yTi cross 

sections were known with relatively large errors lR) (12% and 14%) respectively), 

absolute intensities were determined by postulating the total ground-state strength 

to be 100%. This allows for a more accurate determination of the cross sections. 
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The targets, consisting of Ti02 powder, were encapsulated in thin-walled teflon 

cylinders. In the low-energy measurements used for calibration purposes the radioac- 

tive sources were placed between detector and target and in the high-energy 

measurements the target cylinder was surrounded by a second concentric cylinder 

filled with melamine (C3N6H6). These geometries were chosen in order to reduce 

as much as possible systematic errors originating from irradiation of the detector 

under different angles. 

The abundances and cross sections of the stable Ti isotopes in both target materials 

are presented in table 1. All five stable Ti isotopes will contribute to the (n, 7) 

reaction. The present measurements in combination with a separate measurement 

with a natural Ti target ‘) provided the isotopic assignments of the observed lines. 

Background conditions were determined by measuring spectra with a graphite 

scatterer at the target position. 

The singles measurements lasted about 60 h and the pair spectra about 200 h. 

The calibration measurements took 20 h and 60 h, respectively. 

TABLET 

Abundances and cross sections of the five stable Ti isotopes present in 

the targets 

Isotope 

Abundance (%) 

47Ti target 4”Ti target 
u (b) 

46Ti 1.9 (1) 2.5 0.59 (18) “) 

47Ti 79.5 (2) 2.3 1.48 b) (9) 

48Ti 16.5 (2) 25.1 7.84 (25) “) 

49Ti 1.1 (1) 67.6 1.67 ‘) (12) 

50Ti 1.0 (1) 2.5 0.179 (3) “) 

“) Ref. 24). 

h, From present work. 

3. Transitions 

In tables 2 and 3 lists of all identified 48Ti and ‘OTi transitions are presented. 

Only statistical errors are given. The systematic error in the y-ray energies is taken 

equal to the 2.6ppm error in the 198A~ standard 19) for the transitions below 

E, = 1.8 MeV, and to the 3.2 ppm error in the 15N neutron binding energy 14) for 

the remaining transitions. The total systematic error in the intensities is estimated 

as 5 %. 

Background lines from thermal neutron capture in ‘H, 7Li, “B, ‘*C, 14N, 19F, 

23Na, 27Al, 28Si, ‘?Zl, 40Ca, 53Cr, 56Fe, 58Ni, 63,65Cu and 70*72,73,74P76Ge were identified. 

In total 219 transitions were identified as belonging to the 47Ti(n, y)48Ti reaction. 

Most transitions, assigned in ref. *>, were included except for some misinterpreted 
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TABL.E 2 

y-rays from the “Ti(n, y)4XTi reaction 

E,+E,“) Em --f -Cc, 7 I, ‘1 

(keV) 
9 

E, + E, “) E,, + E,, h) 
I,‘) 

(keV) 
(%I 

?dbii.b8(4) 

ZStri.i(I) 

?tki9.0(4) 

?YU7.d(4) 

?941.1('1) 

2%0.5(~) 

N70.5(1) 

3uro.YJ(o) 
~l,I4.5(4) 

31Ll.50) 

~!Hh.iib(LL) 

3198.55(X) 
,,9.7U(iH) 

3'5L.5(8) 

3341.7Y{Y) 

3lb1.L4(211) 

3371.09(L)) 

34113.96(l) 

3461.49(21) 

3474.04(Y) 

3483.6(3) 

jjui.U8(21j 

XSd.9(4] 

1574.0(b) 

)591.0(b) 
)sY6.9u(L7) 
X16.9(8) 

36LU.4(1) 

?bi1.51(,5) 
JhY9.Lb(Ii) 

)ilb.5()) 
)7iH.5L(iS) 

37bi.9(1) 

J775.0(6) 

179Y.Y0(1.') 
mJ8.74(7) 

3841.4(3) 

JY77.U(1) 

3886.7(3) 

lYU1.6(7) 

3911.U(b) 
1Y56.31(Ib) 
%74.c)i(ii) 

4"I".51(LIj 
40,6.78(Y) 

40>L.7(1) 
StiD9.hb(loj 
4.)7,.,(,) 

41155.2'>(1') 

4135.,)4(11) 

4ldS.I(1,) 

1196.8,(,1) 

i?"4.9(5) 
411,1.67(h) 

4L7j.Ub(I~) 
4?Hl).hX(?I) 

4NL.8(4) 

4)17.0(5) 

4jLK.O(4) 
4)11.77(,5) 

4J7Y.9(6) 

4411.,(,) 

4429.3(j) 
445?.5(4) 

4455.80) 
4492.8(4) 

4199.77(1") 

4517.6(8) 

6976 4”35 0.42iLi) 

6j14 SiiJ 0.?1(4) 

54Yl .?,,?I f,.LL(4) 

4074 9d4 1.79(b) 
hY)i, 3852 ".17(4) 

O.Lb(4) 

751!+ 4JtlH ".3L(4) 

562') 141, 0.37(4) 

LI.J7(3) 

649U 3240 CI.Ut;(l) 

751: 'rl'), 'I.Y7(4) 

70bl lb99 O.lL(3) 

,111 0 U.52(3) 

4i8d 984 L.58(7) 
5889 2421 0.87(1?) 

4457 984 4.2(X) 

6708 3124 U.Zi(-i) 

0.31(1) 

0.17(3) 

6197 3ii4 OdY(1) 
O.i4(3) 

458L YX4 0.41(I) 
,617 " r).10(4) 

I,59 37)9 ".?l(i) 

ho',5 242: I,.?ir(lj 
3'149 u 0.570) 

O.lJLiZlj 
5356 984 0.141(‘!1) 

O.lxL(LY) 

6108 2296 U.?U7(?2) 

O.l4U(iY) 

O.J5(4) 
0.1&l(4) 
O.OYU(i7, 
1).?91(21) 
0.041( 16) 
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TABLE 2 (continued) 

443 

EyfE,“) E,, + Ed 7 

(kev) 

I,‘) 
(%I 

d, 

45?7.84(19) U.l85(L8) 

4536.2(4) 6957 2421 1,.087(17) 

4,6b.5(3) c 7061 0.29(3) 

4oil.34(Lil) U.L14(21,) 

4uiU.L(5) c 697‘s ".LUb(l~,) 

4656.0(b) 56411 984 U.L7(4) 

46b9.L(7) c bY>7 "."Yh(LI) 

4OSU.l(5) O.OPb(LR) 

47?Z1.31(2,) c 6698 ".LbL(ZII) 

479J.Y(4) 4794 0 0.119(19) 

4d"O.i(3) c 6X27 O.?I"(LO) 

48lJt1.24(?.') ".265(2L) 

48111."(1) c 6797 O.Z~l(ZL) 

4904.69(17) >Bd9 984 0.3OH(?U) 

4912.1(8) 4911 0 O.U69(19) 

4Y17.9(3) c 6708 O.169(19) 

4937.9(4) 7359 2421 0.270) 

4956.3(3) 0.176(19) 

5OUU.25(L4) c 6627 0.,82(2") 

5U58.87(133 6042 984 0.435(21) 

5065.lb(9) 0.824(25) 

5"70.5(5> 6"55 964 u.,h(IY) 

5U85.lIi(n) c 6542 O.hlH(LL) 

5119.5(X) U.OhS(17) 

51,1,.19(H) c 6490 0.7"7(2L) 

'5i75..!3(Lb) 0.32U(Lli) 

5221).4h(L.) 43 6406 U.47b(iY) 

5ih1.5(3) c 6365 0.27(3) 
51"6.?h(L'>) 1).41Y(??) 

5,11.9(i) c 6314 '0.73(1?) 

5115.6(4) 11.47(:2) 

537L.9(5) "."85(L7) 

,3d7.h(0) c 6241 ".11(7) 

5457.7(5) 0.107(17) 

548).2(i) Id.L(IJ(LI) 

55lJh.7!7) 6490 984 ".l6(5) 

55U9.X5(25) lU.ili(h) 

55,8.4(l) 654: 984 ".45(4) 

5571.X(4) c 6051 iO.l67(24) 

5ii:4.!Y:'r) c 6042 3.68(b) 

w+".i(LO) 5640 0 0.4(j) 

'17 18, .Y( 5) 0.090(17) 

sl,a.Ox(s) 

5803.7(J) 

5823.47(1/) 

5844.1(S) 

59L2.7(LO) 

596b.4(6) 

59X6.66(3) 

6N7.,I(LI) 

603Y.78(19) 

61"4.29(2L) 

bl)',.YL(L,) 

6?7U.Z9(LU) 

6175.2(5) 

6469.00(15) 

648U.86(5) 

6635.1(T) 

6686.1(3) 

67UL.b8(24) 
67Lf,.OU(lL) 

6811.5(3) 
6834.63(15) 

6843.25(N) 

6')07.5U(h) 
7045.88(1:) 

7169.27(3) 

7011.99(4) 

7420.?(H) 

74!9.8>(7) 

7591.45(5) 

7174.11(b) 
71544.21(4) 

7%6.7(9) 

7927.1(4) 

80O9.8>(4) 

HL55.9h(14) 

826X.1(3) 

8JXb.93(6) 

84U2.61(1L) 

9205.64(6) 

Y,iL.U?(13) 

1"64J.L9(1?) 

c 

6827 

6898 

c 

c 

c 
c 

7159 

c 

c 

c 

c 

c 

c 

c 

c 

c 
c 

c 

c 

c 

c 

c 

c 

c 

c 
c 

c 

C 

c 
c 

c 

c 

c 

c 

,889 L.bU(3) 
U.152(17) 

0.3?1(,") 

984 U.101(17) 

984 O.u55(17) 

U.O94(111) 

564" 2.5L(4) 

5620 0.91(3) 

0.315(20) 

0.350(Z)) 

5491 0.364(211) 

5356 0.68(6) 

984 0.19(3) 

5158 O.Y4(5) 

5146 4.08(7) 

O.llL(22) 
4941) 0.208(21) 
4925 0.345(24) 

4911 O.76(3) 

4794 U.82(14) 
4792 1.77(14) 

4783 0.353(21) 

47L9 1.36(3) 
4581 0.49U(lY) 

4457 17.08(21J) 

4388 3.61(5) 

4205 O.li(lj 

4197 0.X48(19) 

41335 3.3215) 
3852 1.?30(?5) 

3782 L.48(3) 
J739 O.OSO(l~) 

3699 ".L19(,4) 

3617 5.82(8) 

3371 U.443(18) 
3359 0.31(4) 

3240 1.216(21) 

3124 U.364(:2) 

24LL b.48(9) 

2296 ,,.2L)i(!O) 

984 1.71(3) 

ii 

” 

” 

” 

” 

” 

” 

” 

” 

u 

” 

” 

” 

” 

” 

‘U 

” 

u 
UC 

” 

” 

” 

1, 

u 
” i; 

ii 

” 

UC 

3c 

UC 

” 

li 

UC 

” 

UC 

“) The recoil energy is written as E,; errors are purely statistical; the systematic error is 2.6 ppm for 

energies below 1800 keV and 3.2 ppm for the remaining transitions. 

“) The capture state is denoted by C. 

‘) Errors are purely statistical; the systematic error is estimated as 5%. 

‘) Arguments for placement: 
U -placement unambiguous within three standard deviations; 

C - placement observed in 47Ti(n, yy)48Ti experiment 4); 

N-placement observed in 4XTi(n, n’y)4XTi experiment a”); 

P-placement observed in 4XTi(p, ~‘y)~sTi experiment ‘I); 

A-placement observed in “Sc(cu, py)48Ti experiment ‘I). 

single- and double-escape peaks. The most important difference is that the multiplet 

near 8.26 MeV was resolved in the present work. It consists of the 8256 and 

8268 keV transitions of 4XTi and the 8264 keV transition of ‘OTi. 

Altogether 124 transitions were assigned to the 4yTi(n, y)SOTi reaction, including 

all assignments of ref. “). 
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TABLE 3 

y-rays from the @Ti(n, y)'"Ti reaction 

E, + E, “) E,, + E,, ‘7 

CkeV) 
9 

E, + E, “) E,, + E,, “) 

CkeV) 

523.762(10) 
733.70(9) 
76D.32(8) 

1121.143(6) 
1156.66(16) 
1207.946(11) 
1242.40(4) 
1273.24(19) 
1457.6(J) 
1472.27dc6) 
1497.07dc25) 
1524.55(4) 
1>53.&llto) 
1636.48(S) 
1642.43(12) 
16d1.72(15) 
1730.11(3) 
1735.03(S) 
1755.8(J) 
1773_ao(2~) 
lb52.9(4) 
2001.5(6) 
2126.4(S) 
2201.1(3) 
2205.774(11) 
2215.1(5) 
2JoO.4YC5) 
23U5.13(11) 
LJO9.04(4) 
2348.4(J) 
2511.17b(20) 
2538.44clo) 
2618.41)(7) 
26Sd.d3(20) 
2700.7(6) 
27o5.00(4) 
2709.3(4) 
2719.2(3) 
2755.97(13) 
2765.51(12) 
2811).6(5) 
2346.6<4) 
2856.22(4) 
2867.48(21) 
2872.81(10) 
2925.0(S) 
2935.36(12) 
3019.96Cll) 
3131.82(19) 
J182.0(6) 
3186.a3(20) 
3236.20(7) 
3271.52(J) 
J448.5(5) 
3456.30(7) 
3534.6(5) 
3545.6(6) 
3565.1(5) 
3632.24(5) 
3636.4(S) 
365U.O(5) 
3688.6(7) 

3199 
4aaq 
5947 
2675 
5947 
5380 
6123 

6838 
4147 
4172 
6711 
1554 
6123 

4adi 
6521 
4410 

7232 

6302 

4881 

6711 

3863 
5548 
5186 
6711 
4172 
6521 
6849 
5380 

7U29 
4310 

441o 
6730 
5546 
6123 
4487 
5695 
5dO7 
6380 

4790 
S947 
6123 
C 

5186 

6849 

2675 2.17(3) U 
4147 0.214(17) U 
5186 0.340(25) U 
1554 59.6(13) CUT 
4790 0.200(24) u 
4172 2.41)(6) 
4d81 ll.71(3) 

ti.24(3) 
5380 0.122(23) 
2675 11.4(3) 
2675 9.6(3) 
5186 0.70(3) 

0 99(J) 
4487 U.601(24) 

O_ld6(16) 
3199 0.84(23) 
4790 O-24(6) 
2675 0.73<3) 

O.U97(19) 
o.l39(la) 

5380 0.55(17) 
0.313(12) 

4172 0.31(10) 
0.71(14) 

2675 10.1(J) 
0.43(13) 

4410 U.68(3) 
0.287(20) 

1554 O.d6(4) 
3199 0.36(7) 
2675 4.26(16) 
4172 1.09(8) 
1554 19.9(7) 
3863 0.50(6) 
41t.7 0.16(S) 
2675 4.36(17) 

0.25(S) 
4310 0.37(S) 
1554 1.32(11) 

11.73(6) 
0.15(5) 
0.24(S) 

1554 2.86(11) 
3863 0.44(5) 
2675 1.31(S) 
3199 0.22(5) 
1554 0.66(S) 
2675 0.80(s) 
2675 0.39(4) 
3199 0.13(4) 

0.37(4) 
1554 1.20(S) 
2675 3.81(10) 
2675 0.14(J) 
7483 1.03(4) 

0.16(3) 
0.11(3) 
0.13(3) 

1554 1.72(S) 
0.13(3) 

J19Y 0.11(3) 
0.09(3) 

U 

" 
UT 

U 
CUT 

U 
u 
U 

U 

U 

cu 

U 

UT 
U 

cu 
" 

C T 

U 
u 

" 
UT 

u 
" 
U 
U 
U 
U 
" 
U 

" 
U 
U 
U 

cu 

U 

3707.5(b) 
3724.2(S) 
3826.24(11) 
3833.38(24) 
3846.34(11) 
3860.3(3) 
39oY.2(4) 
3994.04(S) 
4054.93(11) 
4090.11(8) 
4101.50(7) 
4151.0(6) 
4209.36(6) 
4218.38(8) 
4228.62(3) 
4309.94(20) 
4402.3(5) 
4417.76(4) 
4458.13(b) 
4486.2(4) 
4539.2,(18) 
4559.35(14) 
4602.73(25) 
4637.36(4) 
4747.97(4) 
47a2.8(4) 
47Lt9.5(4) 
4816.04(b) 
4845.9(3) 
4869.8(6) 
4898.07(23) 
4992.668(25) 
5106_d(5) 
5133.oO(25) 
5149.22(a) 
5156.75(7) 
5166.68(13) 
5244.34(10) 
5256.1(5) 
5283.69(14) 
5391.3bC5) 
S396.3(4) 
5412.8(3) 
5420.21(17) 
5498.52(16) 
5525.6(5) 
S534.50(12) 
5546.6(4) 
5559.26Y(24) 
5605.55(23) 
5678.1(3) 
5753.047(24) 
5906.9(S) 
5929.52(15) 
6058.499(20) 
6149.26(14) 
6452.0(5) 
6529.13(10) 
6767.22(S) 
6791.91(7) 
8264.24(3) 
9385.36(6) 

C 72J2 
6400 2675 
5360 1554 

6521 2675 
C 7079 
C 7029 
5548 1554 
6730 2675 
C 6849 
C 6b3d 

C 6731) 

C 6711 
4310 0 
7079 2675 
C 6521 

4487 0 
C 64ilb 
C 63do 
6157 1554 
C 6302 
6302 1554 
C 6157 
4790 u 
C 6123 
6400 1554 

C 5947 

C 5807 

6711 1554 

C 5695 

6838 1554 
C 5548 

7079 1554 

C 5580 

7232 1554 
C 51b6 

7483 1554 
C 4Bdl 
C 4790 
C 4487 
C 4410 
C 4172 
C 4147 
C 2675 
C 1554 

0.6(4) 
0.13(3) 
0.56(3) 
0.2J(3) 
1.07(7) 
0.20(3) 
U.l4U(24) 
1.07(4) 
0.52(3) 
0.79(3) 
0.84(3) 
O.OdS(22) 
l.UO(3) 
0.75(3) 
4.01(7) 
0.259(23) 
O-14(3) 
l-84(4) 
1.15(3) 
O.llO(2U) 
0.297(22) 
0.54(3) 
0.200(21) 
l.d3(4) 
2.03(4) 
0.140(21) 
0.136(21) 
1.07(J) 
0.201(21) 
0.098(24) 
0.28(3) 
4.49(6) 
U.O94(1d) 
0.201(19) 
0.732(24) 
0.852(25) 
0.393(21) 
0.547(22) 
0.095(18) 
0.366(21) 
1.96(4) 
0.177(24) 
0.173(19) 
0.327(21) 
0.352(21) 
0.126(24) 
0.34(3) 

U 
U 
U 

u 

U 
UT 
U 
U 

U 
U 
U 
U 
U 
U 
u 
U 
u 
U 

U 

U 

U 

U 

U 
U 

U 

O.lYO(24) 
6.14(d) C U 
0.246(20) 
0.165(20) U 
4.72(6) C U 
0.077(21) 
0.426(23) U 
lO.UJ(ll) C U 
0.53(3) U 
0.25(4) U 
0.92(3) U 
i7.aC3) cu 
7.58(20) 
8.57(10> C :: 
5.0&l(7) c u 
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The decay schemes were constructed with the aid of the Ritz combination principle. 

All results from previous coincidence experiments 3,4,13,2oX21) were included. For 

ref. 2’) 12 keV was subtracted from the excitation energies of levels above E, = 

3.5 MeV because of calibration errors. Additional levels were accepted on two 

grounds. Previously observed levels were accepted if they are populated and/or 

depopulated by at least two transitions and if at least one of the transitions cannot 

be placed anywhere else in the decay scheme. Previously unobserved levels were 

added to the decay scheme if they are excited by a primary transition and if they 

are populated and/or depopulated by at least two unambiguously placed transitions. 

In tables 2 and 3 lists of all (recoil corrected) y-ray energies are given together 

with the adopted placements, intensities and arguments for placement. The results 

of the 45Sc(~, py)48Ti reaction ‘I) were not included in the analysis because of the 

difference in reaction mechanism, which results in different states being excited. 

Nevertheless, a placement also obtained from the 45Sc(a, py)48Ti reaction was 

considered as a confirmation. 

5. Spectroscopic results and discussion 

In the present 48Ti decay scheme, consisting of 57 bound states, in total 175 

transitions were placed with a x2 value of 1.90. Most assignments of previous (n, y) 

work ‘) were included, yet due to the greater precision in the present work some 

misinterpretations were corrected. Levels observed in ref. ‘) were omitted, if they 

were not populated and/or depopulated by at least two transitions. With respect 

to previous work altogether 27 bound states, 22 primary and 102 bound-to-bound 

transitions were added to the (n, y) decay scheme. In table 4 the branching ratios 

are presented, derived from the data of table 2. 

In total 88 transitions were placed with a x2 value of 2.29 in the present decay 

scheme of 50Ti, which consists of 31 excited states. All assignments from previous 

coincidence experiments 3,13) were found to be correct. Altogether 23 bound states, 

20 primary and 52 bound-to-bound transitions were added to the decay scheme 

with respect to previous (n, y) work. The bound-state branching ratios of table 5 

are obtained from the data of table 3. 

Footnotes to Table 3 

“) The recoil energy is written as E,; errors are purely statistical; the systematic error is 2.6 ppm for 
energies below 1800 keV and 3.2 ppm for the remaining transitions. 

‘) The capture state is denoted by C. 

‘) Errors are purely statistical; the systematic error is estimated as 5%. 

d, Arguments for placement: 

C -transitions observed in 49Ti(n, yy)50Ti coincidence experiment 3); 

U - placement which is within three standard deviations unambiguous; 

T - transitions observed in 48Ti(t, py)“Ti coincidence experiment 13). 



TABLET 

Spin and parity assignments for 48Tistates; for each state the identified decay branches are given as well 

J” 
E -PE Xf XI Branching 

(keV) (%I 
.I" 

Em + Ex, Branching 

CkeV) (XI 

2' 
4' 
2+ 

0: 
3 

984 
2296 
2421 

2997 
3224 

(3,4)' 3241) 
6f 3333 
3- 3359 

2+ 3371 

2* 3617 

(1,2+) 3699 

(1,2)' 3739 

(2+-4) 3782 

CO'-4') 3803 
3- 3852 

2+ 4035 

2+ 4074 

(1,2)' 4197 

(1,2+) 4205 
4+ 43da 

3' 4457 

3‘ 4581 

(I-4)' 4719 

co+-4') 4758 

(2+-4+) 4783 

(1+-4+) 4792 

2+ 

(1,2)+ 

4794 

4911 

0 100 
984 100 

0 S-14(23) 
9a4 94.86(23) 
9a4 100 
984 73.4(a) 

2296 23.3(i) 
2421 3.33(ia) 
2296 100 
2296 100 
984 9U.7(5) 

2296 9.3(S) 
0 16.0(10) 

9a4 a4.o(iu 
0 1.0(4) 

984 91.7(S) 
2421 7.2(4) 

0 40.2(22) 
984 59.8(22) 

0 62(6) 
984 38(6) 

2296 29.4(7) 
3359 70.6(7) 
984 100 
984 80.6(a) 
2296 19.4(a) 
2421 69.4(a) 
3224 30.6(a) 

0 8.6(20) 
984 54.3(15) 

3240 37.1(12) 
0 33.3(15) 

3224 52.4(17) 
3739 14.3(22) 

0 100 
984 54.0(11) 

2296 46.0(11) 
984 22.0(13) 

2296 39.0(11) 
2421 33.0(10) 
3224 1.02(9) 
3371 1.93(12) 
3617 3.13(12) 
984 38.3(22) 

2296 32.4(24) 
3359 29.3(17) 
3224 31.4(10) 
3240 68.6(10) 
984 17(4) 

3617 83(4) 
984 67(6) 

2296 33(6) 
984 52.3(14) 

2421 42.7(14) 
3699 5.0(a) 

0 i2.auo) 
2296 87.2(20) 

0 4.8(13) 
2421 20(4) 
3224 23.2(16) 
3371 17_o(ia) 
3617 34.5(21) 

(2+-4) 4925 

(2-4)' 4940 

(3,4') 5146 

(2,3) 5158 
(l-4*) 5356 

(l-4)+ 5491 

2+ 5620 

2+ 5640 

2' 5889 

4+ 

3- 

4+ 
4' 
3- 

(l--4) 
(l-4)+ 

6042 

6055 

6241 
6314 
6365 

64o6 
6490 

(l-4+) 6542 
(l-4)+ 6627 
4' 6ioa 

4+ 6797 
3- 6827 

(1,2') 6a9a 

3- 6957 

(l-4) 6976 

(l-4+) 7061 
(l-4)+ 7359 

(2-4+) 7542 

(2+-4) 7574 
(l--4+) 7616 

2296 64(S) 
3224 36(5) 
984 60(6) 

2296 40(6) 
2296 34(3) 
2421 d.Z(ZO) 
3224 38(4) 
3240 19.9(17) 
3224 100 
984 61(S) 

4197 39(S) 
2421 59(6) 
3699 41(6) 
2421 50(3) 
3224 50(3) 

0 39(23) 
984 16(a) 

4457 45(20) 
9a4 12.1(12) 

2421 34(4) 
3371 17.3(24) 
3803 36(4) 
984 34(4) 

4074 66(4) 
984 34(4) 
2421 66(4) 
3333 100 
3333 100 
2296 ao.i(l6) 
4792 19.9(16) 
3852 100 
984 22(6) 

3240 ll(4) 
3803 67(6) 
984 100 

3739 100 
2296 SO(S) 
3224 SO(S) 
3224 loo 
984 17(4) 

4719 a3(4) 
984 42(11) 

2997 58(11) 
2421 33(6) 
3852 67(6) 
4035 54(7) 
5356 46(7) 
3699 IOU 
984 16.8(25) 

2421 24(3) 
3224 33(3) 
3739 27(3) 
3224 9.6(1(1) 
3240 10.6Cla) 
3359 2.a(i7) 
4197 77(3) 
4388 100 
3699 14(J) 
3739 34(4) 
3352 19(3) 
4758 34(4) 
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Spin and parity assignments for “Ti states; for each state the identified decay branches are given as well 

J” 
,%, + -cd Branching 

(kev) (%I 
J” 

Em + Ex, Branching 

(kev) (“h) 

2+ 
4* 
6* 
(0+-4+) 
4* 
3+ 

2+ 

3- 

2+ 

2+ 

5+ 

(3,4)’ 

4+ 

4+ 

(2+-S) 
(2-5): 
(3,4) 

1554 0 100 
2675 1554 IOU 
3199 2675 100 
3863 1554 100 
4147 2b75 100 
4172 1554 67.5(10) 

2675 32.5(10) 
4310 0 16.4(16) 

1554 83.6(16) 
4410 1554 79.6(9) 

2675 20.4(9) 
4487 0 14.2(24) 

1554 85.8(24) 
4791) U 10.1(15) 

1554 159.9(15) 
4881 2675 90.6(19) 

3199 7.5(19) 
4147 1.92(17) 

Sldb 1554 28.8(10) 
2675 71.2(10) 

5380 1554 7.6(G) 
2675 59.?(11) 
4172 32.?(9) 

5548 1554 39.0(1?) 
2675 4?.7(20) 
3199 13.2(24) 

5695 2675 100 
5807 2675 100 
5947 2675 87.6Cb) 

4790 4.6(S) 

5186 7.aC6) 

4’ 

(2-4)’ 
(Z-4+) 

(4,5)_ 
(2+-4+) 

c3,41+ 

4* 

(3-S)_ 

(2-4)+ 

(4’,5) 

(2-4)’ 
3- 

(2-4)’ 

(2-4)’ 

6123 2675 d.l(l7) 
3199 13(3) 
4487 36.0(17) 
4881 42.7(19) 

6156 1554 1UU 
6302 1554 8?(4) 

4172 13(4) 
6380 3199 100 
b’+tlO 1554 60 (6) 

2675 40(6) 
6521 2675 59(3) 

3863 28(3) 
47YO 13(3) 

6711 1554 25.?(9) 
4172 32.8(17) 
4410 20.5(9) 
5186 21.0(a) 

6730 2675 54(3) 
3863 46(3) 

6838 1554 75(4) 
5380 25C4) 

6849 3199 40(10) 
4147 6U(lU) 

7029 431 iI 100 
7079 1554 48(7) 

2675 52(?) 
7232 1554 23(6) 

5380 77(6) 
7483 1554 100 

In tables 6 and 7 the levels identified in the present work are compared to those 

identified in other experiments. It is shown that in both nuclei at relatively low 

excitation energy (E, < 4 MeV) only one level is missing in the present work. At 

higher excitation energy this number increases rapidly. This fact is demonstrated 

most clearly in 48Ti by the results of the 45Sc( (Y, py) reaction “), where below 

7.7 MeV 212 levels have been identified, which is about four times as many as in 

the present work. Many of these missing levels are presumably high-spin states, 

which cannot be excited in the (nth, 7) reaction because of lack of momentum 

transfer. 

The present values of the excitation energies of some low-lying 48Ti levels are 

not in agreement with the values reported by Jackson et al. 23) in 1976. The difference 

can be explained, however, by the fact that the value of the 198A~ standard, which 

was used in both experiments, has been increased in the meantime. 
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TABLET 

Comparison of 48Ti excitation energies (in keV) obtained from different reactions 

tn. Y) “1 (n, Y) 7 (4 p) ‘-1 (U,PYId) (n.n'v) '1 (P,P'Y) '1 

0 

983.527(5) 
2295.638(8) 
2421.039(12) 
2997.21(22) 
3223.940<13) 
3239.752(12) 
3333.25(4) 
3~58.814(20) 
3370.85(3) 

3616.81(3) 
3699.39(10) 
3738.56(15) 
3782.447(22) 
3802.80(11) 
3852.24(4) 
4035.133(19) 

4074.494(25) 4075(12) 

4196.85(4) 
4205.3(6) 

4199.5(17) 4iYa(i2) 

4387.676(23) 
4457.439(13) 
4580.69(8) 
4719.119(25) 
4757.74(14) 
4783.29(14) 
4792.27(7) 
4794.26(17) 

4910.58(6) 
4924.88(17) 
4940.03(19) 

5145.81(s) 
5157.70(19) 

5356.22(15) 

5490.77(19) 

5619.57(10) 
5640.00(4) 

5888.55(6) 

6042.46(5) 
6054.5(~) 

6240.6(4) 
6313.7(3) 
6365.15(11) 
6406.17(14) 
6490.45(10) 

6541.63(11) 
6626.52(18) 

0 
983.7(3) 

2295.6(5) 
2420.9(5) 

3223.3(6-I 
3239.1(b) 
3>32.8(13) 

3367.2(18) 

3616.1(11) 

37t)2.5(17) 

4(135.7(17) 

4387.7(d) 
4457.6(7) 

4718_7(1d) 

4793.5(17) 

4913.1(21) 

5146.3(17) 
5158.8(2) 

5357.7(111) 

5404.5(17) 
5492.8(22) 

5620.2(17) 

58LJ3.7(19) 
S&90.2(17) 

6043.6(17) 

6117.7(17) 

6316.4(17) 
6562.7(18) 
64i16.4(18) 

6541.1(18) 
6628.1(18) 

0 
980(12) 

2292(12) 
2416(12) 

3219(12) 

3331(12) 

3367(12) 
3509(12) 
3620(12) 

3741(8) 
3786(8) 

3856W) 
4036(12) 

4312(a) 
4346(a) 
4390(12) 
4457(12) 
4581(12) 
4720(12) 

4795(12) 
4861(12) 
4914(12) 

4941(12) 
5000(12) 
5151(12) 

5255(12) 
5303(12) 

5382<12) 

5493(12) 
5520(12) 
5546(12) 
5619(12) 
5635(12) 
5763(12) 

5888(12) 
5990(12) 
6043(12) 

6118(12) 
6144(12) 

6313(12) 
6362(12) 

6489(12) 

6628(12) 
6681(12) 

0 
9&3.5(5) 

2295(l) 
2421(l) 
2999(l) 
3224(l) 
3239(l) 
3352(l) 
3359(l) 
3373(l) 
3508(l) 
3618(l) 
3703(2) 
3741(2) 
3783(l) 

3853(l) 
4036(l) 
4046(l) 
41374(2) 

4199(2) 

4312(l) 
4348(2) 
4389(2) 
4458(l) 
4583(l) 
4719(l) 

4794(2) 
4795(2) 
4861(l) 
4912(2) 
4925(2) 
4940(l) 

5147(2) 
5158(2) 
5252(l) 
5300(l) 
5357(2) 
5383(2) 

5490(3) 
5522(2) 
5546(2) 
5620(l) 
5640(5) 
5762(3) 

5892(2) 
5990(l) 
6044(2) 

6119(2) 
6147(4) 

6316(2) 
6363(A) 

6491(5) 

6544(2) 

66(12(4) 

0 
983(3) 

2295(5) 
2421(6) 
2998(7) 
3224(7) 
3240(7) 
3333(&j 
3360(8) 
3372(a) 

3618(a) 
37U2(8) 
3741(8) 
3782(9) 

3855(9) 
4035(9) 
4045(9) 
4071(9) 
4175(9) 

0 
983.35(10) 

2295.5(2) 
2420.3(2) 
2997.4(3) 
3223.5(2) 
3239.7(4) 
3336(9) 
3358.7(7) 
3370.7(3) 

3621(2) 
3699(7) 
3738(5) 

3854(6) 
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h Y) “1 

6707.69(25) 

6796.8(4) 
6827.1~3) 

6898.3w 

6957.1(4) 
6976.31(24) 
7060.51(23) 
7358.9ac7) 

h Y) 7 (6 p) 7 (%PYId) hn'r)') (P,P'Y)‘) 

6707(2) 
6747(12) 6744(l) 

67Y7.0(203 

7541.58~10) 
7574.09(25) 
7616.14(13) 

7358.4(17) 
7453.4(19) 

7737.6(17) 
7786.1(19) 

11626.658(20) 11627.6(13) 

6955(2) 
6975(3) 

7571(4) 

“) Present work. The errors are purely statistical; a 3.2 ppm systematic error should be 

added in quadrature. 
b, Ref. 2). 

‘) Refs. 8.22). Energies decreased by 3% to correct for calibration differences. Only levels 

below E, = 7.0 MeV are listed. 

d, Ref. ‘I). Only the relevant levels are listed. 

‘) Ref. *‘). Only levels below E, = 4.2 MeV are listed. 

‘) Ref. “) for E, below 3.5 MeV and ref. *I) for E above 3.5 MeV. From the latter values 

12 keV was subtracted to correct for systematic diffeience. 

TABLET 

Comparison of 50Ti excitation energies (in keV) obtained 

through different reactions 

h Y) “) (4 p) ?+ CL P) c)+ (P, P’) Y+ 

0 
1553.dllC9) 
2674.955(13) 
3198.71bC20) 

3862.82(b) 
4147.232(16) 
4172.U2(3) 
4309.87(16) 
4410.04(4) 
4466.75(a) 

51d6.124(25) 

5379.96(3) 

5547.82(5) 

5694.89(11) 
5806.57(23) 

0 
1550(6) 
267dC6) 
319ac20) 
3763(d) 
3867(20) 
4146(a) 
4172(U) 
4313(O) 
4406(b) 

3759(15) 
3866.2(23) 
4146(6) 
4175(4) 
4307(3) 
4411(15) 

4522(20) 
4562(20) 

4794(6) 4784(15) 
4aa3(6) 4896(15) 

5096(a) 
5187(6) 
5335(d) 
5379(6) 
5424(6) 
5544(6) 
5583(6) 

5110(1S) 
5182(15) 

5379(15) 
5431C15) 

5,'00(6) 
5804(20) 
5833(20) 

5616(15) 
5680(15) 

0 0 
1553.9(12) 1546(15) 
2675.2(19) 2679(15) 

32013(15) 
3760(15) 
387ou5) 
4147(15) 
4173(15) 
4311(15) 
4409(15) 

4726C15) 
4795(15) 
4aa5u5) 
4976(15) 

51'32(15) 
532aci5) 
53aoci5) 
5441)(15) 



450 J.F.A.G. Ruyl et al. / 47s4yTi(n, y)4”,s”Ti reach~ns 

TABLE 7 (continued) 

(n, Y) “1 (4 p) ?+ (t, P) =)+ (P, P’) ?’ 

5946.50(3) 

.5123.18(S) 
6156.5(3) 

.5301.81(4) 
6379.90(21) 
6399.84(21) 

6521.42(6) 

6710.59(3) 
6729.88(8) 
6837.65(10) 
6849.07(12) 

7029.4(3) 
7078.7(3) 

7232.2(4) 

7482.98(10) 

5938(6) 
6027(15) 

6061(20) 6050(1>) 
6120(6) 
6157(20) 
6191(20) 6188(15) 
6231(6) 
6306(20) 
6373(6) 

6479C6) 6472(15) 
6516(6) 6528(15) 
6572(20) 
6616C6) 6604(15) 
6677(20) 
6706(6) 6704(15) 
6724(20) 6736(15) 
6842(6) 

6b92(20) 
6924(15) 

6965(20) 6971(15) 
7OlJ4(20) 
7028(20) 7020(15) 
7073(20) 7070(15) 
7111(20) 
7156(20) 
7207(20) 7208(15) 
7227(6) 
7258(20) 
7365(6) 7365(15) 
7385(20) 
7425(20) 7416(15) 
7449(21)) 
7481(20) 7472(15) 
7527(20) 

7556(15) 
7608(20) 
7640(20) 7647(15) 

7678(15) 

“) Present work. The errors are purely statistical; a 

3.2 ppm systematic error should be added in quadrature. 

b, Refs. ‘,“). ‘) Refs. ‘0,‘3). d, Ref. ‘). 
’ Energies decreased by 3% to correct for different 

calibration standard. 

The total error in the 48Ti neutron binding energy is 42 eV, consisting of a 20 eV 

statistical error and a 37 eV systematic error from calibration standards 14,16). The 

most recent value of the neutron binding energy has been reported in ref. 24) as 

11 626.5 * 0.04 keV (where they fail to present the last digit). After an adjustment 

to 11 626.5(l) keV it is in agreement with the present value of 11 626.66(4) keV. 

For 50Ti the 21 eV statistical error and the 35 eV systematic error yield a total 

error of 41 eV. The present value of the neutron binding energy of 10 939.20(4) keV 

deviates from the value of 10 939.7( 1) keV reported in ref. 24). A possible explana- 

tion for this difference of five standard deviations can be found in the fact that in 

ref. 24) only two cascades were used. The chance of systematic errors occurring is 
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thus larger than for 48Ti and 49Ti, where three and four cascades were used, 
respectively, and where the agreement with the present values is excellent. The 
latter were derived from x2 procedures in which all placed y-rays were incorporated. 

Taking into account only statistical errors the total observed strength in the 
47Ti(n, y) reaction is equal to 1 I$, = 86.8(4) Q, whereas for the placed transitions 

one finds C I&, = 82.4(4) Q. In the 49Ti(n, y) reaction we could place a strength 
of C I&, = 89.4(6) Q out of a total observed strength of C I,,E, = 93.2(6) Q. In fig. 
1 plots of the intensity flux of all placed transitions are presented. The intensity 
flux is defined as the total intensity passing through an imaginary level at energy 
E, and can be obtained from the data given in columns 5 and 6 of tables 8 and 9. 
From fig. 1 it can be seen that a large part of the primary strength is missing and 
that, with some fluctuations, the strength increases to lOO%, which was assumed 
for the ground-state feeding. This tendency, which has also been observed in (n, y) 
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Fig. 1. Intensity flux in the decay schemes of 48Ti (upper part) and of “Ti (lower part). The dashed 

curves represent the 99.9% confidence limit. Only statistical errors are taken into account. 
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experiments with the other even-even final nuclei 44Ca [ref. ‘“)I and 62Ni [ref. “6)], 

is a result of the fact that the primary transitions to most levels with E,> 5 MeV 

are so weak that they cannot be resolved. According to the rules described in sect. 

4, these levels will thus not be identified. 

TABLE 8 

Excitation energies in 4XTi from the present work as compared to those from the (d, p) 

work; the intensity balance at each level and primary (n, y) intensities are also given 

E, UceV) 

(n, Y) “1 (4 p) ‘1 

I,(%) 
r,“) (2J+l)Sb) 

in out primary 

0 
9L13.52?(5) 

2295.638(8) 
2421.039(12) 
2997.21(22) 
3223.940(13) 
3239.752(12) 
3333.25(4) 
3358.814(20) 
3370.85(3) 

3616.81(3) 
3699.39(10) 
3738.56(15) 
3782.447(22) 
3802.80(11) 
3852.24(4) 
4035.133(19) 
4074.494(25) 
4196.85(4) 
4205.3(b) 

4387.676(23) 
4457.439(13) 
4580.69(8) 
4719.119(25) 
4757.74(14) 
4783.29(14) 
4792.27(7) 
4794.26(17) 

4910.51(b) 
4924.88(17) 
4940.03(19) 

5145.81(5) 
5157.70(19) 

5356.22(15) 

5490.77(19) 

5619.57(10) 
5640.00(4) 

5888.55(6) 

6042.46(5) 
6054.5(3) 

6240.6(4) 
6313.7(3) 
6365.15(111 
6406.17(14) 
6490.45(10) 
6541.63(11) 

0 
980(12) 

2292(12) 
2416(12) 

3219(12) 

3331(12) 

3367(12) 
3509(12) 
3620(12) 

3741(8) 
3786(8) 

3856(d) 
4036(12) 
4075(12) 
4196(12) 

4312(a) 
4346C8) 
4390(12) 
4457(12) 
4SSl(lL) 
4720(12) 

4795(12) 
4861(12) 
4914(12) 

4941(12) 
5000(12~ 
5151(12) 

5255(12) 
5303(12) 

5382(12) 
5493(12) 
5520(12) 
5546(12) 
5619(12) 
5635(12) 
5763(12) 
5888(12) 
5990(12) 
6043(12) 

6118(12) 
6144(12) 

6313(12> 
6362(12) 

6489(12) 

3 
3 
1 

1 

3 

1+3 
Cl+)3 

1 

1+3 

1 
1 

1 
1 

1 

1 
1 
1 

1 

1 

1+3 
1+3 

1 
1 

1 
1+3 
1 

1 

1 
1 

1+3 

1.20 
0.33 
0.13 

0.27 

0.58 

0.06+0.04 

0.10 

o.uz+0.34 

lUO.U(l9) 
101.7(12) 
27.2(3) 
2U.2(3) 
0.075(22) 
6.59(23) 
4.69(7) 
0.44(b) 
3.18(6) 
1.50(7) 

95.5(18) 
32.4(8) 
23.8(6) 
0.233(20 
9.7(3) 
7.79(15) 
O-909(24 
7.59(25) 
3.27(11) 

1.71(3) 
O.297(10) 
6.48(9) 

0.364(12) 
1.216(21) 

0.31(4) 
0.443(18) 

5.82(8) 
0.119(14) 
0.080(13) 
2.48(3) 

0.08 
0.04 

7.59(11) 10.2(3) 
0.82(6) 1.43(7) 
1.13(9) iJ.98(11) 
2.48(3) 3.58(5) 
1.40(16) 0.74(5) 
1.92C.51) 4.08(12) 
3.74(12) 4.11(9) 
0.83(14) 3.30(10) 
1.93(6) 1.48(5) 
0.11(3) U.lOl(20 

1.23UC25) 
3.32(5) 

0.848(19) 
U.ll(3) 

0.31 
U.26 

0.14 

3.92(6) 4.79(10) 
17.56(20) 19.2(5) 
0.490(19) 1.08(5) 
1.85(11) 2.26(S) 
0.31(5) lJ.80(8) 
0.353(21) 0.84(7) 
1.94(14) 2.11(b) 
0.82(14) 0.93(7) 

3.61(5) 
l7.U8(20) 
0.490(19) 
1.36(3) 

0.06 
0.11 
0.09 

0.06 

0.26 

0.353(21) 
1.77(14) 
0.82(14) 

0.76(3) 1.44(E) 0.76(3) 
0.345(24) 0.56(7) 0.345(24) 
U.208(21) 0.57(b) 0.206(21) 

4.08(7) 2.51Cla) 4.08(7) 
0.94(5) 0.62(14) 0.94(5) 

1.04(7) 0.56(5) 0.68(6) 
0.03+0.18 
O.OltO.08 0.364(20) 0.37(S) 0.364(20) 

0.11 O-91(3) 0.75(4) 0.91(3) 
0.44 2.51(4) 1.1(S) 2.51(4) 

0.17 
0.02+0.10 
0.22 

1.60(3) 2.53(20) 1.60(3) 

3.68(b) 1.26(14) 3.68(b) 
0.167(24) 0.37(J) U.167(24) 

0.02 

0.20 
0.08 

0.04r0.42 

0.11(3) 0.21(4) 0.11(3) 
0.73(12) 0.23(4) 0.73(12) 
0.27(3) O-85(3) O-27(3) 
0.476(19) 0.35(6) 0.476(19) 
0.707(22) 0.72(7) 0.707(22) 
0.638(21) 0.45(4) 0.638(21) 
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TABLE 8 (continued) 

453 

E, (kev) 

(n, Y) “) (d> P) “) 

I,(%) 
1,b) (2J+l)Sb) 

in out primary 

6626.52(18) bbZS(12) 0.382(20) 0.22(S) 0.382(20) 
6681(12) 1+3 0.11+0.46 

6707.69(25) 0.169(19) 0.42(4) 0.169(19) 
6747(12) 1+3 0.11+0.07 

6796.8(4) 0.201(22) 0.09(3) 0.201(22) 
6827.1(3) 0.210(20) OkJO 0.21U(20) 
6898.3(3) ll.262(20) 0.13(3) 0.262(20) 
6957-l(4) 0.096(23) 0.26(4) 0.096(23) 
6976.31(24) 0.106(19) 0.78(12) 0.106(19) 
7060.51(23) 0.29(3) 0.32(3) 0.29(3) 
7358.98(7) 1.34(3) 1.14(8) 1.340) 
7541.58ClO) 0.480(24) 1.13(5) 0.480(24) 
7574.09(25) 0.169(22) 0.31(4) iJ.169(22) 
7616.14(13) 0.58(3) 0.91(8) 0.5dC3) 

11626.658(20) 73.8(4) 

“) Present work. The errors are purely statistical; a 3.2 ppm systematic error should 

be added in quadrature. 

b, Refs. 8.22). The energies are decreased by 3% to correct for calibration difference. 

Postulating a 100% feeding of the ground state it is possible to determine the 

47Ti and 49Ti (n, y) cross sections my with respect to the (n, y) cross section of 48Ti 

[ref. 18)]. This way we find uv = 1.48(9) b for 47Ti and au = 1.67(12) b for 49Ti. The 

error consists mainly of two parts: the error in the 48Ti cross section (4%) and the 

probability of missed intensity to the ground state, which was estimated as 5%. 

6. Experiments with polarized neutrons 

Spins of several levels were assigned by means of the measured angular distribution 

of strong primary -y-rays resulting from capture of polarized neutrons in polarized 

target nuclei. For this purpose the measured y-ray circular polarization resulting 

from capture of polarized neutrons in unoriented target nuclei was utilized as well. 

In the next two subsections the experiments will be described. 

6.1. THE NUCLEAR ORIENTATION EXPERIMENT 

To polarize the target nuclei the “brute force” method was employed, where the 

target, cooled down to extremely low temperatures (*lo mK), is placed in a high 

magnetic field (7.5 T). For this purpose the two TiOz targets (see sect. 1) had to 

be reduced to metallic Ti in order to improve the heat conductivity. This was done 

with CaH2 as a reducing agent at 900°C in a molybdenum crucible under vacuum 

conditions. The reaction 

2CaH2 + Ti02 + 2CaO + Ti f 2H2 (1) 
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is described in more detail in ref. *‘). The ingots were prepared by means of an 

arc-melt of the Ti powder in a carbon crucible. This is the most critical step in the 

process as the powder is highly inflammable under normal conditions. The reaction 

yields were about 94% and 50% for 47Ti and 49Ti, respectively. The 47Ti ingot was 

clamped tightly in an Al target holder. For the 49Ti sample as well the Ti metal and 

the Al target holder were electroplated with pure tin and subsequently tin-soldered 

to each other. With the latter method a better heat conductivity between target 

and Al target holder was achieved than by clamping them together. 

The target was cooled by means of a nuclear demagnetization stage (coolant 

material PrN&), which was precooled to 25 mK in a 6 T magnetic field by a 3He-4He 

dilution refrigerator. After closing the heat switch between the refrigerator and the 

nuclear stage the field was reduced, resulting in a lowering of the temperature. An 

average temperature of about 10 mK could be achieved for periods up to two weeks. 

The target temperature was monitored by means of a Co thermometer, mounted 

under the Al target holder. This Co thermometer consists of a single crystal of hcp 

Co which was irradiated by neutrons to form 6”Co nuclei in the lattice. As hcp Co 

is a ferromagnet, a well-defined hyperfine field will be present at the position of 

TABLE 9 

Excitation energies in ‘“!Ti from the present work as compared to those from the (d, p) work; the intensity 

balance at each level and primary (n, y) intensities are also given 

E, (kev) 

(n, Y) “) (4 p) “1 
4% “1 (2J+ 1)s “) 

in 

I,(%) 

out primary 

0 

1553.811(9) 
2674.955(13) 
3198.718(20) 

3862.82C.A) 
4147.232(16) 

4172.02(3) 
4309.87(16) 
4410.04(4) 

4486.75(8) 

4790.00(9) 
caao.727cl9) 

5186.124(25) 

5379.96(3) 

5547.82(S) 

5694.89(11) 
5806.57~23~ 

5946.50(3) 

6123,18(S) 
6156.5(3) 

0 

1550(6) 
26?8(6) 
3198(20) 

3763(a) 
3867(20) 
4146(a) 

4172(a) 
4313(8) 
4406(8) 

4522(20) 
4562(20) 
4794(6) 

4883c6) 
5096(8) 
5187(6) 
5335(8) 
5379(6) 

5424(6) 
5544(6) 
5583(6) 
5700(6) 
5804(20) 
5833(20) 
5938(6) 
6061(20) 
6120(6) 
6157(20) 
6191(20) 
6231(6) 

3 

1+3 
1+3 

1 

1 
1 

0+2 

1 
1 

1 

1 

1+3 
1 

1+3 

1+3 
1+3 
1 
1 

1+3 
1 

0.76 

0.08+0.32 
0.04+0.01 

0.74 

0.93 
0.02 
0.003+0.009 

0.05 
0.81 

0.20 

0.23 6.81(19) 

0.004+0.08 
0.02+0.13 
0.29 
0.02 
0.15+0.50 
0.02 

lOO(3) 
99.2(15) 
59.4(6) 
1.65(25) 

99(3) 
59.6(13) 
2.17(3) 

0.94(8) 0.86(4) 
7.95(21) 11.4(3) 

21.6(4) 29.5(8) 
0.37(S) 1.58(11) 
1.60(4) 3.59(11) 

0.85(S) 0.77(S) 

0.98(7) 
10.75~11) 

S-76(7) 

l-34(6) 
11.1(4) 

5.98(17) 

7.34(18) 

1.96(4) 2.75(11) 

0.547(22) 

0.201(19) 

0.80(S) 
0.39(4) 

4.49(6) 4.35(11) 

1.07(3) 
0.140(21) 

l-67(7) 
0.200(21) 

5.08(7) 
8.57(10) 

7.58(20) 

17.8(3) 

0.92(3) 

0.25(4) 

0.53(3) 
10.03(11) 

4.72(6) 

6.14(8) 

1.96(4) 

0.547(22) 
0.201(19) 

4.49(6) 

1.07.(3) 
0.140(21) 
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TABLE 9 (continued) 
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E, WV) I,(“/o) 
1” 7 (25+1)Sb) 

h Y) “1 (6 p) ? in out 

6301.81(4) 
6379.90(21) 
6399.84(21) 

6521.42(6) 

6710.59(3) 
6729.88(a) 

6837.65(10) 
6849.07(12) 

7029.4(3) 
7078.7(3) 

7232.2(4) 

7482.98(10) 

6306(20) 
6373C6) 

6479C6) 
6516(6) 
6572(20) 
6616(6) 

6677(20) 
6706(6) 
6724(20) 

6842C6) 

6092(20) 

6965(20) 
7004(20) 

7028(20) 
7073(20) 
7111(20) 

7156(20) 

7207(20) 
7227(6) 
7253(20) 
7365(6) 

7385(20) 
7425(20) 

7449(20) 
7481(20) 

7527(20) 

7608(20) 
7640(20) 

1 

1 
1+3 

3 

A 

1+3 

1 

3 
2+4 
1 

1 
1+3 

0.07 

0.04 
0.09+0.47 

0.26 

0.25 
0.01 
0.09+0.41 

0.05 

0.03 
0.03 
0.05 

0.17 

0.02 
0.09 
0.01 
0.005+0.56 

0.02 

0.04 
0.09+0.13 

0.09 

primary 

1.83(4) 2.34(11) 1.83(4) 
0.54(3) O-13(4) 0.54(3) 
0.297(22) 0.34(4) 0.297(22) 

1.84(4) 1.82(11) 1.84~4) 

4.01(7) 3.31(9) 4.01(7) 
1.00(3) 0.96(6) 1.00(3) 
0.84(3) 0.49(3) 0.84(3) 
O-79(3) O-26(6) 0.79(3) 

0.140(24) 0.37(S) 0.140(24) 
0.20(3) 0.26(3) 0.20(3) 

0.6(4) 0.71(17) 0.6(4) 

1.03(4) O-426(23) 1.03(4) 

10939.204(21) 83.2(6) 

“) Present work. The errors are purely statistical; a 3.2 ppm systematic error should be added in 
quadrature. 

‘) Refs. 8,22). The energies are decreased by 3% to correct for calibration difference. 

the radioactive 6oCo nuclei. The y-radiation emitted by 6oCo is of pure E2 character, 

with a unique dependence of anisotropy on temperature due to the nuclear orienta- 

tion of the Co. 

The neutrons were polarized by means of Bragg reflection from a magnetized 

Cu*MnAl Heusler single crystal. The neutron beam, which was diffracted under an 

angle of 16.3”, consisted mainly of 88 meV neutrons with a degree of polarization 

of 95%. 

An r.f. spin flipper was employed to rotate the neutron spin from parallel (It) 

to antiparallel ( ?J ) with respect to the target spin orientation. During the measure- 

ments the total neutron flux through the target was monitored by means of a fission 

counter and the neutron polarization by means of an analysing crystal in combination 

with a BF3 counter, which were both mounted behind the sample. 

Capture y-ray spectra were measured under angles of 0” and of 90” with respect 

to the target orientation axis with two Ge(Li) detectors, both having an efficiency 

of 15%. The FWHM of the 0” and 90” detectors at 7.2 MeV was in the 47Ti 
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Fig 2. Part of the spectra for the angular distribution measurement (upper part) and for the circular 

polarization measurement (lower part) with a 4’Ti target. The difference spectra between the modes 

with neutron spin and target spin parallel and antiparallel for the 0” and 90” detectors are presented 

for the angular distribution measurement. The sum spectrum of the 90” detector is presented as well. 

For the circular polarization measurement the sum and difference spectra are also presented but now 

for opposite neutron orientations. Transitions labelled with an asterisk originate from the 4XTi(n, y) 
reaction. 
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measurement 9.9 keV and 7.2 keV and in the 49Ti measurement 6.7 keV and 

6.2 keV, respectively. The spectra, measured for different neutron orientation, and 

the data from the beam monitors were stored in different halves of the memory of 

a 20 k Tracer Northern TN 11 system and dumped on tape every 12 h. 

In figs. 2 and 3 parts of the total spectra are presented, resulting from 1000 h of 

data accumulation with the 47Ti sample and from 1000 h with the 4yTi sample. 

6.2. THE CIRCULAR POLARIZATION EXPERIMENT 

The circular polarization measurements were performed with the TiOz targets as 

described in ref. ‘). In order to achieve a consistent treatment of the data the circular 

polarization coefficient, referred to as R in ref. ‘), is called A;” in the present paper. 

In figs. 2 and 3 parts of the final spectra, resulting from 1600 h of measuring time 

with the 47Ti target and from 1200 h with the 4yTi target, are presented in order 

to give an impression of the achieved statistical accuracy. 

7. Method of analysis 

An extensive discussion of the data reduction method is given in refs. 28,29). Some 

relevant facts will be mentioned here. 

In general the angular distribution of capture y-rays is given by the expression 

r,(e) = 1 A~lk2fk,(n)fk,(J,)Pk(cos 0) > (2) 
kk,,kz 

where fk are the orientation parameters of the nuclei (or neutrons), Pk are Legendre 

polynomials and A:lk2 are spin-dependent coefficients 28). The integer values of k 

are restricted to 0 5 k s 2 for dipole radiation, which will be assumed throughout 

the rest of this article. The values of k, range in principle from 0 to 25,, where J, 

is the spin of the target nucleus, but if fi(Jt) is below 10% the higher-order 

polarization parameters fk,(Jt) with k2 3 2 can be neglected. Expression (2) then 

reduces to 

I,,,,(@ - I +fd4f,(Jt)[&’ +&‘p,(cos @I (34 

for nuclear orientation experiments and to 

r~=p(~)-l+~CIA:‘f,(n)+A~‘fi(J,)lP,(cos 0) (3b) 

for circular polarizationexperiments, where E, is the efficiency for the detection of 

circular polarization. 

As thermal neutron capture mainly proceeds through s-wave capture two values 

of the compound spin J, are possible, -I, = J,*$ The relative contribution of the 

higher-spin channel (J, = Jt + 4) is denoted by the channel spin admixture cq. Between 

the two capture channels coherent interference may occur, and thus two different 

A-values may exist for the same q and final spin Jr depending on whether the 
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interference is constructive or destructive. Only in cases where transitions can arise 

from only one capture channel the A-coefficients have definite values. 

Now one may define the relative asymmetry e(0) as 

e(O) = 
I(Q,, -r(e), 
1(@)+,+1t@rl 

3 (4) 

where I( 0),+[1( o),~] is I( 0) with target and neutron spins parallel [antiparallel]. 

Then the A-coefficients can be extracted from the data of the nuclear orientation 

experiment using the following expressions: 

Al 1 = 40’) + 2490”) 
0 

3f,(n)f*(JJ ’ 

AII =X40”) - 49Wl 
2 

3f,(n)f,(JJ . 

(5) 

(6) 

The AA’ coefficient, which is independent of final spin Jf and interference sign, is 

directly related to (Ye by 

ar=E[A;‘+l]. 
t 

In the actual circular polarization experiment with polarized neutrons, f,( n) = 1.0, 

and randomly oriented target nuclei, fi( J,) = 0, expression (3b) reduces to 

I,( 0) - 1 + ~,A;~f&r)P,(cos 0) . (8) 

Because the spectra were measured with two opposite neutron orientations (0 = 0” 

and 0 = 180”) the value of the Ai0 coefficient can be obtained from 

1 [I(O’)-1(180”)] A;O =--- 
~fi(n) [I(07 +~(180")1' (9) 

The energy dependence of E, is well known 29) and the product &,fi( n) could be 

calibrated against the 6419 keV transition in 49Ti, for which the Ai0 value is known 

to be +l.OO [ref. ‘)I. The latter transition can be used because there is an appreciable 

amount of 48Ti present in the targets (see table 1). 

With the measured A-values a chi-squared method can be used for all final spin 

possibilities with af as running parameter. A final spin Jf is excluded if for all af 

and for both interference signs the chance of finding this Jf is excluded at a 99.9% 

confidence limit. 

Different methods were used to determine the average target temperatures in 

the two nuclear orientation measurements. This temperature can be directly derived 

from fi(Jt) via the Boltzmann distribution. The temperature indicated by the Co 

thermometer was not accepted as the temperature of the Ti nuclei because there 

is some distance between the Co crystal and the sample, which may cause a difference 
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in temperature. The following methods were used to determine the temperature. 

In the ““Ti(ii, y) experiment there are strong primary transitions which have no 

channel interference as they populate levels with spin J = I,*$. For these transitions 

(E, = 6058 and 9385 keV) the theoretical values of the A-coefficients are known. 

In the temperature range indicated by the Co thermometer (5-20 mK) the x2 was 

calculated. The value at the minimum of x2 was taken as the value for f,(JJ and 

the standard deviation was determined in the way described in ref. “‘). 

In the “‘%(a, y) experiment no strong primaries are present populating levels 

with J = J, *s. In this case the strongest primary, E, = 7169 keV, exciting the level 

at E, = 4457 keV, served as a calibration standard. From the data of the Co 

thermometer we find that the temperature lies between 10 and 20 mK. The chi- 

squared method shows that J = 3 is the only solution in this temperature range that 

satisfies the 99.9% confidence limit. The value off, (J,) was determined by minimizing 

x2 for J = 3 in the two-dimensional area spanned by T = 10-20 mK and channel 

spin admixture ~yr = O-l. 

8. Spins and parities 

8.1. “Ti 

From the nuclear orientation experiment a value of 0.069(5) was obtained for 

the average target polarization. For the j7Ti target nucleus with a magnetic moment 

of -0.79 nm and a spin J, of $ in a magnetic field of 7.5 T we obtain from this 

degree of polarization an average temperature of 15( 1) mK. 

The combined results of the nuclear orientation experiment and of the circular 

polarization experiment are presented in table 10. It appears that the circular 

polarization experiment yields a larger number and more precise A-coefficients 

than the nuclear orientation experiment. This is caused by the fact that the beam 

intensity is larger by an order of magnitude and that the circular polarization spectra 

have much less background radiation, as is clearly demonstrated in fig. 2. 

For four states the analysis yielded only one solution for the spin. The J = 2 

assignments for the levels at 2421, 3617 and 4035 keV, based upon momentum 

transfer measurements in the ((w, a’) reaction “), were confirmed. To the level at 

4457 keV an unambiguous spin assignment of J = 3 was made. This assignment is 

reconfirmed by the 2036 and 2162 keV secondary transitions depopulating the level. 

The respective A-coefficients of these secondaries are in agreement with theoretical 

values, calculated as described in ref. “) for an intermediate J = 3 state decaying 

to J = 2 and J = 4 levels, respectively. For the remaining 15 investigated levels the 

present work allows only spin restrictions. 

The average fraction (~3 of the high-spin (J, = 3) channel in the neutron-capture 

process was determined through the primary transitions listed in table 10. For these 

transitions, with a total strength of 48.6(3)%, the intensity-weighted average value 
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TABLE 10 

461 

Results from analysis of the nuclear orientation and of the circular polarization measurements 

for 4XTi states 

EX E,+Er 
A 1” A:,’ A:’ 

(I-V) 

3782 

984 

3852 

4035 

4197 

4388 

2296 

2421 

3224 

3240 

3617 

PO.35 (9) 

0.03 (21) 

-0.26(12) 

1.05 (8) 

-0.2 (4) 

-0.41 (10) 

0.38 (25) 

-0.6 (3) 

0.94 (4) 

1.2 (4) 

-0.32 (15) 

-0.15 (4) 

0.60 (24) 0.5 (3) 

-0.63 (14) -0.17 (19) 

0.4 (3) 0.0 (4) 

0.33 (6) 0.50 (7) 

0.9 (4) -0.7 (6) 

0.11 (13) 0.23 (21) 

0.41 (20) 0.6 (3) 

4457 

4719 

5146 

5158 

5620 

5640 

6042 

7359 

7844 

10 643 

7774 

7591 

7430 

7239 

7169 

9331 

2036 

2162 

6908 

6481 

6469 

9206 

6007 

5987 

5584 

4268 

8403 

8387 

8010 

-0.12 (24) 

-0.53 (8) 

0.8 (3) 

-0.7 (4) 

-0.57 (18) 

~0.52 (11) 

1.3 (3) 

0.21 (18) 0.01 (24 
0.65 (6) -0.56 (7) 

0.76 (8) 0.33 (11 

0.69 (8) -0.12 (11 1 I 
1.0 (3) 0.0 (5) 

-1.0 (5) 0.2 (6) 

J 

(l-3) 

(2-4) 

(223) 

(2-4) 
2 

(2-4) 

(l-4) 
2 

(f-4) 

(2-4) 

3 

(f-4) 

(3>4) 

(23) 

(l-4) 

(l-3) 

(2,3) 

(233) 

of AA' was 0.50(5), which corresponds to a value of 0.88(3) for (cq). If u- and (T+ 

are defined as the cross sections for the low- and high-spin channel, respectively, 

then the transitions of table 10 yield values of 0.086(22) b for up and of 0.63(5) b 

for (T+. In a recent compilation lx) one finds from the known positive-energy 

resonances a value of 0.07 b for u- and of 0.80 b for (T+. In the latter work only 

one J = 2 negative-energy resonance is listed. The presently investigated 48.6% 

primary strength exhausts largely the 0.80 b for u+ and as there is no reason to 

assume that the remaining 51.4% primary strength behaves differently and will 

proceed mainly through the low-spin channel, the present results strongly suggest 

that there is also a negative-energy J = 3 resonance which considerably contributes 

to the thermal neutron cross section. 

8.2. ‘“Ti 

The average target polarization in the nuclear orientation experiment was found 

to be 0.123(11). This value leads for a target nucleus with a magnetic moment of 

-1.10 nm and a spin J, of g in a magnetic field of 7.5 T to an average target 

temperature of 10(l) mK. The fact that this value is much lower than the value 
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TABLE 11 

Results from analysis of the nuclear orientation and of the circular polarization measurements 

for ‘“Ti states 

J% -%+Er 
A(” Ah’ A;’ 

NV) 

1554 9385 -0.52 (5) -1.01 (5) -0.13 (7) 

2675 8264 0.58 (4) -0.94 (5) -0.12 (6) 

4147 6792 -0.36 (5) 0.38 (5) -0.06 (11) 

4172 6767 -0.16 (6) -0.92 (3) 0.17 (4) 

4790 6149 -0.4 (4) 

4881 6058 -0.43 (5) 0.77 (6) 0.14 (7) 

5186 5753 0.70 (10) 

5380 5559 0.90 (7) -0.30 (9) -0.39 (11) 

5947 4993 -0.02 (10) 0.33 (12) -0.37 (14) 

6123 4816 -0.3 (4) 0.9 (4) 0.3 (5) 

6302 4637 -0.16 (17) -0.68 (25) 0.0 (3) 

6521 4418 0.58 (22) 0.0 (3) 0.5 (4) 

6711 4229 0.90 (11) -0.54 (14) -0.23 (16) 

6730 4209 0.3 (4) 

J 

2 
4 
4 

(2!5) 

(354) 

(3f4) 
(3-5) 
(2-4) 
(3,4) 

(245) 

obtained with the 47Ti sample is caused by the better heat conductivity between 

sample and target holder. 

In table 11 the A-coefficients, obtained from the nuclear orientation and circular 

polarization experiments, are presented together with the spins or spin restrictions 

obtained from them. Just as in the 47Ti experiments there are more and better 

values for A:” than for AA’ and Al’. 

For the first two excited states at 1554 and 2675 keV the spin assignments of 

J = 2 and 4 [ref. 32)], respectively, were confirmed in the present experiments. In 

ref. I”) tentative assignments of J = 4 and 2 were made for the states at 4147 and 

4172 keV, respectively. In the present work unambiguous assignments could be 

made of J = 4 and J = 3, respectively. According to shell-model calculations 33Z34) 

(see sect. 11) there is a J = 5 state near 4.9 MeV, which is confirmed by the present 

assignment of J = 5 to the 4881 keV state. This result is in contradiction with the 

data from (p, p’) measurements hX7), w h ere a spin of J = 2 has been derived from 

the reported momentum transfer of L=2. Two further J=4 assignments were 

made to the 5380 and 6711 keV states. The former value agrees with the tentative 

L = 4 value, obtained in a (p, p’) measurement ‘). The investigation yielded spin 

restrictions for the remaining seven states listed in table 11. 

From the data of table 11 the average channel spin admixture (q) can be calculated. 

For the presented primaries, which have a total strength of 68.4(4)%, a value of 

-0.32(7) is found for (Ah’), leading to (q) = 0.38(4). Under the assumption that 

this value is correct for the total primary strength, it leads to values for q and (T+, 
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as defined in subsect. 8.1, of 1.04(10) and 0.63(8) b, respectively. The latest compila- 

tion “) mentions very different values of 0.34 b for (T- and of 0.08 b for (T+. This 

difference cannot be explained by hard-sphere capture nor by contributions of 

far-distant resonances. In addition to the suggested J = 4 bound level also a J = 3 

negative-energy level is necessary to explain the present g-values. 

8.3. FINAL RESULTS 

An attempt was made to determine the spins and parities of the states identified 

in the spectroscopic part of this work. All the information of refs. 35X36) was used 

and from (d, p) reaction data “) the 1, values were used to determine parities. From 

the present work the results listed in tables 10 and 11 were used. Further the 

assumption of sect. 7 was maintained that primary transitions have pure dipole 

character. If the lifetime of the state is not known, the secondary transitions were 

assumed to be of El, Ml or E2 character. The lifetimes of some 48Ti states are 

known “). Then the RUL’s 37) can be used to determine the character of secondary 

transitions. The final conclusions are listed in the first and fifth column of table 4 

for 48Ti and of table 5 for 5”Ti. Altogether six new unambiguous spin and parity 

determinations were made for 4”Ti and five for 50Ti states. 

9. Neutron-capture mechanism 

The nature of the neutron-capture mechanism was investigated as described in 

ref. ‘) with the aid of the potential capture formalism 38). This formalism uses the 

correlation p between the reduced primary y-ray strength I,,/Ey and the (d, p) 

spectroscopic factor, calculated for all levels excited with 1, = 1. The optimum 

correlation, for a variation of the reduction factor II, indicates the nature of the 

capture mechanism. The data of tables 8 and 9 were used, where a comparison is 

made between the results of the present work and the (d, p) work. It is shown that 

most levels excited with 1, = 1 are excited by primaries in the present work as well. 

The total spectroscopic factor for p-states is 4.1(4) for 48Ti and 4.3(4) for ‘“Ti, 

while the sum-rule limit is 6.0. In the present investigation thus about $ of the 

sum-rule limit is detected in both 48Ti and 5”Ti. 

In fig. 4a the correlation curves for 47Ti, 48Ti [ref. ‘)I and 49Ti target nuclei are 

drawn. In order to calculate the error at the position of the maximum correlation 

for each nucleus 1000 data sets were generated by adding to the intensities and 

spectroscopic factors their respective errors multiplied by a gaussian-distributed 

random generator (Monte-Carlo process). For each of these data sets the position 

of the maximum correlation was calculated. In fig. 4b the results are presented as 

a histogram and the three peaks are fitted with a gaussian-shaped curve, where the 

width of the curve represents the error at the position of the maximum correlation. 

The values obtained are n =5.4(5), 2.31(17) and 1.31(15) for 47Ti, 4RTi and 49Ti, 
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Fig. 4. (a) Correlation between the reduced primary y-ray strength I,/E’; and spectroscopic factors 

(W+ l)%, versus reduction factor n for p-states. The target nuclei are indicated. (b) Distribution of 

the position of the maximum of the correlation curve (see upper part) for redistributed data sets (see 

text). The resulting peaks are fitted with gaussian-shaped curves. The distributions are normalized to unity. 

respectively. These very different values suggest different thermal neutron-capture 

mechanisms. 

Lane and Lynn 38) have proposed a formalism of potential capture, in which 

hard-sphere and resonance contributions interfere coherently. In evaluating the 

expression for the partial cross sections one finds that the hard-sphere contribution 

has an optimum correlation near n = 1 and the resonance part near n = 2. Calcula- 

tions show that for 48Ti the resonance part is predominant and that for 4yTi the 

two terms give about equal contributions. The cross section for transitions to p-states 

is 7.71(25) b for 4RTi and 1.38(11) b for 49Ti. Although the potential capture 
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estimate 38) agrees well for 48Ti, 8.1(8) b, it estimates the value for 49Ti, 0.37(4) b, 

low by a factor of 4. Two possible explanations for this deviation are either a wrong 

value for the coherent scattering length r8) or a non-negligible statistical contribution 

to the cross section. The behaviour of the 47Ti nucleus does not fit at all in the 

framework of potential capture. The fact that the optimum correlation, 0.56(15), 

is significantly different from zero indicates doorway capture. 

10. Level density 

As described in ref. ‘) the 48Ti and 50Ti nuclear level densities were compared 

with the theoretical approach given by Bethe 39), who treated the nucleus as a 

system of noninteracting fermions distributed over equally spaced single-particle 

levels. In the present analysis it was assumed that up to E, = 5.0 MeV all 48Ti states 

with J = (l-4) and all 50Ti states with J = (2-5) are excited by primaries. The level 

density at the capture state was derived from ref. i8). 

In fig. 5 where the fits are presented of the cumulative number of levels it is 

clearly shown that above E, = 5.0 MeV we start to miss levels in the indicated spin 

range, whereas at lower energies there is good agreement. The model is described 

by two parameters: the Fermi energy E. and the single-particle level density 

parameter a. For E. we find values of 0.87(9) MeV for 48Ti and 1.69(18) MeV for 

“Ti. The u-values for these nuclei are 5.27( 10) MeV-’ and 5.39( 13) MeV-‘, respec- 

tively. These values are in good agreement with liquid drop model calculations 40), 

which yield values of 5.40 and 5.61 MeV-‘, respectively. 

11. Shell model 

Recently a computer code became available which enabled shell-model calcula- 

tions for 48Ti and 50Ti. A semi-empirical interaction was used, which has been 

optimized to reproduce excitation energies in A = 52-60 nuclei 41). The configur- 

ation space is represented by f” and f”-‘r’, where f denotes the If,,, orbit and r 

stands for the other fp orbits. The number of active particles (8 in 48Ti and 10 in 

50Ti) is given by n. An inert 40Ca core was used. The lowest four eigenvalues for 

each possible spin were calculated together with the Ml and E2 y-ray widths. The 

effective charges used for proton and neutron are 1.5 e and 0.5 e, respectively. The 

widths were converted into branching ratios and lifetimes. 

In fig. 6 the results for 48Ti are compared with experimental data. Although the 

calculated excitation energies are on the average lower than the experimental values, 

there is a good agreement for the lowest nine states. The 0: state could not be 

represented satisfactorily. A calculation in which the configuration space was exten- 

ded with f”-‘r2 shows that the level at E, = 3696 keV corresponds to the 0: state 

and that the 0: state consists almost entirely of 2p2h components. 
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“TI levels with 1=(2-5) 
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- Ex (MeV) 

Fig. 5. The cumulative number of levels excited by (n, y) primaries as a function of excitation energy, 

and the resonance level density for 48Ti (upper part) and for ‘“Ti (lower part). In both cases the levels 

below E, = 5.0 MeV are included in the fit. For the theoretical curves, see text. 

The calculations suggest that the 3240 keV state has a spin of J = 4 and that there 

is a J = 1 state near 3700 keV. For the latter there are two possible candidates, the 

J” = (1,2+) state at E, = 3699 keV and the J” = (1,2)+ state at E, = 3739 keV. In 

further calculations we have assumed that the 3739 keV state has J = 1, but the 

results do not change significantly if the other choice is made. From table 12, where 

experimental and theoretical branching ratios and lifetimes are compared, it may 

be concluded that in the calculations Ml strength is overestimated and E2 strength 

underestimated. This is also reflected by the lifetimes. 

In 50Ti there is also a good agreement between the theoretical and experimental 

values for the excitation energies of the lowest eight levels, as is shown in fig. 6. If 
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TABLE 12 

Results from shell-model calculations compared to experimental data for “‘Ti 

c r Branching (%) Trill (fs) 
4, 

(kev) 
J” %f 

C-V) 
exp. 

984 2+ 

2296 4+ 

2421 2+ 

2997 0’ 

3224 3’ 

3240 4’ 

3333 6’ 

3371 2’ 

3617 2i 

3739 1+ 

4388 4‘ 

4457 3’ 

0 100 

984 100 

0 5 

984 95 

984 100 

984 73 

2296 23 

2421 3 

2296 100 

2296 100 

0 16 

984 84 

0 1 

984 92 

2421 7 

0 62 

984 38 

242 1 <20 

984 54 

2296 46 

2421 <5 

984 22 

2296 39 

2421 33 

3224 1 
3371 2 

3617 3 

theo. 

100 

100 

1 

99 

87 

9 

4 

100 

100 

1 

99 

Cl 

88 

12 

73 

13 

14 

<l 

81 

19 

68 

2 

11 

17 

2 

Cl 

exp. 

6060 

1400 

60 

125 

78 

70 

>5000 

<40 

55 

16 

50 

70 

25 x 10’ 

4100 

17 

6 

15 

17x10’ 

3 

4 

2 

5 

5 

the L = 0 assignment from the 4XTi(t, p)5”Ti reaction I”) is accepted for the level at 

E, = 3863 keV, then just as in 4XTi the lplh calculations fail to represent the 0: 

state, which also appears to have almost exclusively a 2p2h structure. A spin of 

J = 2 is suggested for the level at E, = 3763(g) keV, which is not excited in (n, y). 

If we examine the sequence of theoretical J = 2 states it seems that the distance 

between the levels is too large. 

If the target ground-state wave function is known as well as the final-state wave 

functions, the (d, p) spectroscopic factor can be calculated. We only know the wave 

function of the 4yTi ground state, and not that of 47Ti, so only for “‘Ti the I, = 1 

part of the spectroscopic factors was calculated, which is compared in table 13 

together with the branching ratios to the experimental results. For the 4310 and 

4881 keV states the theoretical and experimental branching ratios appear to deviate. 

Also the spectroscopic factor of the 4310 keV level is overestimated by one 
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TABLE 13 

Results from shell-model calculations compared to experimental data for “‘Ti 

J” 
(k%) 

Branching (%) 

exp. theo. 

1554 2+ 

2675 4’ 

3199 6’ 

3763 2+ 

3863 0’ 
4147 4’ 

4172 3’ 

4310 

4487 2’ 

4881 5’ 

2’ 

0 
1554 

2675 

0 

1554 

1554 

2675 

1554 

2675 

3763 

0 
1554 

0 

1554 

2675 

3199 

4147 

100 

100 

100 

100 

100 

68 

32 

c5 

16 

84 
14 

86 

90 

8 

2 

100 

100 

100 

66 

34 

100 

91 

8 

1 

il 
100 

3 

97 

10 

77 

13 

exp. theo. 

0.08 0.046 

0.04 0.026 

0.004 

0.74 0.779 

0.93 0.618 

0.02 0.243 

0.138 

0.81 0.637 

“) The I, = 1 parts are being compared 

order of magnitude. For the other levels the theoretical spectroscopic factors are 

small by only a factor of 1.2. There is also a good correlation of 0.92 between the 

two sets. 

12. Conclusions 

Accurate excitation energies are determined for 57 states in 4XTi and for 31 states. 

in 5”Ti. Absolute intensities were determined by postulating the total strength to 

the ground state as 100%. Under this assumption a large part of the primary strength 

is missing, 26.2(4)% in 48Ti and 16.8(6)% in ‘“Ti, just as in other even-even nuclei. 

The 47Ti and ‘“Ti thermal neutron cross sections are determined as 1.48(9) and 

1.67( 12) b, respectively. The value of 11 626.66(4) keV found for the 48Ti neutron 

binding energy is in agreement with a previous measurement. The difference of five 

standard deviations between the present value for the “Ti neutron binding energy 

of 10 939.20(4) keV and the previous value of 10 939.7(l) keV is presumably caused 

by the small number of cascades used in the previous work. It is shown that for 

47Ti the neutron-capture process proceeds through a doorway state, whereas for 

‘“Ti the potential capture formalism is valid. The density of levels, excited by primary 

dipole transitions, and the level density at the capture state are for both nuclei 

explained satisfactorily by the Fermi gas model. 
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By combining the results of a nuclear orientation measurement and of a circular 

polarization measurement with the 47Ti target the spin of one j8Ti state is determined, 

the previously known spins of three states are confirmed and the spins of 15 states 

could be restricted. A further analysis, in which all available information, also from 

previous work, is included, yields unambiguous spin and parity assignments for 

another six states. 

The spins of five states in ‘“Ti could be unambiguously assigned from the analysis 

of the two measurements, the previously known spins of two excited states were 

confirmed and restrictions could be made for the spins of seven other states. The 

further analysis of the decay scheme yielded another five unambiguous spin and 

parity determinations for “‘Ti states. 

The results from lplh shell-model calculations show good agreement with the 

experimentally determined low-lying states in both nuclei. Both 0: states are 

reproduced only if also 2p2h excitations are taken into account. The E2 and Ml 

strengths are under- and over-estimated, respectively. 

We wish to thank Mr. P. Hokkeling of the Philips Natuurkundig Laboratorium 

in Eindhoven for the support he gave in the metallurgical and chemical aspects of 

the target reduction. 
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