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Abstract: The y-radiation produced by thermal neutron capture in enriched *’Ti and “°Ti targets has

E

been investigated. In the analysis 57 excited states of **Ti and 31 of *°Ti have been identified. The
Q-value of the *"Ti(n, y) reaction, 11 626.66(4) keV, is in agreement with previous data. The
present value for *°Ti, 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 *’Ti capture proceeds through a
doorway state and that the potential capture formalism is valid for **Ti. 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 **Ti state and of five *°Ti states.
Further spin and parity determinations for six **Ti 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 *'Ti(n, ), (polarized n, %), *°Ti(n, ), (polarized n, ¥), E =
thermal; measured E,, I (E,, 6), y-CP; deduced Q-values, “#Tideduced levels, y-branching,
J, m, 5°Ti deduced levels, y-branching, J, 7. Enriched, polarized, unpolarized targets.

1. Introduction

This article, in which radiative thermal neutron capture in *’Ti and *°Ti nuclei is
treated, is the last in a series of two. In the first article ') the **Ti(n, v)*°Ti reaction
has been covered. The latest spectroscopy on the *'Ti(n, y) and “’Ti(n, v) reactions
has been performed by Fettweis and Saidane ?) in 1969 and by Tenenbaum et al. *)
in 1971, respectively. Angular-correlation (n, yy) measurements of Tenenbaum et
al. %) have resulted in spin restrictions for four bound states in “*Ti and for three

* Present address: Department of Physics, University of Birmingham, United Kingdom.
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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 *>~’)
and in particle transfer reactions *'°). Information about both excitation energies
and spins of **Ti and *°Ti excited states has also been obtained from investigations
of the y-radiation emitted in reactions induced by charged particles ' *?).

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 vy-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. 1plh calculations have
been performed with the active shells 1f;,,, 2ps,2, 1fs,, and 2py .

2. Experiments with unpolarized neutrons

Capture y-ray spectra were measured at the HFR in Petten with enriched TiO,
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 mentidned here.

Both low-energy (0-2.5 MeV) singles spectra and high-energy (1.8-11.0 MeV)
pair spectra were measured with a 30 cm® Ge(Li) detector connected to a Tracor
Northern 8 k data system. The count rate in the central detector was 3000 s~!, and
in the pair mode the triple coincidence count rate was 7s~"' 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. '*) was used together with the '’N y-ray energies from ref. '°),
after correction for the 0.9 ppm higher value of the '°N neutron binding energy
reported in ref. '*). For the y-rays originating from radioactive sources the energies
from ref. '®) and the intensities from ref. !”7) were taken. As the *’Ti and **Ti cross
sections were known with relatively large errors '*) (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.



JF.A.G. Ruyl et al. | *"* Ti(n, y)**°Ti reactions 441

The targets, consisting of TiO, 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 (C;NgHg). 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 Tiisotopes in both target materials
are presented in table 1. All five stable Ti isotopes will contribute to the (n, y)
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.

TABLE 1

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

Abundance (%)

Isotope o (b)
“MTi target “Ti target
45T 1.9(1) 2.5 0.59(18)®)
47T 79.5(2) 2.3 1.48 (9)®)
48Ti 16.5 (2) 25.1 7.84(25))
T 1.1(1) 67.6 1.67 (12) ®)
5074 1.0 (1) 2.5 0.179 (3) %)
) Ref. 2%).

®) From present work.

3. Transitions

In tables 2 and 3 lists of all identified **Ti and °Ti transitions are presented.
Only statistical errors are given. The systematic error in the y-ray energies is taken
equal to the 2.6 ppm error in the "®Au standard '°) for the transitions below
E,=1.8MeV, and to the 3.2 ppm error in the '°N neutron binding energy '*) for
the remaining transitions. The total systematic error in the intensities is estimated
as 5%.

Background lines from thermal neutron capture in 'H, "Li, '°B, '*C, '*N, '°F,
23Na, 7 Al, 2881, 2°Cl, *°Ca, >>Cr, *°Fe, *®Ni, °**Cu and 7%7%>7>7*7%Ge were identified.

In total 219 transitions were identified as belonging to the *TTi(n, y)**Ti reaction.
Most transitions, assigned in ref. %), were included except for some misinterpreted
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TABLE 2

y-rays from the *’Ti(n, y)**Ti reaction

E,+E") Eg~ Ey" 19 E,+E) Eq~ Eg" 1.9
3/ ) (Z/ !
(keV) (%) (keV) 0)

323.631(9) 3782 3359 2.93(3) CN A 2868.063(4) 3852 984 3.29(12) NPA
458.45(1b) 4197 3739 0.20(4) VoA 2885.2(3) 0.33(5)

302.88(6) 3224 2421 0.323(16) U PA 288%.0(4) 6027 3739 0.22(5) U
BU1.205(L7) 4035 324 1.26(3) u A 2907.8(4) 6241 3333 0.21(4) u
834.744(17) 497% 3240 1.22(03) A 2941 .1(4) 6976 4035 0.42(11) ol
B4U.67(3) 4457 3617 0.602(18) u A 2980.5(3) 6314 3333 0.23(4) U
928.300(1L0) 3224 2296 2.26(4) U NPA 3070.5(3) 5491 2421 0.22(4) u
944.114(6) 3240 2296 7.79(15) U NPA 3090.93(v) 4074 934 1.79(6) N A
972.92(3) 4197 3224 0.776(22) u A 3104.5(4) HY37 3852 0.17(4) g
983.528(4) 984 0 95.5(18) UCNPA 3121.5(3) B.26(4)
1037.611(25) 3333 2296 0.909(24) NPA 3180.46(22) 7574 4388 U.3L4) )
1063.20(5) 3359 2296 0.71(3) U PA 3198.55(20) 5620 2421 0.37(4) A
1086.52(8) 4457 3371 0.370(21) U 3239.70(18) 0.37(3)
1092.3(3) 4792 3699 O LU (17) U 3252.5(38) 6490 3240 0.08(3) U
LL40.95(10) 4758 3617 U.6b6(7) U 3344.79(9) 7542 4197 0.87(4) U
1158.7(3) 5356 4197 0.22(4) C A 3361.29(20) 7061 3699 0.32(3) U
1182.58(5) 9640 4457 0.4A86(19) v 3371.09(13) 3371 0 0.52(3) U PA
1195.85(h) et/ 1421 G.74(3) U A 3403.96(7) 43838 984 2.58(7) UN A
1221.83(8) 4581 3359 Ue3lb(i7) U A 3467.49(21) 5889 2421 0.87(12) A
1233.35¢12) 4457 3224 0.196(16) ] 3474.04(9) 4457 984 4.2(3) uc A
1293.73(0) 4911 3617 0.497(22) A 3483.6(3) 6708 3224 0.21(3) u
13:2.115(9) 2296 984 32.4(8) Jciea 3505.08(21) 0.31(3)
1437 051 19) 2420 934 22.5(H) UCNPA 3348.9(4) 0.17(3)
P479.303(17) 4719 3240 1.55(4) i) A 3574.0(6) 6797 3224 0.09(3) u
1486.84(3) 3782 2296 1.05(%) C A 3591.0(6) 0.14(3)
1495.56(21) 4719 3224 G.710(25) A 3596.90(17) 4581 984 0.41(3) U N A
1539.66(18) 4911 3371 0.25() u A 3616.9(8) 3617 0 0.10¢4) A
1556.60(5) 3852 2296 0.79(3) PA 3620.4(3) 7359 3739 0.31(4) U
1572.44(17) 6365 4792 WL 169(16) U 3633.53(29) 6055 2421 .24(3) L
1614.070(18) 4035 2421 2.85(8) N A 3699.26(12) 399 ) 0.57(3) U NPA
Jo20.08(18) 6970 5356 0.36(4) U 3714.5(3) Ja8(3)
1686.00(9) 4911 3224 0.335(18) 3738.51(24) 3739 4] .h0(h) NPA
L700.92(16) 4925 3224 .200017) A 3763.9(3) 7616 3352 G9.17(73) [
1750.52(4) 0.38(3) 3775.0(6) 4758 984 0.13(3) U
L790.7(3) 5491 3699 0.15(3) i 3799.80(12) 4733 984 0.56(3)
1906.12(9) Slan 3240 0.50(3) U oA 3808.74(7) 4792 984 1.10(4) U oA
1921.67(22) 5146 3226 0.97(in) A 3843.4(3) 0.189(24)
1333.9(3) 3104 1224 J.62(14) A 3877.0(3) 7616 3739 0.31(5) U
1967.82(27%) Hi)42 474 0.83(14) U A 3886.7(3) 0.212(23)
2013.71 (1) 2397 984 0.233(20) NPA 3901.6(7) 6898 2997 0.075(22) U
2036.395( 1) 4457 2421 b-33(21) C A 3917.0(6) 7616 3699 0.13(3) U
2u85.72( 1) S8BY 3803 (91 (15) u 3956.35(1b) 4940 934 0.344(24) UNA
2092.056(18) 4383 2290 2.20(7) u A 3974 .01 (22 0.244(23)
2108.7(3) 6327 4719 0.50(11) 4010.51(11) C 7616 0.58(3) U
2161.811(12) 4457 2296  7.5(3) C A 4016.75(9) 0.75(3)
2240.431017) 3224 984 7.12(025) U NPA 4052.7(3) C 7574 0.169(22) u
2285.47(19) 4581 2296 UL!)(E) A 4009.66(10) 6365 2296 0.68(3)
2371.23(8) 4792 2421 ULQU(A) A 4075.3(5) 4074 0 0.29(7) U
2375.274(17) 3359 984 GCBH(ZS) UCNPA 4385.25(L2) C 7542 0.480(24) J
2387.313(25) 3371 934 2.74(10) CNPA 4135.04(23) 7359 3224 .37(4) U
2395.03(11) 5620 322 .377¢22) A 4134.7(15) 7542 3359 0.032() u
2420.97(4) 2421 b 1.22(5) NPy 4196.83(1) 4197 0 0.494(25) U
2463.42012) 2.314(20) 4204.9(5) 4205 ] 0.10L(20)
2486.5(5) 4783 2296 0.24(7) i 4267 .67(h) c 7359 1.34(3) J
248Y.4(4) 4911 2421 0.30(7) oA 4275.06(13) 0.442(24)
2494.51 (%) 4794 2296 V.81(7) U A 4280.68(21) 0.266(273)
2517.69(24) FEED 3371 0.44(5) U 4302.8(4) 7542 3240 0.L20(22) U
2553.8(73) hal)h 3852 0.35(6) i 4317.0(5) 7542 3224 0.103(22) U
26292 4925 2296 0.36(h) A 4328.0(4) 0.132(21)
2033, 3l GR4 9.3() CHPA 4372.77(15) 5356 984 0.341(21) U A
20445 Y94 2294 0.23(9) J A 4379.9(6) 0.082(19)
2687 . i) 38033 0-49(3) u 4411.3(3) 6708 2296 0.207(22) v
2715.8:" 3694 984 0-85(b) U NPA 4429.3(3) 0.140(19)
2725. 5l46 2421 0.21(5) u 4452.5(4) 0.35(4)
2756, 3739 934 0.38(9) NPA 4455.8(5) 0.18(4)
2319. 3803 984 0-74(5) U 4492.8(4) 0.090(17)
2850.10(12) 5146 2296 0.84(6) u A 4499.77(10) 3.3973(21)
2858.9(3) Tale 4758  0.31(5) U 4517.6(8) 0.043(16)
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TABLE 2 {continued)

E‘/+Er a) Ex| - Exf h) EY+Er a) Exi - Exf b)

C C
Ig/) d) I:;/) d)
(4
(keV) (%) (keV) (%)
4527.84(19) 0.185(18) 5738.08(5) c 5889 1.60(3) y
4536.2(4) 6957 2421  0.037(17) u 5803.7(3) 0.152(17)
4566.5(3) ¢ 7061 0.29(3) U 5823.47(L7) 0.323(18)
4631.34(20) G.276(20) 5844.1(5) 6827 984 0.10L(17) U
4050.1(5) 4 6976 0.106(19) U 5912.7(10) 6398 984 0.U55(17) u
4656.0(b) 5640 984 0.17(4) v 5966.4(6) 0.094(18)
4669.2(7) c 0957 0.096(23) u 5936.66(3) c 5640 2.51(4) u
4698.1(5) 0.096(18) 6U07.13(1L1) C 53620 0.91(3) U
4723.31(21) ¢ 6898 0.202(20) u 6039.78(19) 0.315¢20)
4793.8(4) 4794 0 0.119(19) U 61U4.29(21) 0.350(23)
4300.1(3) C 6827 0.210(20) u 6135.92(17) c 5491 0.364(20) u
4806.24(22) 0.265¢21) 6270.29(20) C 5356  0.68(6) U
4330.0(3) o 6797  0.201(22) v 6375.2(5) 7359 984 0.19(3) u
4904.69(17) 5889 984 0.308(20) U A 6469.00(15) c 5158 0.94(5) u
4912.1(8) 4911 0 0.069(19) U 6480.86(5) c 5146 4.08(7) il
4917.9(3) C 6708  0.169(19) u 6635.1(7) 0.111(22)
4937.9(4) 7359 2421 0.27(%) u 6686.1(3) C 4940 0.208(21) u
4956.3(3) 0.176(19) 6701.68(24) ¢ 4925 0.345(24) u
5000.25(14) c 6627  0.382(20) U 671b.00(L1L) 9 4911 0.76(3) U
5058.87(13) 6042 984 0.435(21) U 6831.5(3) c 4794 0.82(14) U
5065.16(9) 0.824(25) 6834.63(15) C 4792 1.77(14) U
5070.5(5) 5055 984 0.126(19) gooA 6843.25(20) c 4783 0.353(2t) y
5085.05(5) C 6542 0.638(21) u 6907.50(6) C 4719 1.36(3) U
5129.5(8) 0.064(17) 7045.88(12) C 4581 0.490(19) u
5136.19(8) C 6490 0.707(22) u 7169.27(3) C 4457 17.08(20) uc
5175.23(16) 0.320(18) 7238.99(4) c 4388 3.61(S) U
5220.46(11) C 6406 0.476(19) J 7420.2(8) 9 4205 0.11(3) u
5261.5(3) C 6365  0.27(3) u 7429.85(7) c 4197 0.848(19) u
5306.26(1%) 0.419(22) 7591.45(5) C 4035 3.32(5) ]
5312.9(3) o A3L4  0.73(12) U 7774.33(6) c 3852 1.230(25) u
5315.6(4) 0.47(12) TBAL .2V (4) C 3782 2.48(3) ue
5372.9(5) 6.085(17) 7586.3(9) C 3739 0.080(13) G
5337.6(6) c 6241 0.11(3) U 7927.1(4) c 3699 0.119(14) y
5457.7(5) 0.107(17) 8009.82(4) C 3617 5.82(8) uc
5485.2(5) 0.103(17) 8255.96(14) c 3371 0.443(18) Jc
5506.7(7) 6490 984  0.16(5) U 8268.1(3) c 3359 0.31(4) uc
5509.85(25) 0.47(6) 8386.93(6) c 3240 1.216(21) u
5558.4(3) 6542 984 0.45(4) u 8402.67(12) C 3224 0.364(12) i
5571.8(4) c 6055  D.167(24) u 9205.64(6) c 2621 6.48(9) uc
5584.19(4) C 6042 3.68(6) u 9331.02(13) C 2296 0.297(10) U
5640.3(10) 5640 0 0.6(5) A 10643.19(12) c 984 L.71(3) uc
5710.8(5) 0.090(17)

%) 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%.
4) Arguments for placement:
U - placement unambiguous within three standard deviations;
C - placement observed in *"Ti(n, yy)**Ti experiment *);
N - placement observed in “*Ti(n, n’y)**Ti experiment '),
P - placement observed in **Ti(p, p’y)**Ti experiment 2);
A - placement observed in **Sc(a, py)**Ti experiment '!).

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 **Ti and the 8264 keV transition of *°Ti.

Altogether 124 transitions were assigned to the **Ti(n, ¥)**Ti reaction, including
all assignments of ref. *).
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TABLE 3
v-rays from the **Ti(n, y)*°Ti reaction
E,+E. ") Eg- E." 19 E,+E. " Eg- E4" 1
E/ 9 K/ 9)
{keV) (%) (keV) (%)

523.762C10) 3199 2675  2.17(3) u 3707.5(6) ¢ 7232 0.604) u
733.70(9) 4881 4147 0.214017) U 3724.2(5) 6400 2675 0.13(3) u
760.32(8) 5947 5186 0.340(25) u 3826.24(11) 5380 1554 0.56(3) U
1121.143(6) 2675 1554 59.6(13) cu 3833.358(24) 0.25(3)
1156.66(16) 5947 4790  0.200(24) v 3846.34(11) 6521 2675 1.07(7) U
1207.946(11) 5380 4172 2.40(6) 3860.3(3) ¢ 7079 0.20(3) u
1242.40(4) 6123 4881  0.71(» u 3909.2(4) ¢ 7029 0.1402%) U
1273.26419) 0.24(3) 3994.04(5) 5548 1554 1.07(4) u
1457.6(3) 6838 5380  0.122(23) u 4054.93C11) 6730 2675 0.52(3) u
1472.273(6) 4147 2675 11.4(3) U 4090.11(8) c 6849 0.79(3) U
1497.078(25) 4172 2675 9.6(3) 4101.50(7) ¢ 6838 0.84(3) U
1524 .55 (4) 6711 5186  0.70(3) u 4151.0(6) 0.085(22)
1553.811¢6) 1554 0 99(%) cu 4209.36(6) ¢ 6730 1.00(3) U
1636.48(5) 6125 4437 0.601(24) 4218.38(8) 0.75(3)
1662.43(12) 0.186(16) 4228.62(3) c 6711 4.01(7) u
1681.72¢15) 4831 3199 0.84(23) u 4309.94€20) 4310 0 0.259¢23) U
1730.8(3) 6521 4790 0.24(6) U 4402.3(5) 7079 2675 0.14(3) u
1735.03(5) 4410 2675 0.73(») U 4417.76(4) ¢ 6521 1.84(4) U
1755.8(3) 0.097(19> 4458.13(6) 1.15(3)
1773.80(20) 0.139(18) 4486.2(4) 4487 0 0.1102) U
1852.9(4) 7232 5380 0.55(17) u 4539.25(18) ¢ 6400 0.297(22) U
2001.5(6) 0.30012) 4559.35(14) ¢ 6380 0.54(3) U
2128.4(5) 6302 4172 0.3101D) u 4602.73(25) 6157 1554 0.200¢21) U
2201.,1(3) 0.71(14) 4637,36(4) ¢ 6302 1.83(4) U
2205.774(11) 4881 2675 10.1(3) cu 4747.97 (&) 6302 1554 2.03(4) u
2215.1(5) 0.43(13) 4782.8(4) ¢ 6157 0.140¢21) U
2300.49(5) 6711 4410 0.68(3) u 4789,5(4) 4790 U 0.136¢21)  u
2305.13C11) 0.287(20) 4816.04 (6) ¢ 6123 1.07(3) U
2509 .04 (4) 3863 1554 0.836(4) U 4845.9(3) 6400 1554 0.20121) v
2348.4(3) 5548 3199 0.36(7) v 4869.8(&) 0.098(24)
2511.178(20) 5186 2675  4.26(16) cu 4898.07(23) 0.28(3)
2538.44C10) 6711 4172 1.09(8) U 4992.688(25) ¢ 5947 4.49(6) v
2618.40(7) 4172 1554 19.9(7) 14 5106.8¢5) 0.094(18)
2658.83(200 6521 3863  0,50(6) 5133.00¢(25) ¢ 5807 0.201¢19) U
2700.7(&) 6849 41%7  0.16(5) u 5149.22(3) 0.732(24)
2705.00(4) 5380 2675  4.38(17) u 5156.75(7) 6711 1554 0.852(25) U
2709.3(4) 0.25(5) 5166.68(13) 0.393(21)
2719.2(3) 7029 4310 0.37(5) U 5244.34(10) ¢ 5695 0.547(22) U
2755.97(13) 4310 1554 1.320011D) u 5256.1(5) 0.095(18)
2765.51(12) 0.73¢6) 5283.69(14) 6838 1554 0.366¢21) U
2810.6(5) 0.15¢5) 5391.36(5) c 5548 1.96(4) u
2846.6(4) 0.24(5) 3396.3(4) 0.177(24)
2856.22(4) 4410 1554 2.86(11) u 5412.8(3) 0.173019)
2867.48(21) 6730 3863  0.44(5) u 5420.21(17) 0.327(21)
2872.81¢10) 5548 2675  1.31(8) u 5498.52(16) 0.352(21
2925.0(5) 6123 3199 0,22(5) u 5525.8(5) 7079 1554 0.126€24) v
2935.36C12) 4487 1554 0.66(5) u 5534.50(12) 0.34(3)
3019.96(11) 5695 2675  0.80(5) v 5546.6(4) 0.190(24)
3131.82¢19) 5807 2675 0.39(4) u 5559.269(24) ¢ 5580 6.14(8) C U
3182.0(6) 6380 3199  0.13(4) u 5605.55 (23) 0.246(20)
3186.83(20) 0.37(4) 5678.1(3) 7232 1554 0.165(200 U
3236.20(7) 4790 1554  1.20(5) u 5753.047(24) ¢ 5186 4.72(6) cuU
3271.52(3) 5947 2675 3.81(10) u 5906.9¢8) 0.077¢21)
3448.5(5) 6123 2675  0.14(3) v 5929.52(15) 7483 1554 0.426€(23) U
3456.30(7) ¢ 7483 1.03(4) u 6058.499(20) ¢ 4831 10.03111) cuU
3534,6(5) 0.16(3) 6149.26(14) ¢ 4790 0.53(3) u
3545.6(6) 0.11(3) 6452.0(5) ¢ 4487 0.25(4) U
3565.1(5) 0.13(3) 6529.18(10) ¢ 4410 0.92(3) u
3632.24(5) 5186 1554  1.72(5) cu 6767.22(5) ¢ 472 17.8(3) cu
3636.4(5) 0.13(3) 6791.91(7) ¢ 4147 7.58¢20) u
3650.0(5) 6849 3199 0.11(3) u 8266.24(3) ¢ 2675 8.57(10) cu
3688.6(7) 0.09(3) 9385.36(6) c 1554 5.08(7) CuU
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4, Placement of transitions

The decay schemes were constructed with the aid of the Ritz combination principle.
All results from previous coincidence experiments >*'>2%2!) were included. For
ref. 2') 12 keV was subtracted from the excitation energies of levels above E, =
3.5MeV 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 **Sc(e, py)**Ti reaction ') 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 **Sc(a, py)**Ti reaction was
considered as a confirmation.

5. Spectroscopic results and discussion

In the present **Ti decay scheme, consisting of 57 bound states, in total 175
transitions were placed with a y” value of 1.90. Most assignments of previous (n, )
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 x* value of 2.29 in the present decay
scheme of *°Ti, which consists of 31 excited states. All assignments from previous
coincidence experiments *'*) 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%.
4y Arguments for placement:
C - transitions observed in **Ti(n, yy)*°Ti coincidence experiment °);
U - placement which is within three standard deviations unambiguous;
T - transitions observed in *®Ti(t, py)>°Ti coincidence experiment '*).



TABLE 4
Spin and parity assignments for **Ti states; for each state the identified decay branches are given as well

I E,; - E; Branching I E, - E,; Branching
(keV) (%) (keV) (%)
2* 984 0 100 (2*-4) 4925 2296 64(5)
4" 2296 984 100 3224 36(5)
2* 2421 0 5.14(23) -4 4940 984 60(6)
984 94.86(23) 2296 40(6)
0°* 2997 984 100 (3,4 5146 2296 34(3)
3" 3224 954 73.4(8) 2624 3.2(20)
2296 23.3(1) 3224 38(4)
2421 3.33(18) 3240 19.9017)
3,4) 3240 2296 100 2,3) 5158 3224 100
6% 3333 2296 100 1=4%) 5356 984 61(5)
3 3359 984 90.7(5) 4197 39(5)
2296 9.3(5) (1-4" 5491 2421 59(6)
2" 3371 0 16.0010) 3699 41(6)
984 86.0010) 2" 5620 2421 50(3)
2* 3617 0 1.0¢4) 3224 50(3)
984 91.7(5) 2" 5640 0 39(28)
2421 7.2¢4) 984 16(8)
1,25 3699 0 40.2(22) 4457 45(20)
984 59.8(22) 2t 5889 984 12.1012)
a,2” 3739 0 62(6) 2421 34(4)
984 38(6) 3371 17.3(24)
(27-4) 3782 2296 29.4(7) 3803 36(4)
3359 70.6(7) 4* 6042 984 34(4)
(0*-4*) 3803 984 100 4074 66(4)
3" 3852 984 80.6(8) 3 6055 984 34.(4)
2296 19.4(8) . 2621 66(4)
2" 4035 2421 69.4(8) 4 6241 3333 100
3224 30.6(8) 4* 6314 3333 100
2" 4074 0 8.6(20) 3 6365 2296 80.1(16)
984 54.3(15) 4792 19.9016)
3240 37.1012) 17-4) 6406 3852 100
“,2 4197 0 33.3(15) -4 6490 984 22(6)
3224 52.4017) 3240 11¢4)
3739 14.3(22) 3803 67¢(6)
1,25 4205 0 100 (1-4%) 6542 984 100
4t 4338 984 54.0011) -6 6627 3739 100
2296 46.0(11) 4* 6708 2296 50(5)
3* 4457 984 22.0013) 3224 50(5)
2296 390011 4" 6797 3224 100
2621 33,0010 3 6827 984 17(4)
3224 1.02(9 4719 83(4)
3371 1.93(12) (1,25 6598 984 42011
3617 3.13012) 2997 58(11)
3 4581 984 38.3(22) 3 6957 2421 33(6)
2296 32.4(24) 3852 67(6)
. 3359 29.3017) (1-4) 6976 4035 54(7)
(1-4) 4719 3224 31.6010) 5356 46(7)
3240 63.6(10) “1-4%) 7061 5699 100
(*-4") 4758 984 17¢4) (1-4)" 7359 984 16.8(25)
3617 83(4) 2621 24(3)
(2°-4") 4783 984 67(6) 3224 33(3)
. 2296 3360 3739 27(3)
A'-4"y 4792 984 52.3(14) (2-4") 7542 3224 9.6(18)
24621 42.7C14) 3240 10.6(18)
R 3699 5.0€8) 3359 2.83017)
2 4794 0 12.8020) 4197 77(3)
. 2296 87.2(20) (2°-4) 7574 4388 100
a, 4911 0 4.8(13) (17-4%) 7616 3699 14(3)
2421 20¢4) 3739 34(4)
3224 23.2016) 3852 19(3)
3371 17.0018) 4758 34(4)

3617 34.5021)
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TABLE 5

Spin and parity assignments for *°Ti states; for each state the identified decay branches are given as well

I E - E,; Branching g E; - E,; Branching
(keV) (%) (keV) (%)
2 1554 0 100 4 6123 2675 3.1017)
4 2675 1554 100 3199 13(3)
6* 3199 2675 100 4487 36.0017)
(0*-4") 3863 1554 100 4881 42,7019
4* 4147 2675 100 (2-)° 6156 1554 100
3" 4172 1554 67.5010) (2-4%) 6302 1554 87(4)
2675 32,5010 4172 13(4)
2" 4310 0 16.4€16) %, 6380 3199 100
1554 83.6(16) (2*-4%) 6400 1554 60(6)
3 4410 1554 79.6(9) 2675 40(6)
2675 20,4(9) (3,4)* 6521 2675 59(3)
2" 4487 0 14.2€24) 3863 28(3)
1554 85.8(24) 4790 13(3)
2t 4790 0 10.1015) 4t 6711 1554 25.7(9
1554 89.9(15) 4172 32.8¢17)
st 4881 2675 90.6(19) 4410 20.5(9
3199 7.5019) 5186 21.0(8)
4147 1.92017) (3-5)" 6730 2675 54(3)
(3,4)° 5136 1554 28.810) 3863 46(3)
2675 71.2010) (2-4)* 6838 1554 75(4)
4t 5330 1554 7.6(4) 5380 25(4)
2675 59.7¢11) 4*,5) 6849 3199 40010)
4172 32.7(9 4147 60 (10)
4° 5548 1554 39.0017) 2-6* 7029 4310 100
2675 47.7C20) 3 7079 1554 48(7)

. 3199 13.2(24) 2675 52(7)
2*-5) 5695 2675 100 (2-4)* 7252 1554 23(6)
(2-5)7 5807 2675 100 5380 77(6)
(3,4) 5947 2675 87.6(5) 2t 7483 1554 100

4790 4.6(5)
5186 7.8(6)

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 “*Ti by the results of the **Sc(a, py) reaction '), where below
7.7MeV 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 (n,, y) reaction because of lack of momentum
transfer.

The present values of the excitation energies of some low-lying **Ti levels are
not in agreement with the values reported by Jackson et al. **) in 1976. The difference
can be explained, however, by the fact that the value of the 198 Ay standard, which
was used in both experiments, has been increased in the meantime.
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TABLE 6
Comparison of **Ti excitation energies (in keV) obtained from different reactions
(n, y) ") (n, ) (d, p)°) (a,py)¥) (n,n'y) ) (p.p'7) "
0 0 0 0 0 0
983.527(5) 983.7(3) 980 (12) 983.5(5) 983(3) 983.35(10)
2295.638(8) 2295.6(5) 2292(12) 2295(1) 2295 (5) 2295.5(2)
2621.039(12) 2420 .9(5) 2616(12) 2421(1) 2421(6) 2620.3(2)
2997.21(22) 2999(1) 2998(7) 2997 .4(3)
3223.940¢13) 3223.3(4) 3219012) 3224(1) 3224(7) 3223.5(2)
3239.752(12) 3239.1(6) 3239(1) 3240(7) 3239.7(4)
3333.25(4) 3332.8(13) 3331(12) 3332(1) 3333(8) 3336(9)
3558.814(20) 3359(1) 3360(8) 3358.7(7)
3370.85(3) 3367.2(18) 3367(12) 3373(1) 3372(8) 3370.7(3)
3509(12) 3508(1)
3616.81(3) 3618.1(11) 3620(12) 3613(1) 3618(8) 3621(2)
3699.39(10) 3703(2) 3702(8) 3699(7)
3738.56(15) 3741(8) 3741(2) 3741(8) 3738(5)
3782.447(22) 3782.5017) 3786(8) 3783(1) 3782(9)
3802.80(11)
3852.24 (4) 3856 (8) 3853 (1) 3855(9) 3854 (6)
4035.133(19) 4035.7017) 4036(12) 4036(1) 4035(9)
40646(1) 4045(9)
4074 496 (25) 4075(12) 4074(2) 4071(9)
4175(9)
4196.85 (4) 4199.5(17) 4198(12) 4199¢2)
4205.3(6)
4312(8) 4312(1>
4346(8) 4348(2)
4387.676(23) 4387.7(8) 4390012) 4389(2)
4457.439(13) 4457 .6(7) 4457(12) 4458(1)
4580.69(8) 4581(12) 4583(1)
4719.,119(25) 4718.7(13) 4720012) 471901)
4757.76(14)
4783.2914)
4792.27(7) 4794(2)
4794.26(17) 4793.5017) 4795(12) 4795(2)
4861(12) 4861(1)
4910.58(6) 4913.1(21) 4914(12) 4912(2)
4924 .88(17) 4925(2)
4940.03(19) 494112) 4940(1)
5000012
5145.81(5) 5146.3(17) 5151(12) 5147(2)
5157.70019> 5158.8(2) 5158(2)
5255(12) 5252(1)
5303(12) 5300(1)
5356.22(15) 5357.7(18) 5357(2)
5382(12) 5383(2)
S404.5017)
5490.77(19) 5492.8(22) 5493(12) 5490(3)
5520(12) 5522(2)
5546 (12) 5546 (2)
5619.57 (10) 5620.2(17) 5619(12) 5620(1)
5640.00(4) 5635(12) 5640 (5)
5763C12) 5762(3)
5803.7¢19)
5888.55(6) 5690.2(17) 5888(12) 5892(2)
5990(12) 5990(1)
6042.46(5) 6043.6(17) 6063(12) 6044(2)
6054.5(3)
6117.70171) 6118(12) 6119(2)
6146(12) 6147 (4)
6240.6(4)
6313.7(3) 6316.4(17) 6313(12) 6316¢2)
6365.15(11) 6562.7(18) 6362(12) 6363(3)
6406.17(14) 6406 .4 (18)
6490.45(10) 6489(12) 6491(5)
6541.63(11) 6541.1(18) 6544 (2)
6626.52(18) 6628.1(18) 6628(12)
6681(12) 6682(4)
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TABLE 6 (continued)

(n, ¥) %) (n, %) °) (d,p)°) (a,p7) %) (n,n"y)) (PPN
6707.69(25) 6707(2)
6747012 6744(1)

6796.8(4) 6797.0¢20)
6827.1(3)
6898.3(3)
6957.1(4) 6955(2)
6976.31(24) 6975(3)
7060,51(23)
7358.98(7) 7358.4(17)

7453.4(19)
7541,58(10)
7574.09(25) 75714)
7616.14 (13)

7737.617)

7786.,1(19)
11626.658(20) 11627.613)

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

°) Ref.?).

) Refs. #2?). Energies decreased by 3% to correct for calibration differences. Only levels
below E,=7.0 MeV are listed.

9) Ref. ). Only the relevant levels are listed.

) Ref. 2°). Only levels below E,=4.2 MeV are listed.

) Ref. '?) for E, below 3.5 MeV and ref. 2!) for E, above 3.5 MeV. From the latter values
12 keV was subtracted to correct for systematic difference.

TABLE 7

Comparison of *°Ti excitation energies (in keV) obtained
through different reactions

(n, )% d,p®" t,p ) (p,p) Y’
Y] 0 0 0
1553.811(9) 1550¢6) 1553.90(12) 1546(15)
2674.955(13) 2673(6) 2675.2(19) 2679(15)
3198.71820) 3198(20) 3200(15)
3763(8) 37590152 3760(15)
3862,82(6) 3867(20) 3866.2(23) 3870(15)
4147.,232016) 4146(8) 4146(6) 4147(15)
4172.02(3) 4172(8) 4175(4) 4173(15)
4309.87(16) 4313(8) 4307(3) 4311(15)
4410.04(4) 4406(5) 4411(15) 4409(15)
4486.75(8)
4522(20)
456220)
4726(15)
4790.00(9) 4794(6) 4784(15) 4795¢15)
4880.727C19) 4883 (6) 4896(15) 4885(15)
4976(15)
5096 (8> 5110015)
5186.124(25) 5187 (8) 5182(15) 5192(15)
5335(8) 5328(15)
5379.96(3) 5379(6) §379¢(15) 5380(15)
5424 (6) 5431(15) 5440¢15)
5547.82(5) 5544 (6)
5583(6)
5616(15)
5694.89011) 5700(6) 5680(15)
5806.57(23) 5804 (20)

5833(20)
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TABLE 7 (continued)

(n, )% d,p"' (t,p) ) (p.p) )’
5946.50(3) 5938(6)
6027(15)
6061 (20) 6050(15)
6123.18(5) 6120(6)
6156.5(3) 6157(20)
6191 (20) 6188(15)
6231(6)
6301.81(4) 6306 (20)
6379.90(21) 6373(6)
6399.84(21)
6479(6) 6472(15)
6521.42(6) 6516 (6) 6528(15)
6572(20)
6616(6) 6604€15)
6677 (20)
6710.59(3) 6706 (6) 6704 (15)
6729.88(8) 6724(20) 6736015)
6837.65(10) 6842(6)
6849.,07(12)
6592(20)
6924(15)
6965 (20) 6971015)
7004 (20)
7029.4(3) 7028€20) 7020015)
7073.7(3) 7073¢20) 7070015
711120
7156 (20)
7207¢20) 7208¢15)
7232.2(4) 7227(6)
7258(20)
7365(6) 7365015)
738520
7425200 7416015)
7449(20)
7482.93C10) 7481 (20) T6472015)
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.

%) Refs. 8:27). ) Refs. 1013, 9) Ref. °).

' Energies decreased by 3% to correct for different
calibration standard.

The total error in the **Ti neutron binding energy is 42 eV, consisting of a 20 eV
statistical error and a 37 eV systematic error from calibration standards '*'®). The
most recent value of the neutron binding energy has been reported in ref. **) as
11 626.5+0.04 keV (where they fail to present the last digit). After an adjustment
to 11 626.5(1) keV it is in agreement with the present value of 11 626.66(4) keV.

For *°Ti 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. **). A possible explana-
tion for this difference of five standard deviations can be found in the fact that in
ref. >*) only two cascades were used. The chance of systematic errors occurring is
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thus larger than for **Ti and *°Ti, where three and four cascades were used,
respectively, and where the agreement with the present values is excellent. The
latter were derived from x* procedures in which all placed y-rays were incorporated.

Taking into account only statistical errors the total observed strength in the
*'Ti(n, y) reaction is equal to ¥, I,E, = 86.8(4) Q, whereas for the placed transitions
one finds ¥ I.E, =82.4(4) Q. In the **Ti(n, ) reaction we could place a strength
of ¥ I,E, =89.4(6) Q out of a total observed strength of ), IE, =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 100%, which was assumed
for the ground-state feeding. This tendency, which has also been observed in (n, v)

110 —_ y : . —
Intensity flux in the : ]
]
100 b By decay scheme U
}
|___-
90 ;
80 J
INTENSITY
70 J
FLUX (%)

110 { S —1 : '
Intensity flux in the N
°Ti decay scheme _~__,__r'"~'

100 b '

90

80 |

70 L L I L L

12 10 8 6 4 2 0

EXCITATION ENERGY (MeV) ~——

Fig. 1. Intensity flux in the decay schemes of **Ti (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 **Ca [ref. *°)] and ®*Ni [ref. *%)]
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>

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 **Ti from the present work as compared to those from the (d, p)
work; the intensity balance at each level and primary (n, ) intensities are also given

E, (keV) 1(%)
L") (27+1)Sh)
(n,v)% (d,p)™ in out primary
0 0 100.0(19)

983,527 (5) 980(12) 3 1.20 101.7012) 95.5(18) 1.71()
2295.638(8) 2292(12) 3 0.33 27.2¢3) 32.4(8) 0.29710)
2421.039012) 2616(12) 1 0.13 20.2(3) 23.8(6) 6.48(9)
2997.21(22) 0.07522) 0.233020
3223.940(13) 3219(12) 1 0.27 6.59(23) 9.7(3) 0.364(12)
3239.752(12) 4.69(7) 7.79U15) 1.216 (21
3333,25(4) 3331¢12) 3 0.58 0.44(6) 0.909(24
3358.814 (20 3.18(6) 7.59(25) 0.31(4)
3370.85(3) 3367(12) 143 0.06+0.04  1.50(7) 3,271 0.443C18)

3509(12) a3
3616.81(3) 3620012) 1 0.10 7.59¢11) 10.2(3) 5.82(8)
3699.39(10) 0.82(6) 1.43¢7) 0.119(14)
3738.56(15) 3741(8) 143 0.02+0.34 1.13(9) 0.98(11) 0.080(13)
3782.447(22) 3786(8) 2.48(3) 3.58(5) 2.48(3)
3802.80(11) 1.40¢16) 0.74(5)
3852.24 (4) 3856(8) 1.92(8) 4.08(12) 1.230(25)
4035.133(19) 4036(12) 1 0.08 3.74012) 4.11(9) 3.32()
4074.494(25) 4075(12) 1 0.04 0.83(14) 3.30010)
419685 (4) 4198(12) 1.93(6) 1.48(5) 0.848(19)
4205.3(6) 0.11(3) 0.101(20 0.11(3)
4312(8)
4346(8)
4387.676(23) 4390(12) 1 0.31 3.92(6) 4.79010) 3.61(5)
4457.439(13) 4457(12) 1 0.26 17.56(20) 19.2(5) 17.08(20)
4580.69(8) 4581(12) 0.490(19) 1.08(5) 0.490019)
4719.119(25) 4720012) 1 0.14 1.85(11) 2.26(5) 1.36(3)
4757.74(14) 0.31(5) 0.80(8)
4783.29(14) 0.353¢21) 0.84(7) 0.353¢21)
4792.27(7) 1.94(14) 2.11(6) 1.77¢14)
4794.26(17) 4795(12) 1 .06 0.82(14) 0.93(7) 0.82(14)
4861(12) 1 0.11
4910.58(6) 4914 (12) 1 0.09 0.76(3) 1,44(8) 0.76(3)
4924.88(17) 0.345(24) 0.56(7) 0.345(24)
4940.03¢19) 4941(12) 1 0.06 0.208(21) 0.57¢6) 0.208(21)
5000(12)
5145.31(5) 5151(12) 1 0.26 4.08(1) 2.51018) 4.08(D)
5157.70(19) 0.94¢5) 0.62(14) 0.94(5)
5255(12)
5303(12)
5356.22(15) 1.04(7) 0.56(5) 0.68(6)
5382(12) 143 0.03+0,18
5490.7719) 5493(12) 143 0.01+0.08 0.364(20) 0.37(5) 0.364(20)
5520(12)
5546(12)
5619.57 (10) 5619(12) 1 0.1 0.91(3) 0.75(&) 0.91(3)
5640.00(4) 5635(12) 1 0.44 2.51(4) 1.145) 2.51(4)
5763(12)
5888.55 (6) 5888(12) 1 0.17 1.60(3) 2.53(20) 1.60(3)
5990(12) 143 0.02+0.10
6042.46(5) 6063€12) 1 0.22 3.68(6) 1.26(14) 3.68(6)
6054.5(3) 0.167¢24) 0.37(3) 0.167(24)
6118(12)
614412) 1 0.02
6240.6(4) 0.11(3) 0.21(4) 0.11¢3)
6313.7(3) 6313012) 1 0.20 0.73012) 0.23(4) 0.73(12)
6365.15(1173 6362(12) 1 0.08 0.27(3) 0.85(3) 0.27(3)
6406.17 (14) 0.476(19) 0.35(6) 0.476(19)
649045 (10) 6489(12) 143 0.04+0.42 0.707(22) 0.72(1) 0.707(22)
6541,63(11) 0.638(21) 0.45(4) 0.638(21)
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TABLE 8 (continued)

E, (keV) (%)
L% (2I+1)8")
(n,¥)? d,p)® in out primary
6626.52(18) 6628(12) 0.382(20) 0.22¢5) 0.382(20)
6681(12) 143 0.1140.46
6707.69(25) 0.16919) 0.424) 0.169(19)
6747€12) 143 0.1140,07
6796.8(4) 0.201(22) 0.09(3) 0.201(22)
6827.1(3) 0.210(20) 0.60(11) 0.210€20
6898.3(3) 0.262¢20) 0.13(3) 0.262(20)
6957.1(4) 0.096(23) 0.26(4) 0.096(23)
6976.31(24) 0.106(19) 0.78012) 0.106€19)
7060.51(23) 0.29¢3) 0.32(3) 0.29(3)
7358.98(7) 1.34(3) 1.148) 1.34(3)
7541.58(10) 0.480(24) 1.13(5) 0.480¢24)
7576.09(25) 0.169(22) 0.31(46) 0.169(22)
7616.14(13) 0.58(3) 0.91(8) 0.53(3)
11626.658(20) 73.8(4)

?) Present work. The errors are purely statistical; a 3.2 ppm systematic error should
be added in quadrature.
) Refs. ®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
*"Ti and **Ti (n, y) cross sections o, with respect to the (n, y) cross section of **Ti
[ref. '®)]. This way we find o, = 1.48(9) b for *’Ti and &, =1.67(12) b for *°Ti. The
error consists mainly of two parts: the error in the **Ti 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 (£10 mK), is placed in a high
magnetic field (7.5 T). For this purpose the two TiO, targets (see sect. 1) had to
be reduced to metallic Ti in order to improve the heat conductivity. This was done
with CaH,; as a reducing agent at 900°C in a molybdenum crucible under vacuum
conditions. The reaction

2CaH,+TiO,-»2CaO+Ti+2H, (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 *’Ti and *°Ti, respectively. The *’Ti ingot was
clamped tightly in an Al target holder. For the 4°Ti 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 PrNis), which was precooled to 25 mK in a 6 T magnetic field by a *He-*He
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 *°Co nuclei in the lattice. As hep 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, ) intensities are also given

E, (keV) L(%)
1" I+1)8"
(n,y)®) (d,p)) in out primary
155? 811(9) 1558( 133 9.7 e
. 63 + 0.08+0.32 99.2(15) 99(3) 5.08(7)
2674.955(13) 2678(6) 1+3 0.04+0.01 59.4(6) 59.6(13) 8.57(10)
3198.718 (20) 319820 1.65(25) 2.17¢(3)
3763(8)
3862.82(6) 3867(20) 0.94(8) 0.86(4)
2:;;.5;3;;6) Z:;g(g) 1 0.74 7.95(21) 11.4(3) 7.58(20)
. 8) 0.93 21.6(4) 29.
4309.87(16) 4313(8) 1 0.02 8‘37(5) 1_§§§31) 7.8
22;2.9;2;; 4406(8) 0+2 0.003+0.009 1.60(4) 3.59(11) 0.92(3)
. 0.85(5) 0.77¢(5> .25(4)
4522(20) 0
4562(20)
2;:8.22;239) Zgggizi : 0.05 0.98(7) 1.34(6) 0.53¢(3
. 0.81 10.75011) 1.1 . 1
5096(8) 10.030
5186.124(25) 5187(6) 1 0.20 5.76(7) 5.98(17) 4.72(6)
5335(8)
5379.96(3) 5379(6) 1 0.23 6.81(19) 7.34018) 6.14(8)
5424(6) 143 0.01+0.06
5547.82(5) 5544 (6) 1 0.03 1.96(4) 75011
aaace) s 003 o8 2.75011) 1.96(4)
5694.89(11) 5700(6) 0.547 (22> 0.80(5) 0.547(22)
5806.57(23) 5804 (20) 143 0.004+0.08 0.201019) 0.39(4) 0.201 19
5833(20) 143 0.02+0.13
5946.50(3) 5938(6) 1 0.29 4.49(6) 4.35¢11
FAEpEen : 0.29 . 3 ) 4.49(6)
6123.18¢5) 6120(6) 1+3 0.15+0.50 1,07(3) 1.67(7) 1.07.43)
6156.5(3) 6157(20) 1 0.02 0.140¢21) 0.200(21) 0.140¢21)
6191(20)

6231(6)
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TABLE 9 (continued)

E, (keV) L(%)
1,% J+1)S®
(n,y)® d.p" in out primary
6301.81(4) 6306¢20) 1.83(4) 2.34(11) 1.83(4)
6379.90¢21) 6373(6) 1 0.07 0.54(3) 0.13¢4) 0.54(3)
6399.84(21) 0.29722> 0.34(4) 0.297(22>
6479(6) 1 0.04
6521.42(6) 6516(6) 1+3 0.09+40.47 1.84(4) 1.82(11) 1.84(4)
6572(20)
6616(6) 3 0.26
6677 (20)
6710.59(3) 6706(6) 1 0.25 4.01(7) 3.31(9) 4.01(7)
6729.88(8) 6724200 0 0.01 1.00(3) 0.96¢6) 1.00(3)
6837.65(10) 6842(6) 143 0.09+0.41 0.84(3) 0.49(3) 0.84(3)
6849.07(12) 0.79(3 0.26(6) 0.79(3>
6892 (20)
6965 (20>
7004 (20D 1 0.05
7029.4(3) 7028 (20) 1 0.03 0.140(24) 0.37¢(5) 0.140(24)
7078.7(3) 7073 (20) 2 0.03 0.20(3 0.26(3) 0.20¢(3)
7111 (20D 2 0.05
7156(20) 3 0.17
7207 (20» 1 0.02
7232.2¢(4) 7227(6) 1 0.09 0.6(4) 0.7170117) 0.6(4)
725320 3 0.1
7365(6) 2+4 0.005+0.56
7385(¢20) 1 0.02
742520
7449 (20) 1 0.04
7482.98(10) 7481 20> 143 0.09+0.13 1.03¢4) 0.426(23) 1.03¢4)
7527 (20)
7608 (200 1 0.09
7640 20>
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. #%?). The energies are decreased by 3% to correct for calibration difference.

the radioactive ®’Co nuclei. The y-radiation emitted by *°Co 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 (1)
to antiparallel (| ) 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 BF; 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 *'Ti
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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 “7Ti 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 “*Ti(n, ¥)
reaction.



J.EA.G. Ruyl et al. ] *"* Ti(n, yy***°Ti reactions

457

Difterence

Difference > =

L9 .
5753 Ti (n, y) *Ti
6767"

Al'

5
15x107
Counts 11
per
channel
0.5
O2e =8 €0 €2 64 66 68 70 72 74 76 78 80 82 8L
10x103 .
01 |
—10x103 Difference I —— L
5553 .01 O (n, X)SOTi -
4 5| 6767
x101 s7s
8264
8264"
9385'"
Fo 8264
O°c 28 €0 62 64 66 68 70 72 74 76 78 80 82 84
— EK(MeV)

Fig. 3. As fig. 2, but with **Ti instead of *Ti.



458 JFA.G. Ruyl et al. | “"*°Ti(n, y)**>"Ti reactions

measurement 9.9keV and 7.2keV and in the **Ti 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 Tracor 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 *’Ti sample and from 1000 h with the **Ti sample.

6.2. THE CIRCULAR POLARIZATION EXPERIMENT

The circular polarization measurements were performed with the TiO, 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 *’Ti target and from 1200 h with the *°Ti 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. 2829} Some
relevant facts will be mentioned here.

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

L(6)= . ka At‘szkl(n)sz(L)Pk(COS ), (2)

where f, are the orientation parameters of the nuclei (or neutrons), P, are Legendre
polynomials and A* are spin-dependent coefficients **). The integer values of k
are restricted to 0 =< k<2 for dipole radiation, which will be assumed throughout
the rest of this article. The values of k, range in principle from 0 to 2J,, where J,
is the spin of the target nucleus, but if f;(J;) is below 10% the higher-order
polarization parameters fi, (J;) with k;>=2 can be neglected. Expression (2) then
reduces to

L, . (8) ~ 1+ fi(n)fi(JO[Ag' + Az’ Py(cos 6)] (3a)
for nuclear orientation experiments and to
I, . (6) ~1+elA{’f(n)+ AT f1(J)IP:(cos 6) (3b)

for circular polarization experiments, where ¢ 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, J.=J.,+£% The relative contribution of the
higher-spin channel (J, = J,+3) is denoted by the channel spin admixture ;. Between
the two capture channels coherent interference may occur, and thus two different
A-values may exist for the same «; and final spin J; 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(68) as

_1(6)n—1(0)y

O = @)y +1(8)

(4)
where 1(68)4[I(8)y] is I(6) 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:

i _e(0°)+2€(90°)

AT A0 ©
11 _2[e(0°) —e(90%)]

A =T R ©

The Ad' coefficient, which is independent of final spin J; and interference sign, is
directly related to a; by

Ji+1 1

=——[Aq +1]. 7

a=y (AN +1] (7

In the actual circular polarization experiment with polarized neutrons, f;(n) = 1.0,
and randomly oriented target nuclei, f(J,) =0, expression (3b) reduces to

Iy(0)~1+£CA}0f1(n)Pl(cos 9). (8)

Because the spectra were measured with two opposite neutron orientations (6 =0°
and @ =180°) the value of the A}° coefficient can be obtained from
o__ 1 [I(0°)-1(180°)]
Y e fi(n) [I(0°)+1(180°)])

9)

The energy dependence of ¢, is well known %) and the product &.f,(n) could be
calibrated against the 6419 keV transition in *°Ti, for which the A}’ value is known
to be +1.00 [ref. ')]. The latter transition can be used because there is an appreciable
amount of **Ti 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 «; as running parameter. A final spin J; is excluded if for all o;
and for both interference signs the chance of finding this J; 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 f;(J) 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(fi, y) experiment there are strong primary transitions which have no
channel interference as they populate levels with spin J = J, +3. 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 x* was
calculated. The value at the minimum of x° was taken as the value for f,(J,) and
the standard deviation was determined in the way described in ref. *").

In the *'Ti(8, v) experiment no strong primaries are present populating levels
with J = J,£3. In this case the strongest primary, E, = 7169 keV, exciting the level
at E,=4457keV, 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 of f,(J;) was determined by minimizing
x” for J =3 in the two-dimensional area spanned by T =10-20 mK and channel
spin admixture a;=0-1.

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 *'Ti target nucleus with a magnetic moment
of —0.79 nm and a spin J, of 3 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 (o, 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 {ay) 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

Results from analysis of the nuclear orientation and of the circular polarization measurements
for **Ti states

E, E,+E,

Al Al Al J
(keV)

984 10 643 —0.26 (12) —-0.63 (14) —-0.17 (19) (1-3)
2296 9331 —-0.6 (3) 0.4(3) 0.0(4) (2-4)
2421 9206 0.94 (4) 0.33 (6) 0.50(7) 2
3224 8403 1.2(4) 2,3)
3240 8387 —-0.32 (15) 0.9(4) —-0.7 (6) (2-4)
3617 8010 -0.15(4) 0.11 (13) 0.23(21) 2
3782 7844 —0.35(9) 0.60 (24) 0.5(3) (2-4)
3852 7774 0.03(21) (1-4)
4035 7591 1.05(8) 0.41 (20) 0.6 (3) 2
4197 7430 -0.2(4) (1-4)
4388 7239 —0.41 (10) 0.21(18) 0.01 (24) (2-4)

7169 0.38 (25) 0.65 (6) -0.56 (7)
4457 {2036 0.76 (8) 0.33(11)} 3
2162 0.69 (8) -0.12 (11)
4719 6908 -0.12 (24) (1-4)
5146 6481 —0.53(8) 1.0(3) 0.0(5) (3,4)
5158 6469 0.8(3) (2,3)
5620 6007 —0.7(4) (1-4)
5640 5987 —0.57(18) -1.0(5) 0.2 (6) (1-3)
6042 5584 —0.52 (11) (2,3)
7359 4268 1.3(3) (2,3)

of ALl was 0.50(5), which corresponds to a value of 0.88(3) for (ay). If o~ and o™
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 ¢~ and of 0.63(5) b
for o*. In a recent compilation '®) one finds from the known positive-energy
resonances a value of 0.07 b for ¢~ and of 0.80 b for ¢". 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 " 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
—1.10nm and a spin J, of 7 in a magnetic field of 7.5T to an average target
temperature of 10(1) 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

E, E,+E,
A0 A Al J
(keV)
1554 9385 —0.52(5) —1.01(5) —0.13(7) 2
2675 8264 0.58 (4) —0.94 (5) -0.12 (6) 4
4147 6792 ~0.36 (5) 0.38(5) —-0.06(11) 4
4172 6767 -0.16(6) —-0.92 (3) 0.17 (4) 3
4790 6149 —0.4 (4) (2-5)
4881 6058 —0.43 (5) 0.77 (6) 0.14 (7) 5
5186 5753 0.70 (10) (3,4)
5380 5559 0.90(7) -0.30(9) —0.39(11) 4
5947 4993 —0.02 (10) 0.33(12) —0.37(14) (3,4)
6123 4816 —-0.3(4) 0.9(4) 0.3(5) (3-5)
6302 4637 —-0.16 (17) —0.68 (25) 0.0 (3) (2-4)
6521 4418 0.58 (22) 0.0(3) 0.5 (4) (3,4)
6711 4229 0.90(11) -0.54 (14) —-0.23(16) 4
6730 4209 0.3(4) (2-5)

obtained with the *’Ti 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 *'Ti experiments there are more and better
values for A1° than for AL! and ALl

For the first two excited states at 1554 and 2675 keV the spin assignments of
J =2 and 4 [ref. **)], respectively, were confirmed in the present experiments. In
ref. ') 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 **>*)
(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 ®’), where 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 («;) 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 (A}"), leading to {(a;) =0.38(4). Under the assumption that
this value is correct for the total primary strength, it leads to values for o~ and o,
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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 ¢~ and of 0.08 b for o*. 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 o-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. 35:3%) was used
and from (d, p) reaction data ®) the I, 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 E1, M1 or E2 character. The lifetimes of some **Ti states are
known '!). Then the RUL’s *7) 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 *8Ti and of table 5 for *°Ti. Altogether six new unambiguous spin and parity
determinations were made for **Ti and five for *°Ti 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 *8) This formalism uses the
correlation p between the reduced primary y-ray strength I,/E’ and the (d, p)
spectroscopic factor, calculated for all levels excited with [, =1. The optimum
correlation, for a variation of the reduction factor n, 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 I, =1 are excited by primaries in the present work as well.
The total spectroscopic factor for p-states is 4.1(4) for **Ti and 4.3(4) for *°Ti,
while the sum-rule limit is 6.0. In the present investigation thus about 3 of the
sum-rule limit is detected in both **Ti and *°Ti.

In fig. 4a the correlation curves for *"Ti, **Ti [ref. ')] and **Ti 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 *'Ti, **Ti and **Ti,
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Fig. 4. (a) Correlation between the reduced primary y-ray strength L,/E’, and spectroscopic factors
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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**) 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 **Ti the resonance part is predominant and that for *°Ti the
two terms give about equal contributions. The cross section for transitions to p-states
is 7.71(25) b for **Ti and 1.38(11) b for “°Ti. Although the potential capture
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estimate *®) agrees well for *®Ti, 8.1(8) b, it estimates the value for *°Ti, 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 '®) or a non-negligible statistical contribution
to the cross section. The behaviour of the *’Ti 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 **Ti and *°Ti nuclear level densities were compared
with the theoretical approach given by Bethe *°), 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 **Ti states
with J = (1-4) and all *°Ti states with J = (2-5) are excited by primaries. The level
density at the capture state was derived from ref. '®).

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 **Ti and 1.69(18) MeV for
OTi. The a-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 *°),
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 **Ti and *°Ti. A semi-empirical interaction was used, which has been
optimized to reproduce excitation energies in A =52-60 nuclei *!). The configur-
ation space is represented by f” and f*'r', where f denotes the 1f,,, orbit and r
stands for the other fp orbits. The number of active particles (8 in **Ti and 10 in
*°Ti) is given by n. An inert *°Ca core was used. The lowest four eigenvalues for
each possible spin were calculated together with the M1 and E2 y-ray widths. The
effective charges used for proton and neutron are 1.5 e and 0.5 ¢, respectively. The
widths were converted into branching ratios and lifetimes.

In fig. 6 the results for **Ti 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 03 state could not be
represented satisfactorily. A calculation in which the configuration space was exten-
ded with " %r? shows that the level at E, = 3696 keV corresponds to the 03 state
and that the 07 state consists almost entirely of 2p2h components.
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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
J7=1(1,2") state at E,=3699keV and the J™ =(1, 2)" state at E,=3739keV. 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 M1 strength is overestimated and E2 strength
underestimated. This is also reflected by the lifetimes.

In *°Ti 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

E. i E, Branching (%) Tm (f$)
(keV) (keV) exp. theo. exp. theo.
984 2 0 100 100 6060 25%10°
2296 4" 984 100 100 1400 4100
2421 2" 0 5 1 60 17
984 95 99
2997 0" 984 100 125
3224 37 984 73 87 78 6
2296 23 9
2421 3 4
3240 4" 2296 100 100 70 15
3333 6" 2296 100 100 >5000 17x10°
3371 2" 0 16 1 <40 3
984 84 99
3617 2* 0 1 <1 55 4
984 92 88
2421 7 12
3739 1 0 62 73 16 2
984 38 13
2421 <20 14
4388 4" 984 54 <1 50 5
2296 46 81
2421 <5 19
4457 3" 984 22 68 70 5
2296 39 2
2421 33 11
3224 1 17
3371 2 2
3617 3 <1

the L =0 assignment from the **Ti(t, p)°°Ti reaction ') is accepted for the level at

E,=3863 keV, then just as in **Ti the 1plh calculations fail to represent the 03
state, which also appears to have almost exclusively a 2p2h structure. A spin of
J =2 is suggested for the level at E, =3763(8) 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 **Ti ground state, and not that of *'Ti, so only for *°Ti the [, =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 4310keV level is overestimated by one
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TABLE 13

Results from shell-model calculations compared to experimental data for *°Ti

E, ) Ey Branching (%) 21+ 1)84,%)

(keV) (keV) exp. theo. exp. theo.

1554 2% 0 100 100 0.08 0.046

2675 4" 1554 100 100 0.04 0.026

3199 6" 2675 100 100

3763 2" 0 66 0.004
1554 34

3863 0" 1554 100

4147 4" 2675 100 100 0.74 0.779

4172 3* 1554 68 91 0.93 0.618
2675 32 8
3763 <5 1

4310 2" 0 16 <1 0.02 0.243
1554 84 100

4487 2" 0 14 3 0.138
1554 86 97

4881 57 2675 90 10 0.81 0.637
3199 8 77
4147 2 13

#) The [, =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 **Ti and for 31 states.
in *°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 **Ti and 16.8(6) % in *°Ti, just as in other even—even nuclei.
The *Ti 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 **Ti 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(1) keV is presumably caused
by the small number of cascades used in the previous work. It is shown that for
“’Ti 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 *’Ti target the spin of one **Ti 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 1plh shell-model calculations show good agreement with the
experimentally determined low-lying states in both nuclei. Both 03 states are
reproduced only if also 2p2h excitations are taken into account. The E2 and M1
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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