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SPECTROSCOPY OF ?%U IN THE (p, t) REACTION: EXPERIMENTAL DATA

The excitation spectra in the deformed nucleus 232U have been studied by means of the (p, t) reaction, using the Q3D
spectrograph facility at the Munich Tandem accelerator. The angular distributions of tritons were measured for 162
excitations seen in the triton spectra up to 3.25 MeV. 0% assignments are made for 13 excited states by comparison of
experimental angular distributions with the calculated ones using the CHUCK3 code. Assignments up to spin 6 are made

for other states.
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1. Introduction

The first observation of multiple excitations with
zero angular momentum transfer in the (p, t) reaction
seen in the odd nucleus **Pa[1] initiated an
extensive campaign to study OYexcitations in
even-even nuclei. During the last two decades, many
of such investigations have been performed using the
Q3D magnetic spectrograph at the Maier - Leibnitz -
Laboratory (MLL) Tandem accelerator in Garching.
Because of its very high energy resolution, this
spectrograph is a unique tool in particular for the
identification of 0" states by measuring the state-se-
lective angular distributions of triton ejectiles.
Subsequent analysis is performed within the
distorted-wave Born approximation (DWBA). In
addition to our studies on the actinide nuclei Z°Th,
228Th, 2324, the neighboring odd nucleus **Pa [2],
and most recently on ?*°Pu [3], the majority of studies
on 0" excitations was carried out in the regions of rare
earth, transitional and spherical nuclei [4 - 9]. Most of
these studies were limited to measuring the energies
and excitation cross sections of 0* states. Therefore
they provided only the trend of changes in the nuclei
contributing to such excitations in a wide range of
deformations: from transitional nuclei (Gd region) to
well-deformed (Yb region), gamma-soft (Pt region)
and spherical nuclei (Pb region). The main result of
these studies is the observation of the dependence of
the number of 0" states as a function of valence
nucleon numbers. A particularly large number of
low-lying states was interpreted as a signature of a
shape phase transition (Gd region), and the sharp
drop of the number of low-lying 0" states was
interpreted as a result of proximity to the shell
closure. More information from the (p,t)
experiments, as well as on the 0" excitations in even
nuclei, was given in Refs. [10, 11]. They report data
on spins and cross sections for all states observed in
the (p, t) reaction. This allowed to extract information
about the moments of inertia for the bands built on
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the O'states. These experimental studies contributed
to the development of theoretical calculations, which
explain some of the features of the 0" excitation
spectra. Some publications have dealt with the
microscopic approach [12, 13], but the majority of
studies used the phenomenological model of
interacting bosons (IBM) [14, 15]. Nevertheless, the
nature of multiple 0*excitations in even nuclei is still
far from being understood [16].

In this paper, we present the results of a careful
and detailed analysis of the experimental data from
the high-resolution study of the Z*U(p,t)*?U
reaction. A short report on this topic was presented in
Ref. [2]. The nucleus 22U is located in the region of
strong quadrupole deformation, where stable
reflection-asymmetric octupole deformations occur.
Information on excited states of 2°U is rather
scarce [17]: they have been studied via ***Pa B~ decay,
22Np electron capture decay, >°Pu o decay and via
the 2°Th(a, 2ny) and 2**Th(a, 4ny) reactions. The
study of the (p, t) reaction adds to this information
considerably: data are obtained for 162 levels in the
energy range up to 3.25 MeV. Besides 0" states,
where the number of reliable assignments could be
increased from 9 to 13 states in comparison to the
preliminary analysis in Ref. [2], information on the
spins up to 6 for many other states was obtained.
Some levels are grouped into rotational bands, thus
allowing to derive the moment of inertia for some 0,
2*and 07,17,27,3 bands.

2. Details of the experiment

The (p, t) experiment has been performed at the
Tandem accelerator of the Maier - Leibnitz - Labo-
ratory of Munich Universities. A radioactive target of
100 pg/cm? 2#*U with half-life Ty, = 2.45 - 10° years,
evaporated on a 22 ug/cm? thick carbon backing, was
bombarded with 25 MeV protons at an intensity of
1-2 pA on the target. The isotopic purity of the
target was about 99 %. The reaction products have

215



A. 1. LEVON, G. GRAW, R. HERTENBERGER ET AL.

been analyzed with the Q3D magnetic spectrograph
and then detected in a focal plane detector. The focal
plane detector is a multiwire proportional chamber
with readout of a cathode foil structure for position
determination and dE/E particle identification [18,
19]. The acceptance of the spectrograph was 11 msr.
The resulting triton spectra have a resolution of
4 - 7keV (FWHM) and are background-free. The
experimental runs were normalized to the integrated
beam current measured in a Faraday cup behind the
target. The angular distributions of the cross sections
were obtained from the triton spectra at twelve
different laboratory angles from 5 to 50° in two sets:

the first one with higher accuracy for energies up to
2350 keV and the second one with somewhat lower
accuracy for energies from 2200 to 3250 keV.

A triton energy spectrum measured at a detection
angle of 5° is shown in Fig. 1. The analysis of the
triton spectra was performed using the program
GASPAN [20]. For the calibration of the energy
scale, the triton spectra from the reactions
AW (p, t)*¥W and 8W(p, t)**W were measured at
the same magnetic settings. The known levels in 22U
[17] were also included in the calibration.
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Fig. 1. Triton energy spectrum from the 2%*U(p, t)?*2U reaction (E, = 25 MeV) in logarithmic scale
for a detection angle of 5°. Some strong lines are labeled with their corresponding level energies in keV.

The peaks in the energy spectra for all twelve
angles were identified for 162 levels. The information
obtained for these levels is summarized in the Table.
The energies and spins of the levels as derived from
this study are compared to known energies and spins
from [17]. They are given in the first four columns.
The column labeled cineg gives the cross section
integrated in the region from 5 to 50°. The column
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entitled Gegp/ocac gives the ratio of the integrated
cross sections, obtained from experimental values
and from calculations in the DWBA approximation
(see Sec. 3). The last column lists the notations of the
schemes used in the DWBA calculations: sw.jj means
one-step direct transfer of the (j)* neutrons in the (p, t)
reaction; notations of the multi-step transfers used in
the DWBA calculations are displayed in Fig. 2.
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Energies of levels in 22U, the level spin assignments from the CHUCKS3 analysis,
the (p, t) cross sections integrated over the measured values (i.e. 5 to 50°)
and the reference to the schemes used in the DWBA calculations
(see text for more detailed explanations)

i . Way
Level energy, keV | Ratio of fitting
This work NDS[17] This work NDS[17] Ginteg, 1D Gexp/Ocalc
0]1]0 0* 0* 183.9 | 58 8.95 sSw.gg
476 | 1| 47.573(8) 2" 2" 434 | 35 50.5 mla.gg
156.6 | 1 | 156.566(9) 4+ 4t 811 | 35 1.2 mla.gi
322.6 | 2| 322.69(7) 6" 6" 555 | 40 178 m2d.gg
541.1 | 4 | 541.1(1) (84 8" 042 | 20 0.75 m2c.gg
563.2 | 4 | 563.194(7) 1 1 09| 25 0.12 mla.gg
628.8 | 4 | 628.965(8) 3 3 27| 33 0.24 m3a.gg
691.4 | 2 |691.42(9) 0* 0* 35| 70 194 sw.ii
734.4 | 2| 734.57(5) 2* 2+ 21.68 | 65 2.85 mla.gi
7465 | 5| 746.8(1) (5) 0.35 | 18
833.4 | 2 | 833.07(20) 4+ 4+ 321 | 23 0.55 mla.gg
866.8 | 2 | 866.790(8) 2" 2" 64.05 | 90 8.15 mla.gi
9119 | 4 ]911.49(4) 3* (39 1.08 | 15 6.75 m2a.gg
9145 | 9 915.2(4) 7 01] 6
927.2 | 4 927.3(1) 0*+2* (0% 0.35| 10 1.45 sw.ii
967.1 | 9| 967.6(1) (24 0.65 | 35
970.4 | 3| 970.71(7) 4+ (4% 465 | 32 69 mia.ij
984.2 | 9| 984.9(2) 6* 6* 04| 12 13 m2d.gg
1015.9 | 9 | 1016.850(8) (2) 2 0.12 7 0.2 m2f.gg
1051.2 | 3| 1050.90(1) 3 3 345 | 25 0.24 mla.gg
1060.8 | 8 (3) 032 | 12 0.14 m2a.gg
1097.6 | 8 | 1098.2(4) 4) 4) 0.1 6 3.15 m2a.gg
1132.7 | 3| 1132.97(10) 2" (29 152 | 18 0.15 sw.gg
11415 | 4 (1) 1.02 | 15 0.13 mia.gg
11554 | 4 5 138 | 35 0.78 m2e.gg
or3* 6.4 m2a.gg
1173 | 6 | 1173.06(17) 2 2y 052 | 12 6.12 m2a.gg
1194.1 | 3] 1194.0(2) 4+ (3".4% 3.18 | 53 1.65 m2a.gg
1212.3 | 3] 1211.3(3) 3 3 6.6 | 55 0.46 mla.gg
1226.8 | 4 4+ 2.64 | 26 0.33 mla.gj
1264.8 | 3 3 242 | 22 1 m2a.gg
12772 | 3 0* 16.12 | 60 0.45 sw.gg
13014 | 3 2" 3| 25 3.95 mla.gg
13148 | 4 6" 357 | 28 13.3 m2e.gg
13218 | 5 2" 0.57 | 20 2.9 SW.jj
or3 0.12 m3a.gg
1348.7 | 3 (24 325 ] 25 14.5 SW.jj
13615 | 4 4+ 1] 16 0.45 m2a.gg
or3 0.16 m3a.gg
1372 | 6 2" 03] 12 0.03 mla.ig
or 6* 0.33 m2d.gg
13917 | 4 4+ 085 | 15 0.12 mla.gg
or5s 12 SW.ji
1438 | 3 4* 12.72 | 55 205 mla.ij
14604 | 6 6" 0.85 | 15 0.27 m2d.gg
1482.2 | 3 0* 1415 | 55 27.25 Sw.ig
1489.2 | 4 2" 4,18 | 50 0.45 sSw.gg
15014 | 7 3 0.68 | 15 41.8 SW.jj
15204 | 4 2" 6.85 | 33 150 mla.ii
1552.8 | 8 (3 083 | 15 4.6 m2a.gg
1569 | 4 0* 3.72 | 36 8.15 Sw.ig
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Continuation of the Table

. . Way
Level energy, keV I Ratio of fitting
This work NDS[17] This work NDS[17] Ginteg, LD GexplOcalc
15729 | 6 4+ 3.45 | 36 315 SW.jj
1600.2 | 6 2" 14| 25 15 mla.gg
16054 | 8 4+ 072 | 22 6.15 mla.ij
16188 | 7 2" 0.62 | 15 0.08 mla.ig
1633.8 | 6 3" 135 25 5.05 m2a.gg
or 6* 16 SW.jj
1647.7 | 5 2" 24.88 | 50 3.15 mla.gg
1673.2 | 5 4* 172 | 25 0.35 sw.gg
16798 | 6 1 125 | 22 0.04 mla.gg
or3 0.06 m3a.gg
1691.7 | 6 (6% 1.05| 18 4.2 m2e.gg
17005 | 8 6" 0.85 | 18 0.2 SwW.gg
17285 | 6 (41 1.08 | 22 0.2 mla.gg
17374 | 5 (6% 3.25 | 33 0.35 m3a.gg
17444 | 5 4+ 486 | 40 0.85 mla.gg
ors 2.7 m2e.gg
17589 | 9 (5) 0.69 | 15 19 sw.ii
17714 | 8 296 | 26
17908 | 7 6" 205 | 28 7.5 m2e.gg
1797 | 5 0* 10.15 | 65 11 sw.ii
18025 | 9 (4h 0.88 | 45 9.8 SW.ij
18218 | 5 0* 2065 | 70 27.2 sw.ii
18317 | 5 (24 1.38 | 30 0.22 mla.gg
1838.6 | 6 2" 1.16 | 26 1.4 mla.gg
1861 | 5 0* 9.63 | 50 11.2 sw.ig
18709 | 5 2" 1418 | 65 1.7 mla.gi
1880.8 | 5 6" 2.08 | 35 0.18 m3a.gg
1900 | 6 125 | 25
19152 | 8 6* 1.85| 30 7.4 m2d.gg
19313 | 5 0* 2955 | 75 140 sw.ig
19472 | 8 (0*) 152 | 30 7.6 sw.ig
19574 | 8 6* 3.05] 35 119 m2d.gg
1970.7 | 5 2" 25.65 | 95 2.7 SW.ig
19778 | 5 2" 20.05 | 90 2.25 mla.gg
1996.4 | 5 4+ 152 | 65 108 SW.ij
20049 | 6 4+ 47| 50 46 SW.ij
20116 | 6 23| 65
20259 | 6 0* 296 | 35 19 sw.ii
20417 | 5 2" 10.85 | 55 1.2 mla.gg
20598 | 5 2" 10.65 | 55 1.2 mla.gg
20686 | 5 4+ 34| 45 0.42 SwW.gg
20734 | 9 1.3 ] 40
20874 | 6 5 1.95 mZ2e.gg
or 6* 53 SW.jj
20942 | 8 1.2 ] 40
20999 | 6 6" 1.62 | 35 21.3 SW.jj
21359 | 5 4* 422 | 55 324 mla.ij
21465 | 5 2" 39.8 | 98 4.6 mla.gg
21718 | 5 2" 8.81| 55 1 sSw.gg
21946 | 5 2" 4.08 | 55 0.45 sSw.gg
22038 | 5 2" 29.2 | 95 3.15 sw.gg
22213 | 9 122 | 45
22313 | 5 4* 10.38 | 58 67 mla.ij
22359 | 5 2| 60
22462 | 5 155 | 55
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Continuation of the Table

. . Way
Level energy, keV I Ratio of fitting
This work NDS[17] This work NDS[17] Ginteg, LD GexplOcalc
22544 1 5 6" 535 | 45 19.2 m2d.gg
22828 | 5 2" 293 70 3.3 mla.gg
22915 | 5 2" 11.23 | 90 1.28 mla.gg
22986 | 5 2" 473 | 85 1.35 SwW.gg
23122 | 6 4+ 395| 75 28.5 mla.ij
23325 | 6 2" 8.98 | 65 1.1 mla.gg
23494 | 6 2" 17.27 | 86 2.05 mla.gg
23732 | 6 2" 19.15 | 90 2.25 mla.gg
23977 | 6 2" 248 | 48 0.21 sw.gg
2406 | 6 6" 2.8 | 68 12.8 m2e.gg
ors 110 SW.ij
24124 | 6 2" 3.67 | 90 0.35 mla.gg
24188 | 5 2" 11.88 | 92 1.45 mla.gg
24336 | 5 3 261 | 47 3.8 m2a.gg
24542 | 5 (3) 1.67 | 96 2.6 m2a.gg
24606 | 5 3 414 | 98 5.2 m2a.gg
or 6* 0.45 m3a.gg
2470.7 | 6 (3) 3.32 | 63 4.9 mZ2a.gg
24874 | 5 3 5.96 | 68 8.9 SW.gg
24978 | 6 (49 2.82 | 58 21.4 mla.ij
25154 | 6 (3) 821 | 74 10.8 m2a.gg
25272 | 6 4+ 769 | 73 46 mla.ij
2542 | 7 2" 588 | 69 0.67 mla.gg
2555.7 | 8 (49 1.98 | 62 11.2 mla.ij
2564.7 | 8 (3) 1.82 | 62 2.6 m2a.gg
25829 | 8 1.85 | 66
25923 | 7 4+ 578 | 71 32.9 mla.ij
2598.7 | 9 1.2 ] 40
2608 | 9 2" 2.15| 53 0.32 mla.gg
26204 | 6 2.75| 62
26374 | 6 6" 6.84 | 87 0.65 m3a.gg
or5 180 SW.ij
2642 | 7 1.78 | 80
26646 | 7 4+ 175 | 45 11.5 mla.ij
26735 | 7 2" 911 | 76 1.08 mla.gg
2689 | 8 2" 3.45 | 58 0.38 mla.gg
27543 | 7 4+ 489 | 68 29.5 mla.ij
27632 | 6 (3) 6.08 | 70 8.95 sw.gg
2779.1 | 6 2" 721 70 0.92 mla.gg
2791 | 7 2" 89| 75 1.18 mla.gg
2806 | 7 2" 45| 62 0.66 mla.gg
28293 | 7 4* 598 | 65 34.5 mla.ij
28424 | 7 4* 712 | 75 38 mla.ij
28506 | 7 6" 2.63 | 63 11.9 m2d.gg
28623 | 7 3 458 | 63 6.75 SW.gg
28783 | 7 (6 445 | 63 345 Sw.ig
2889.8 | 6 4* 46| 72 26 mla.ij
2899.2 | 7 (4% 51| 15 0.75 sSw.gg
29058 | 7 35| 16
29174 | 7 0* 558 | 92 8.95 SW.ji
2925.7 | 8 (6 34| 18 14.5 m2d.gg
29315 | 7 (5) 58| 20 61 SW.ij
29535 | 8 4* 9.6 | 80 58.5 mla.ij
2959.7 | 7 (29 3.05| 60 8.9 Sw.ig
29726 | 8 2" 47| 65 0.48 mla.gg
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Continuation of the Table

Level energy, keV I Ratio of\ﬁ‘\i/tat?lng
This work NDS[17] This work NDS[17] Ginteg, LD GexplOcalc
2984.2 | 8 1.09 | 50
2998.7 | 8 2% 24| 54 74 SW.ig
30085 | 8 (3) 28| 65 0.52 m3a.gg
3028.8 | 8 4+ 2.05| 55 12 mla.ij
3038.8 | 8 (5) 44 63 145 SW.ij
30583 | 9 (6%) 1] 50 91 SW.ig
3069.3 | 8 3 504 | 75 6.75 m2a.gg
3075.7 | 9 (5) 1.88 | 65 615 SW.ij
30875 | 9 2" 1.7 ] 65 0.2 mla.gg
31033 | 9 (4% 1.95 | 55 10.2 mla.ij
31345 | 9 (4% 1.68 | 55 9.9 mla.ij
3149.1 | 9 2" 185 | 55 41.8 SW.ij
or3 2.6 m2a.gg
31756 | 8 2% 1.96 | 55 42 SW.ij
| ,/—-—' 24 L /-—-—' which proceeds predominantly via a one-step
o | L—Y o, :]; or | /——2 process. This is not the case for the excitation of
mia m2a - m2b states with other spins, where the angular distribution
a —L L I may be altered due to inelastic sca_ttering (coupled
-1/ 4+ _T_/ 2 —‘r—/ 7 2+ channel effect), treated here as multi-step processes.
S e E— e ¥— .  Taking into account these circumstances allows for a
| | . reliable assignment of spins for most of the excited
3 T 1 I L7 T 75 states in the final nucleus ***U by fitting the angular
| = o L 2 )7 | o (distributions obtained in the DWBA calculations to

0+ /

m2f m2g m3a

Fig. 2. Schemes of the CHUCK3 multi-step calculations
tested with spin assignments of excited states in 232U (see
the Table).

3. DWBA analysis

We assume that a (lj) pair transferred in the (p, t)
reaction is coupled to spin zero, and that the overall
shape of the angular distribution of the cross section
is rather independent of the specific structure of the
individual states, since the wave function of the
outgoing tritons is restricted to the nuclear exterior
and therefore to the tails of the triton form factors. At
the same time, cross sections for different orbits have
to differ strongly in magnitude. To verify this
assumption, DWBA calculations of angular
distributions for different (j)? transfer configurations
to states with different spins were carried out in our
previous paper [10]. Indeed, the magnitude of the
cross sections differs strongly for different orbits, but
the shapes of calculated angular distributions are very
similar. Nevertheless, they depend to some degree on
the transfer configuration, the most pronounced being
found for the 0" states, which is confirmed by the
experimental angular distributions. This is true for
most of the (Ij) pairs and only for the case of a
one-step transfer. No complication of the angular
distributions is expected for the excitation of 0" states,
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the experimental ones. The assignment of a single
spin has not been possible only in a few cases, for
which two or even three spin values are allowed.
The magnitude and shape of the DWBA cross
section angular distributions depends on the chosen
potential parameters. We used the optical potential
parameters suggested by Becchetti and Greenlees
[21] for protons and by Flynn et al. [22] for tritons.
These parameters have been tested in fitting with
their aid the angular distributions for the ground
states of 2Th, 2°Th and #2U [2]. Minor changes of
the parameters for tritons were needed only for some

3 states, particularly for the states at 628.8, 1051.2
and 1212.3 keV. For these states, the triton potential
parameters suggested by Becchetti and Greenlees
[23] have been used. For each state the binding
energies of the two neutrons are calculated to match
the outgoing triton energies. The corrections to the
reaction energy are introduced depending on the
excitation energy. For more details of the calculations
and used parameters see [10].

The coupled-channel approximation (CHUCKS3
code of Kunz [24]) was used in previous [10, 11] and
present calculations. The best reproduction of the
angular distribution for the ground state and for the
1277.2 keV state was obtained for the transfer of the
(29.,,)? configuration in the one-step process. This

orbital is close to the Fermi surface and was

NUCLEAR PHYSICS AND ATOMIC ENERGY 2016 Vol.17 No.3
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considered in previous studies [10, 11] as the most
probable one in the transfer process. But for 22U, a
better reproduction of the angular distributions for
other 0F states is obtained for the configuration

(di,,,)?, also near the Fermi surface, alone or in
combination with the (2g,,)* configuration. The

only exception is the state at 2917.4 keV, for which
the experimental angular distribution can be fitted
only by the calculated one for the transfer of the
(1j,5,)? neutron configuration.
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Fig. 3. Angular distributions of assigned 0* states in 22U
and their fit with CHUCK3 one-step calculations. The
transfer configurations used in the calculations for the best
fit are given in the Table. See text for further information.

Results of fitting the angular distributions for the
states assigned as 0" excitations are shown in Fig. 3.
The agreement between the fit and the data is
excellent for most of the levels. Remarks are needed
only for the level at 927.2 keV. The existence of this
state and the state at the energy of 967.7 keV was
established by the y energies and the coincident
results at the o decay of 2*Pu [25]. Strong evidence
has been obtained that these states have spins 0* and

2" and are the members of a K™ =0 band. At the
same time, it was noted that the occurrence of a 927.7

keV v ray is in contradiction with the 0" assignment
for this state if this y ray corresponds to a

ISSN 1818-331X  AJEPHA ®I3MKA TA EHEPITETUKA 2016 T.17 Ne3

ground-state transition from the 927.7 keV state.
Alternatively, this transition should be placed in
another location. The measured (p, t) angular
distribution for the 927.7 keV state strongly peaks in
the forward direction, which is typical for the L =0
transfer but the lack of a deep minimum at about

14 degrees contradicts the 0% assignment. The

assumption that a doublet with spins 0° and 2°
occurs at the energy of 927.7 keV seems to be a
unique explanation of the experimental data. The
angular distribution in this case is fitted by the
calculated one satisfactorily as one can see in Fig. 3.
In order to obtain a satisfactory fit one has to assume
a population of the 2* state at about 1/3 of the
population of the 0" state. Thus we can make firm 0*
assignments for 12 states for energy excitations
below 3.25 MeV, in comparison with 9 states found
in the preliminary analysis of the experimental data
[2]. The assignment for the 1947.2 keV level is
tentative. We can compare 24 0% states in 2°Th and
18 0" states in 2?Th with only 13 0* states in 22U in
the same energy region.

The main goal of many studies using two-neutron
transfer in the regions of rare earth, transitional and
spherical nuclei [4 - 9] was to collect information
only about the 0" states, their energies and excitation
cross sections. At the same time the states with
non-zero spin are intensively excited in the (p,t)
reaction and information about them can be obtained
from the analysis of the angular distributions. The
main features of the angular distribution shapes for
2%, 4" and 6" states are even more weakly dependent
on the transfer configurations only in the case of
one-step transfer. Therefore the (29o,)?, (diyy,)?,

and (1j,5,)?* configurations alone or in combination,

were used in the calculations for these states. The
one-step transfer calculations give a satisfactory fit of
angular distributions for about 30 % of the states with
spins different from 0" and the inclusion of multi-step
excitations for about 70 % of the states is needed. As
in the Th isotopes [10, 11], multi-step excitations
have to be included to fit the angular distributions
already for the 2%, 4" and 6 states of the g.s. band.
At least a small admixture of multi-step transfer for
most of the other states is required to get a good
agreement with experiment. Fig. 2 shows the
schemes of the multi-step excitations, tested for
every state in those cases, where one-step transfer
did not provide a successful fit. Fig. 4 demonstrates
the quality of the fit of different-shaped angular
distributions at the excitation of states with spin 2*
by calculations assuming one-step and one-step plus
two-step excitations. Results of similar fits for the
states assigned as 4", 6" and 17,37,5 excitations
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Fig. 4. Angular distributions of assigned 2* states in 2*2U and their fit with CHUCKS3 calculations.
The (ij) transfer configurations and schemes used in the calculations for the best fit are given in the Table.

are shown in Fig. 5. At the same time, for a number of
states, possibly due to a lack of statistical accuracy, a
good fit of the calculated angular distributions to the
experimental ones cannot be achieved for a unique
spin of the final state and therefore uncertainties
remain in the spin assignment for such states. Some
of them are demonstrated in Fig. 6.

The spins and parities resulting from such fits are
presented in the Table, together with other
experimental data. Fig. 7 summarizes the (p,t)
strengths integrated over the angle region 5 - 50° for
positive parity states. The sixth column in the Table
displays the ratio o, /c.. Calculated cross

sections for the specific transfer configurations differ
very strongly. If the microscopic structure of the
excited states is known, and thus the relative
contribution of the specific (j)*> transfer
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configurations to each of these states, these
relationships are considered as spectroscopic factors.
A perfect fit of the experimental angular distributions
may mean that the assumed configurations in the
calculations correspond to the major components of
the real configurations. Therefore, at least the order
of magnitude for the ratio o, / 5., corresponds to

the actual spectroscopic factors with the exception of
too large values, such as in the case of the (li,,)?

transfer configurations used in the calculation for
some 0" and even 2" and 4" states. Surprisingly, the
shape just for this neutron configuration gives the best
agreement with experiment for the mentioned states.
A few additional comments have to be added for
the region where data about the spins and parities are
known from the analysis of y spectra [17]. The
angular distributions for some states are very different
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Fig. 5. Angular distributions of some assigned states in 232U and their fit with CHUCKS3 calculations: 4* and 6* with
positive parity and 17, 37 and 5~ with negative parity. The (ij) transfer configurations and schemes used in the

calculations for the best fit are given in the Table.

from those calculated for the one-step transfer.
Therefore, they were used as examples for other states
at higher energies in the analysis of the angular
distributions. As already noted the difference is
significant already for the 2* and 4" states of the g.s.
band. For example, the angular distribution for the 2*
state at 47.6 keV can be used as an example for the
states at 1301.4, 1600.2 and 1838.6 keV. From the two
spins 3" and 4" proposed for the state at 1194.1 keV in
the analysis of the y spectra [17], our data clearly
confirm the spin 4*. Then the angular distribution for
this state can serve as an example for the states at
1361.5 keV and 1604.9 keV. Importantly, the angular
distributions for some 2 and 4" states have a feature
typical for the excitation of 0" states, namely a strong
peak at small angles.

ISSN 1818-331X  AJAEPHA ®I3MKA TA EHEPITETUKA 2016 T.17 Ne3

The angular distribution for the 4% state at
833.4 keV, which is known from the y spectroscopy, is
very different from the one for the one-step transfer. It
was used as an example for the assignment of spins of
the states at 1728.5 keV and 1744.4 keV with similar
angular  distributions.  Similarly, the angular
distribution for the 1" state at 563.2 keV can serve as an
example for the state at 1141.3 keV. The angular
distribution for the state 3~ at 628.8 keV not only
differs from the one calculated for one-step transfer
and can be described by the scheme m3a.gg, but it is
very similar to the angular distribution for the 2 state
at one-step transfer. Therefore, for all states with
similar experimental distributions, the calculated
angular distributions for the spin 2* and 3" were tested
during fitting procedure, using the scheme m3a.gg.
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Fig. 6. Angular distributions for some states in 232U for
which fitting of the calculated distributions for a unique
spin is doubtful or not possible. The first spin is indicated
by red color. (See color Figure on journal website.)

The states with unnatural parity populated via two
step transfer, such as 3 at 911.9 keV and 2  at
1173.0 keV, represent a special case. Assignments
based on the y-spectra analysis are tentative. These
spins and parities are confirmed by fitting the angular
distributions. Spin 3" for the states at 1552.8 and
1633.8 keV is attributed taking into account also the
similarity of their angular distributions with those for
the state at 911.9 keV. The state at 1015.9 keV is
excited weakly, but the angular distribution measured
with small statistics does not contradict the
assignment of spin 2°. The same is true for the state at
1097.6 keV with spin 4.
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Fig. 7. Experimental distribution of the (p,t) strength
integrated in the angle region 5 - 50° for 0%, 2*, 4* and 6*
states in 232U. Green lines represent tentative assignments.
(See color Figure on journal website.)

4. Conclusion

To summarize, in a high-resolution experiment
the excited states of 22U have been studied in the
(p, t) transfer reaction. 162 levels were assigned,
using a DWBA fit procedure. Among them, 13
excited 0" states have been found in this nucleus up to
an energy of 3.2 MeV, most of them have not been
experimentally observed before. Their accumulated
strength makes up 84 % of the ground-state strength.
Firm assignments have been made for most of the 27,
4" and for about half of the 6" states.

Discussion of the experimental results is presen-
ted in the forthcoming paper [26].
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O. L. JIleson?, I'. I'pas?, P. Feptendeprep?, A. A. lllesuyk?, I1. I'. Tipoasd?, I.- ®.Bipc?

 Inemumym sdepnux docnidocens HAH Yipainu, Kuis, Yrpaina
2 @axynemem izuxu, Mionxencokuii ynisepcumem Jhooeuza-Maxcuminiana, I'apxine, Hiveuuuna

CIIEKTPOCKOIIIA SAJIPA 22U B (p, t)-PEAKIIII: EKCHEPUMEHTAJIBHI TAHI

Crextpu 30ymkenns B aepopmosanomy supi 232U 6yno mocmimkeno B (p, t)-peakuii 3 Bukopucrannsm Q3D
cuekTporpadha Ha MIOHXEHCBKOMY TaHAeMi. KyToBi po3mominu TpUTOHIB BuMipsHO 118 162 30ymKeHb, IO
CIOCTEPIrajnch y TPUTOHHHUX CIIEKTpax BKIOYHO 110 3,25 MeB. InentudikoBano 13 0F 30ymKeHUX CTaHIB HULSIXOM
MTOPIBHSAHHS EKCIIEPUMEHTAIbHUX KYTOBHX PO3IOALUIIB i3 po3paxoBaHMMH 3 BUKopHcTaHHsIM mporpamu CHUCK3.
BusHayeHo CriHM BKIIOYHO 10 6 [UId IHIIUX CTaHiB.

Knrouogi crosa: 0-ctanu, (p, t)-peaxiiis, aHami3 HaOIMKEHHS OB’ SI3aHUX KaHAIB.

A. W. Jlepon, I'. Tpas?, P. l'eprendeprep?, A. A. lllepuyk?!, II. I. Tupoasd?, T.-®. Bupc?

Y Unemumym adepnoix uccnedosanuii HAH Yxpaunwr, Kues, Ykpauna
2 @axynomem pusuxu, Mionxenckuil ynusepcumem Jhoosuza-Maxcumunuana, Fapxune, Fepmanus

CIEKTPOCKONMUA SIAPA 22U B (p, t)-PEAKIIUU: DKCIIEPUMEHTAJIBHBIE JIAHHBIE

CriexTpel Bo30yxenus B qepopmupoBanHoM spe 22U 6butn nsydensl B (P, t)-peakiuu ¢ ucnonszosanneM Q3D
criektporpada Ha MIOHXEHCKOM TaHJeMe. YTJIOBBIE pacHpesieleHus TPUTOHOB HM3MepeHbl sl 162 B030yxIeHHH,
Ha0JII0IaeMBIX B TPUTOHHBIX CIEKTPax BILIOTH 10 3,25 MaB. Unentuduuuposanst 13 0F Bo30yKICHHBIX COCTOSHUIN IpH
CpaBHEHHH SKCIIEPAIMEHTAIBFHBIX YTIIOBBIX paCIIpeIeICHAN ¢ BRIYHCICHHBIMH ¢ HCIoib30BanneM mporpamMmbl CHUCKS.
OrpeneneHbl CIIUHBI BILIOTH 10 6° IS OCTaJIbHBIX COCTOSHUM.

Kniouesvie cnosa: 0 -cocrosinus, (p, t)-peaxiys, aHaI|3 MPUOIMKEHUS CBI3aHHBIX KAHAJIOB.
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