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SPECTROSCOPY OF#2U IN THE (p, t) REACTION: EXPERIMENTAL DATA

The excitation spectra in the deformed nucksd$ have been studied by means of thet)pgaction, 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 MV assignments are made for 13 excited states by compariso
experimental angular distributions with the calculated ones using the CHUCK3 code. Assignments 1§ aoespiade
for other states.

Keywords 0" states, (pt) reaction, coupleghannel approximation analysis

1. Introduction the O'states. These experimental studies contributed

] ) ) o _to the development of theoretical calculations, which

zero angular momentum transfer in thetfjpeaction  gpectra. Some publications have dealt with the
seen in the odd nucleuénga[1+] initiated  an  mjicroscopic approacfL2, 13], but the majority of
extensive campaign to study'excitatons in sgydies used the phenomenological model of
evenevennuclei. During the last two decades, manyteracting bosons (IBM]14, 15]. Nevertheless, the
of such investigations have been performed using thgtyre of multipled*excitations in even nuclei is still
Q3D magnetic spectrograph at the Maikeibnitz - ¢5r from being understood16].
Laboratory (MLL) Tandem accelerator in Garching. | this paper, we present the results of a careful
Because of its very high energy resolution, thigng detailed analysis of the experimental data from
spectrograph is a unique tool in particular for thg,e highresolution study of the2*U(p,t*U
identification of 0" states by measuring the sta® reaction. A short report on this iopvas presented in
lective angular distributions of triton ejeell. Ref.[2]. The nucleug® is located in the region of
Subsequent analysis is performed within thgyong quadrupole deformation, where stable
distortedwave Born approximation (DWB;A). In reflectionasymmetric octupole deformations occur.
addition to our studies on thactinide nuclef*Th, |nformation on excited states Gf2U is rather
22 23 H H 2

°Th, #*, the neighboringodd nucleus™¥Paf2], scarcg17]: they have been studieca??Pab decay,
and most re_cently o%‘l‘OPu[_?,], the majority o_f studies 232\p electron capture deca§®Pua decayand via
on 0" excitations was carried out in the regions of rarg o 230Th(a 2 and%Th(a 4reaztions. The

study of the (pt) reaction adds to this information
&?nsiderably: data are obtained for 162 levels in the
energy range up to 3.28leV. Besides 0 states,

here the number of reliable assignments could be

contributi_ng to such exc_it_ations in a wide range Ghcreased from 9 to 13 states in comparison to the
deformations: from tran3|t|onal nuclei (Gd regl_on) tcbreliminary analysis in Ref2], information on the
well-deformed (Yb region), gammeft (Pt region) spins up to 6 for many other states was obtained.

?hnd SpTe;'.Cal 'nut(rz]lel (hlj’btr'eglo?)thTr;e malg resultf ome levels are grouped dntotational bands, thus
€se studies Is tne obgalion of the dependence oly) ,ing to derive the moment of inertia for sofie

the number of0" states as a function of valence,. .

nucleon numbers. A particularly large number o% and 0',1,2",3 bands.
low-lying states was interpreted as a signature of a
shape phase transition (Gd region), and the sharp
drop of the number of lowying 0" states was  The (p,t) experiment has been performed at the
interpreted as a result of proximity to the shelfandem accelerator of the Maiet_eibnitz - Labo-
closure. More information from the (), ratory of Munich Universities. A radioactive target of
experiments, as well as on tBeexcitations in eve  100ny/cn? U with halflife T1, = 2.45010° years,
nuclei, was given in Ref§10, 11]. They report data evaporated on a 2&y/cn? thick carbon backing, was
on spins and crossections for all wites observed in pombarded witt25 MeV protons at an intensity of
the (p.t) reactionThis allowed to extract information 1 - 2 ya on the target. The isotopic purity of the
aboutthe moments of inertia for the bands built 0Rgrget was about 99 %. The reaction products have

and excitation cross sections @fstates. Therefore
they provided only the trend ohanges in the nuclei

2. Details of the experiment
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been analyzed with the Q3D magnetic spectrograpime first one with higher accuracy for energies up to
and then detected in a focal plane detector. The fo@350keV and the second one with somewhat lower
plane detector is a multiwire proportional chambesccuracy for energies from 2200 to 3250 keV.

with readout of a cathode foil structure for position A triton energy spectrum measured at a detection
determination and dE/E partiC|e identiﬁcation [l8ang|e Of 5 is Shown in Flg 1The analysis Of the
19]. The acceptance of the spectrograph was 11 mgfion spectra was performed using the program

The resulting triton spectra have a resolution % ASPAN [20]. F : :
. For the calibration of the energy
4 - 7keVv (FWHM) and are backgrouriee. The cale, the triton spectra from the reactions

expeimental runs were normalized to the integrate 18 18 18

beam current measured in a Faraday cup behind the/V(P: )W and GW(F_” "W were measured at
target. The angular distributions of the cross sectioff3€ Same magnetic settings. The known levet&in
were obtained from the triton spectra at twelvEl7] were also inclded in the calibration.

different laboratory angles from 5 to%50 two sets:
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Fig. 1. Triton energy spectrum from tFéU(p, t)2%2U reaction (E= 25 MeV) in logarithmic scale
for a detection angle oP5Some strong lines are labeled with tlegirresponding level energies in keV.

The peaks in the energy spectra for all twelventitled sex/Scac gives the ratio of the integrated
angles were identified for 162 levels. The informationross sections, ¢fined from experimental values
obtained for thes levels is summarized the Table andfrom calculations in the DWBA approximation
The energies and spins of the levels as derived frqisee Sec3). The last column lists the notations of the
this study are compared to known energies and spisishemes used in the DWBA calculatiosw.jj means
from [17]. They are given in the first four columnsonestep direct transfer of t{p)? neutrons in the (i)
The column labeledsineg gives the cross sectionreaction; notations of the multep transfers used in
integrated in the region from 5 to%5@’he cdumn the DWBA catulations are displayed in Fig. 2
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SPECTROSCOPY OF IN THE (p,t) REACTION

Energies of levels i, the level spin assignments from the CHUCK3 analysis,

the (p,t) cross sections integrated over the measured values (i.e¢0%50)
and the reference to the schemassed in the DWBA calculations

(see text for more detailed explanations)

. . Way
Level energy, keV I Ratio of fitting
This work NDS[17] This work NDS[17] Uinte, € b Clexg/Ucalc
0| 1|0 0* o 183.9| 58 8.95 sw.gg
47.6| 1| 47.573(8) 2 2" 43.4| 35 50.5 mla.gg
156.6| 1 | 156.566(9) 4 4t 8.11] 35 1.2 mla.gi
322.6| 2| 322.69(7) 6" 6" 5.55| 40 178 m2d.gg
541.1| 4] 541.1(1) (89 8 0.42] 20 0.75 m2c.gg
563.2| 4 | 563.194(7) I I 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* o 35| 70 194 SW.ii
734.4] 2| 734.57(5) 2" 2* 21.68| 65 2.85 mla.gi
746.5| 5| 746.8(1) (5) 0.35| 18
833.4| 2| 833.07(20) 4t 4t 3.21| 23 0.55 mla.gg
866.8| 2 | 866.790(8) 2* 2* 64.05| 90 8.15 mla.gi
911.9] 4] 911.49(4) 3" (39 1.08] 15 6.75 m2a.gg
914.5] 9] 915.2(4) 7 01] 6
927.2| 4| 927.3(1) 0r+2¢ (04 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" 4.65| 32 69 mla.ij
984.2| 9] 984.9(2) 6" 6" 04| 12 13 m2d.gg
1015.9] 9| 1016.850(8) | (2) 2 012 7 0.2 m2f.gg
1051.2| 3| 1050.90(1) 3 3 3.45| 25 0.24 mla.gg
1060.8| 8 (3) 0.32] 12 0.14 mZ2a.gg
1097.6| 8| 1098.2(4) (4) (4) 01| 6 3.15 mZ2a.gg
1132.7| 3| 1132.97(10) | 2* (29 152| 18 0.15 sw.gg
1141.5] 4 (1) 1.02] 15 0.13 mla.gg
1155.4| 4 5 1.38| 35 0.78 m2e.gg
or 3 6.4 mZ2a.gg
1173| 6| 1173.06(17) | 2 2y 0.52| 12 6.12 mZ2a.gg
1194.1| 3] 1194.0(2) 4 (3,49 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 4t 2.64| 26 0.33 mla.gj
1264.8| 3 3 242| 22 1 m2a.gg
1277.2| 3 0" 16.12| 60 0.45 sw.gg
1301.4| 3 2* 3| 25 3.95 mla.gg
1314.8| 4 6" 3.57| 28 13.3 m2e.gg
1321.8| 5 2* 0.57| 20 2.9 SW.jj
or3 0.12 m3a.gg
1348.7| 3 (29 3.25] 25 14.5 SW.jj
1361.5| 4 4* 1| 16 0.45 m2a.gg
or3 0.16 m3a.gg
1372| 6 2" 0.3] 12 0.03 mla.ig
or 6 0.33 m2d.gg
1391.7| 4 4* 0.85| 15 0.12 mla.gg
or5 12 SW.ji
1438| 3 4 12.72| 55 205 mla.ij
1460.4| 6 6" 0.85| 15 0.27 m2d.gg
1482.2| 3 0* 14.15| 55 27.25 sw.ig
1489.2| 4 2" 4.18| 50 0.45 sw.gg
1501.4| 7 3 0.68| 15 41.8 SW.jj
15204 4 2 6.85| 33 150 mla.ii
1552.8| 8 (39 0.83]| 15 4.6 m2a.gg
1569| 4 0" 3.72| 36 8.15 sw.ig
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Continuationof the Table

] . Way
Level energy, keV I Ratio of fitting
This work NDS[17] This work NDS[17] Ointeg € b Uexg/Ucalc
1572.9| 6 4t 3.45| 36 315 SW.jj
1600.2| 6 2 14| 25 15 mla.gg
1605.4| 8 4t 0.72] 22 6.15 mla.ij
1618.8| 7 2* 0.62| 15 0.08 mla.ig
1633.8] 6 3 1.35| 25 5.05 mZ2a.gg
or 6 16 SW.jj
1647.7| 5 2 24.88| 50 3.15 mla.gg
1673.2| 5 4t 172 25 0.35 sw.gg
1679.8| 6 iy 1.25| 22 0.04 mla.gg
or3 0.06 m3a.gg
1691.7| 6 (6% 1.05| 18 4.2 m2e.gg
1700.5| 8 6" 0.85| 18 0.2 sw.gg
1728.5| 6 (4" 1.08| 22 0.2 mla.gg
17374| 5 (6% 3.25| 33 0.35 m3a.gg
1744.4| 5 4* 4.86| 40 0.85 mla.gg
ors 2.7 m2e.gg
1758.9] 9 (5) 0.69] 15 19 SW.i
1771.4| 8 2.96| 26
1790.8| 7 6" 2.05| 28 7.5 m2e.gg
1797| 5 0* 10.15| 65 11 SW.i
1802.5| 9 (4 0.88| 45 9.8 SW.ij
1821.8| 5 0" 20.65| 70 27.2 SW.i
1831.7| 5 (29 1.38| 30 0.22 mla.gg
1838.6| 6 2 1.16| 26 14 mla.gg
1861| 5 0" 9.63| 50 11.2 sw.ig
1870.9| 5 2 14.18| 65 1.7 mla.gi
1880.8| 5 6" 2.08] 35 0.18 m3a.gg
1900| 6 1.25| 25
1915.2| 8 6" 1.85] 30 7.4 m2d.gg
1931.3] 5 0" 29.55| 75 140 sw.ig
1947.2| 8 (0%) 1.52] 30 7.6 sw.ig
1957.4| 8 6" 3.05| 35 11.9 m2d.gg
1970.7| 5 2" 25.65| 95 2.7 sw.ig
1977.8| 5 2 20.05| 90 2.25 mla.gg
1996.4| 5 4 15.2| 65 108 SW.ij
2004.9| 6 4 4.7| 50 46 SW.ij
2011.6| 6 2.3| 65
2025.9| 6 0" 2.96| 35 19 SW.i
2041.7| 5 2 10.85| 55 1.2 mla.gg
2059.8| 5 2" 10.65| 55 1.2 mla.gg
2068.6 | 5 4* 34| 45 0.42 sw.gg
2073.4| 9 1.3] 40
2087.4| 6 5 1.95 m2e.gg
or 6 53 SW.jj
2094.2| 8 1.2] 40
2099.9| 6 6" 1.62] 35 21.3 SW.Jj
2135.9| 5 4 4.22| 55 324 mla.ij
2146.5| 5 2" 39.8| 98 4.6 mla.gg
2171.8| 5 2" 8.81| 55 1 sw.gg
2194.6| 5 2" 4.08| 55 0.45 sw.gg
2203.8| 5 2" 29.2] 95 3.15 sw.gg
2221.3]| 9 1.22] 45
2231.3| 5 4 10.38| 58 67 mla.ij
2235.9| 5 2| 60
2246.2| 5 1.55] 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] Ointeg € b Uexg/Ucalc
2254.4] 5 6 5.35| 45 19.2 m2d.gg
2282.8| 5 2* 29.3] 70 3.3 mla.gg
22915| 5 2 11.23] 90 1.28 mla.gg
2298.6| 5 2" 4.73| 85 1.35 sw.gg
2312.2| 6 4t 3.95| 75 28.5 mla.ij
2332.5| 6 2 8.98| 65 1.1 mla.gg
2349.4| 6 2 17.27| 86 2.05 mla.gg
2373.2| 6 2* 19.15| 90 2.25 mla.gg
2397.7| 6 2 2.48| 48 0.21 sw.gg
2406| 6 6" 2.8| 68 12.8 m2e.gg
or5 110 SW.ij
2412.4| 6 2 3.67| 90 0.35 mla.gg
2418.8| 5 2 11.88] 92 1.45 mla.gg
2433.6] 5 3 2.61| 47 3.8 m2a.gg
2454.2| 5 (3) 1.67| 96 2.6 m2a.gg
2460.6| 5 3 4.14| 98 5.2 m2a.gg
or 6 0.45 m3a.gg
2470.7| 6 (3) 3.32] 63 4.9 mZ2a.gg
2487.4| 5 3 5.96| 68 8.9 sw.gg
2497.8| 6 (49 2.82| 58 214 mla.ij
2515.4| 6 (3) 8.21| 74 10.8 m2a.gg
2527.2| 6 4t 7.69| 73 46 mla.ij
2542 | 7 2 5.88| 69 0.67 mla.gg
2555.7| 8 (4 1.98| 62 11.2 mla.ij
2564.7| 8 (3) 1.82] 62 2.6 m2a.gg
2582.9| 8 1.85| 66
2592.3| 7 4t 5.78| 71 32.9 mla.ij
2598.7| 9 1.2] 40
2608| 9 2 2.15| 53 0.32 mla.gg
2620.4| 6 2.75| 62
2637.4| 6 6" 6.84| 87 0.65 m3a.gg
or5 180 SW.ij
2642 | 7 1.78| 80
2664.6| 7 4* 1.75| 45 11.5 mla.ij
2673.5| 7 2 9.11| 76 1.08 mla.gg
2689| 8 2 3.45| 58 0.38 mla.gg
27543 7 4t 4.89| 68 29.5 mla.ij
2763.2| 6 (3) 6.08| 70 8.95 sw.gg
2779.1] 6 2 7.21| 70 0.92 mla.gg
2791 7 2" 89| 75 1.18 mla.gg
2806 | 7 2" 45| 62 0.66 mla.gg
2829.3| 7 4 5.98| 65 345 mla.ij
2842.4| 7 4 7.12| 75 38 mla.ij
2850.6| 7 6" 2.63| 63 11.9 m2d.gg
2862.3| 7 3 458| 63 6.75 sw.gg
2878.3| 7 (69 4.45| 63 345 sw.ig
2889.8| 6 4 46| 72 26 mla.ij
2899.2| 7 (4Y) 51| 15 0.75 sw.gg
2905.8| 7 35| 16
2917.4| 7 0* 5.58| 92 8.95 SW.ji
2925.7| 8 (69 34| 18 14.5 m2d.gg
29315| 7 (5) 5.8 20 61 SW.ij
2953.5| 8 4 9.6| 80 58.5 mla.ij
2959.7| 7 (29 3.05| 60 8.9 sw.ig
2972.6| 8 2" 47| 65 0.48 mla.gg
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Continuation of th& able

] . Way
Level energy, keV I Ratio of fitting
This work NDS[17] This work NDS[17] Ointeg € b Uexg/Ucalc
2984.2| 8 1.09| 50
2998.7| 8 (2% 24| 54 7.4 Sw.ig
3008.5| 8 (3) 28| 65 0.52 m3a.gg
3028.8| 8 4t 2.05| 55 12 mla.ij
3038.8| 8 (5) 44 63 145 SW.ij
3058.3| 9 (6%) 1| 50 91 Sw.ig
3069.3| 8 3 5.04| 75 6.75 m2a.gg
3075.7| 9 (5) 1.88| 65 61.5 SW.ij
3087.5| 9 2 1.7] 65 0.2 mla.gg
3103.3| 9 (4% 1.95| 55 10.2 milaij
3134.5] 9 (4% 1.68] 55 9.9 mla.ij
3149.1| 9 2" 1.85| 55 41.8 SW.j
or3 2.6 m2a.gg
3175.6| 8 (2% 1.96| 55 42 SW.ij
| /—-—' 24 :]:' 3. /—-—' which procgeqls predominantly via a estep
o | L% ol £ 2 . /——% process. This is not the case for the excitation of
mila m2a

meb staes with other spins, where the angular distribution
! ! I may be altered due to inelastic scattering (coupled

ey RN + 7 - AT .
ey 4+ —T—z “/ g T i A 2+ channel effect), treated here as matép processes.
0+ b o+ | /£~ o+ | /£ . . .
" _— It m2e Taking into account these circumstances allows for a
| ,  reliable assignment of spins for most of #eited
s — I — 7 T T, states in the final nucled$U by fitting the angular
i —_— L2 /) | o+ distributions obtained in the DWBA calculations to
m2f g m2g ol |~

m3a the experimental ones. The assignment of a single
Fig. 2. Schemes of the CHUCK3 mustiep calculations Spin has not been possible only in a few cases, for
tested with spin assignments of excited staté8%ih (see which two or even three spin valueg atlowed.
the Table) 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
1] for protons and by Flynet al.[22] for tritons.
ese parameters have beenemsn fitting with

3. DWBA analysis

We assume that@) pair transferred in the ()
reaction is coupled to spin zero, and that the over

shape of the angular distribution of the cross secti eir aid theangular distributions for the ground

is rather independent of the specific structure of t s%ates of?*Th, 2°Th and® [2]. Minor changes of

individual states, since the wave fuodt of the the parameters for tritons were needed only for some
outgoing tritons is restricted to the nuclear exteriop P y

and therefore to the tails of the triton form factors. Af States, particularly for the states at 628.8, 1051.2
the same time, cross sections for different orbits ha@@d 1212.3 keV. For these states, the triton potential
to differ strongly in magnitude. To verify thisParameters suggested by Becchetti and Gre'enl_ees
assumption, DWBA calculatien of angular [23] have been used. For each state the binding
distributions for differentj)? transfer configurations €nergies of the two neutrons are calculated to match
to states with different spins were carried out in odh€ outgoing triton energies. The corrections to the
previous paper [10]. Indeed, the magnitude of tH&€action energy are introduced depending on the
cross sections differs strongly for different orbits, bugxcitation energy. For more detanfthe calculations
the shapes afalculated angular distributions are veryand used parametesee [10].

similar. Nevertheless, they depend to some degree onThe coupleechannel approximation (CHUCK3
the transfer configuration, the most pronounced beig§de of Kunz [24]) was sl in previous [1011] and
found for the O states, which is confirmed by thepresent calculations. The best reproduction of the
experimental angular distributions. This is true fopngular distribution for the ground state and for the
mog of the (lj) pairs and only for the case of al277.2 keV state was obtained for the transfer of the
onestep transfer. No complication of the angulak2gs,)° configuration in the onstep process. Ti
distributions is expected for the excitatior0dtates, orbital is close to the Fermi surface and was
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considered in previous studies [110] as the most groundstate transition from the 927.7 keV state.
probable one in the transfer process. But?fdd, a Alternatively, this transition should be placed in
better reproduction of the angular distributions foanother location. The measured (f), angular
other T states is obtained for the configuratiordistribution for the 927.7 keV state strongly peaks in
(d,,,)?, also near the Fermi surface, alone or ithe forward direction, which is typic_al_ forthe L=0
combination with the(2g,,)? configuration. The transfer but the lack of a deep minimum at about

only exception is the state at 2917.4 keV, for Whicﬁ4degre§s conadicts  the 0 _ aSS'Q“me”t- 'I:he
the experimental angularistribution can be fitted assumption that a doublet with spis and 2

only by the calculated one for the transfer of theccurs at the energy of 927.7 keV seems to be a
(Lj,s,)° Neutron configuration. unique explanation of the experimental data. The

angular dstribution in this case is fitted by the
0.0 keV L} 1797.0 keV

- 20t calculated one satisfactorily as one can see in Fig. 3.
200 | il W In order to obtain a satisfactory fit one has to assume

400

100 | a population of the 2state at about 1/3 of the
p——_- 0 ——— : population of the Ostate. Thus we can make fitdh
L) BRIV | yp 1Ry assignments for 12 states for energy excitations
below 3.25 MeV, in comparison with 9 states found
o 35 SARY s o , L , in the preliminary analysis of the experimental data
oof w272keV | a0l RIS [2]. The assignment for the 1947.2 keV level is
os) tentative. We can compare 24 states irr*°Th and
os | or . 180" states irf**Th with only 130" states ir**4U in

—— L the same energy region.

The main goal of many studies using tmeutron
transfer in the regions of rare earth, transiticarad
spherical nuclei [4 9] was to collect information
only about thed* states, their energies and excitation
cross sections. At the same time the states with
nonzero 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 # angular distribution shapes for
2%, 4" and 6 states are even more weakly dependent
on the transfer configurations only in the case of

onestep transfer. Therefore th@g,.,)*, (li.,)%,
and (1j,5,)* configurations alone or in combination,

were used in the calculations for these states. The
_ o _ _ onestep transfer calculations give a satisfactory fit of
Fig. 3. Angular distributions of assigned Slates iU anqyar distributions for about 30 % of the states with
ransfer configurations Used inthe celoulations for he.  SPANS different from” and the inclusion of multtep
6 conng : .~ excitations for about 70 % of the states is needed. As
it are given inthe Table. See text for further informatior . . . o
in the Th isotopes [1011], multistep excitations

Results of fitting the angular distributions for théhave to be included to fit the angular distributions
states assigned 85 excitations are shown in Fig. already for the2”, 4" and6" states of the g.s. band.
The agreement between the fit and the data A$ leasta small admixture of mukstep transfer for
excellent for most of the levels. Remarks are need&tpst of the other states is required to get a good
only for the level at 927.2 keV. The existence of thiggreement with experiment. Fi2 shows the
state and the state at the energy of 967.7 keV weghemes of the mulitep excitations, tested for
established by #o energies and the coincidentévery state in those cases, where-step transfer
results at the decay of**Pu [25]. Strongevidence did notpr_owde a suc_cessfu_l fifig. 4demonstrates
has been obtained that these states have §pirand the quality of the fit of differenshaped angular

distributions at the excitation of states with s@in
2" and are the members of &? =0 band. At the A

_ : by calculations assuming oiséep and onstep plus
same time, it was noted that the occurrence of @ 92¢yf, step excitations. Results of similar fits for the

keVoray is in contradiction with thé" assignment stgesassigned as4*, 6" and 1, 3,5 excitations
for this state if thiso ray corresponds to a
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Fig. 4. Angular distributions of assignetiates irf*3J and their fit with CHUCKS calculations.
The (j) transfer configurations and schemes used in the calculations for the best fit are given in the Tat

are shown in Fig. At the same time, for a number ofconfigurations to each of these states, these
states, possibly due to a lack of statistical accuracyrelationships are csidered as spectroscopic factors.
good fit of the calculated angular distributions to thé perfect fit of the experimental angular distributions
experimental ones cannot be achieved for a uniqu#@y mean that the assumed configurations in the
spin of the final state and therefore uncertaintiegdlculations correspond to the major components of
remainin the spin assignment for such sta®sme the real configurations. Therefore, at least the order
of them are demonstrated in Fig. 6 of magnitue for the ratios,,,/ s, corresponds to
The spins and parities resulting frooch fits are  the actual spectroscopic factors with the exception of
presented inthe Table together wth other too |arge values, such as in the case of (fg,)

experlmental data. Fig. summarizes the (i) transfer configurations used in the calculation for
stre_n_gths m_tegrated over the angle reg_lorEE)" for  some0* and ever* and4* states. Surprisingly, the
(rj)_cJS|;[|ve parr]lty Sltes' The sixth cglulmrll lﬂng Table shape just for this neutron configuration gives the best
Isplays the ratio s,/ s, Calculated Cross ,qreement with experiment for the mentioned states.

sectiondor the specific transfer configurations differ A few additional comments have to be added for
very strongly. If the microscopic structure of thehe region where data about the spins and parities are
excited states is known, and thus the relatiMenown from the analysis ofo spectra [17]. The
contribution  of the specific (j)> transfer angular distributions for some states are very different

222 ISSN 1818331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2016 Vol.17 No.3



SPECTROSCOPY OB IN THE (p,t) REACTION

w

3226, ] "2 [ 11415 ]

08

] 1

04

5
™ TT
]
o,
v
f-ol o
Lol
+
TR P
g
o N H» O ®
T
o
a o
]
=]
()
O

o]
w
W

S
R

22313 % 984.2 i 62838 |

-4

:
z
?

Lo N A OOONDBDBOO® ONSAOOZO N B O ON DO NWAUNONLBLOOODO © N & O
L)
O
»
A ) o JE E o
S o <
o » ®
T —T T T T T — —TT —T T
L L L F o L L L L
ot o o
sl Cal C 1 = 2 Al K = Iou C 1

: 0
970.4 23122 3 13148 1051.2
A A & .
4" 4 4
g 2
§ o
3 a3 1
FINEN 0
3 o 25272 1 14604, 12648 ]

7

No N W OaNWwWd © anN w
T T T T
L @ L
w
JEB L 2 ST T o L

1501.4

o

=] o
o N o
o o
» o
T
[ o4
101
o w
Ll

04 |
17005 §

MO o N W ONBMOP®OLNWDRE O o N W © W
T T T T T T T T

2 F 1790.8 - 24336 ]

Cross sectionyb/sr

]

o4,
L o Y

2t 19152 4 L 24707 ]
4 6 L § 3]
2+ a 1 B - ] 3
] P 0 0w o
16 16054 1 3t 1957.4 ] i 25154 ]

12 F + 6" 3 3
4 2 . ]

g
e | ] m - J
04 1 L

0 R A i 0 R S

T
i

1673.2, 1 116 | 20999 |

3008.5
3

N D OONBRO® OLNWDE © 4 N wWw O -
T T

(=] - N
T T
f
o
T
oo =
o b ®iv
o
L
=)
r——T
iatal
- oo
CR 1 1

20F 19964 7 30288 T 22544 1 16 L 11554 ]
. e : :

=R
T T
o,
o
KN
' - P

© 4 N wo un
T T T

cLNwWHaW
T T
1ol
o
L i L
90 =
o s ®iv
T
101
o,
W

(=]
o
N
o
WL
o
N
(=)
wu
=]

s L L L L
0 10 20 30 40 50 0 10 20 30 40 50

Angle, deg

Fig. 5. Angular distributions of some assigned staté®ihand their fit with CHUCK3calculations: 4 and 6 with
positive parity and ', 3 and 5 with negative parity. Theij} transfer configurations and schemes used in
calculations for the best fit are given in the Table.
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from those calculated for the oweep transfer. The angular distribution for the *4state at
Therefore, thewere used as examples for other staté@83.4keV, which is known from tha spectroscopy, is

at higher energies in the analysis of the angulaery different from the one for the ostep transfer. It
distributions. As already noted the difference isvas used as an example floe assignment of spins of
significant already for the*2and 4 states of the g.s. the states at 1728.5 keV and 1744.4 keV with similar
band. For example, the angular distribution for the Zngular  distributions.  Similarly, the angular
state at 47.6 keV can be usedaasexample for the distribution for the 1state at 563.2 keV can serve as an
states at 1301.4, 1600.2 and 1838.6 keV. From the tewample for the state at 1141.3 keV. The angular
spins 3 and 4 proposed for the state at 1194eV in  distribution for the wte 3 at 628.8 keV not only
the analysis of the¢ spectra [17], our data clearlydiffers from the one calculated for eetep transfer
confirm the spin 4 Then the angular distribution forand can be described by the scheme m3a.gg, but it is
this state can serve as an example for the statesvetty similar to the angular distribution for thes?ate
1361.5keV and 1604.%eV. Importantly, the angular at onestep transfer. Therefore, for all states with
distributions for some 2and 4 states have a featuresimilar experimental distributions, the calculated
typical for the excitation of 0" states, namely a strongangular distributions for the spiri @nd 3 were tested
peak at small angles. during fitting procedure, using the scheme m3a.gg.
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Fig. 7. Experimetal distribution of the (pt) strength
integrated in the angle region-%0 for 0%, 2*, 4" and 6
states irt*AJ. Green lines represent tentative assignme
(See color Figure on journal websjte

Fig. 6. Angular distributions for some states?#J for
which fitting of the calculated distributions for a uniq
spin is doubtful or not possible. The first spin is indica
by red color(See color Figure on journal websjte

The states with unnaturprity populated via two 4. Conclusion
step transfer, such as’3at 911.9 keV and “2at To summarize, in a higtesolution experiment
1173.0keV, represent a special case. Assignmenttﬁe excited stateé 32 ha?ve been studi%ah ithe
based on the -spectra analysis are tetive. These ) .
spins and parities are confirmed by fitting tgular (p,t) transfer reaction. 162 levels were assigned,

distributions. Spin 3for the states at 1552.8 andu)s('cr;,?e d%+ sDt\;\':eB?hgll\tepbrggﬁdfgL% q ﬁr?rcl)irs]gnutslzz]s’ u13to
1633.8 keV is attributed taking into account also th%n enerav of 3.2 MeV. most of them have not bgen
similarity of their angular distributions with those for ergy ' ’ .
the state at 911.9 keV. The state at 1015.9 keV § perimentally observed before. Their accumulated

0,
excited weakly, but the angulasttibution measured Sirrer:]g[shsimr?gz\asr]?sphz‘\l/e/obggtnh?ng(rj%b?;?t?nitsrteg%r\]é 5
with small statistics does not contradict thé: 9

+
assignment of spin' ZThe same is true for the state aét1 aqdfor apout half of the Estates. .
Discussion of the experimental results is presen

1097.6 keV with spin4 ted in theforthcoming paper [26].
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