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The nuclide »'Th was investigated with the reactions 2*°Th(n,y)®'Th, ?*°Th(n,ye)?*'Th, and
20Th(d,p)*!Th. Gamma rays from average resonance capture were measured, in addition to the
usual thermal neutron capture spectroscopy. From these data, 70 excited levels in **'Th were identi-
fied and, of these, 57 were placed in 18 rotational bands with assigned configurations. Candidates
have been proposed for all expected Nilsson states below 750 keV, albeit with varying degrees of
confidence, including the %+[622], 1716241, 71761, 171770, L ¥1640], and < ~[503] configura-
tions. Several vibrational states have been identified; a special feature of these is the observation of
greater fragmentation of single-particle 0% phonon-mixed states than expected theoretically. As-
suming degenerate parity doublets indicate the existence of stable octupole deformation, no evidence
was found for a tendency toward this phenomenon in *!'Th. The neutron binding energy was deter-

mined to be 5118.13+0.20 keV.

I. INTRODUCTION

Stable octupole deformation of light actinide nuclei has
been recently discussed and evidence for its occurrence
was found in 22°Ra.!~? Since it is expected that there ex-
ists a smooth transition from quadrupole to octupole de-
formation, the study of nuclei in this vicinity may shed
new light on shape transitions in these heavy nuclei. An
investigation of the level structure of an odd-mass nucleus
in the actinide region below 1 MeV also provides informa-
tion on excitations of single-particle states and the cou-
pling of collective motion to these states.

The level structure of 2*!Th has been studied previously
by use of a variety of experimental techniques including
spectroscopic determination of ¥y rays and/or particles
emitted during a decay,*”® B decay,®~!! and single-
nucleon-transfer reactions.!>~!® The reactions used in
previous investigations are all strongly selective and popu-
late mainly levels with large components of single-particle
excitation. By way of contrast, the (n,y) reaction is less
selective and is expected to populate all low-lying levels
with spins within a range of a few units from that of the
target spin. It has been shown already that the (n,y) reac-
tion is an excellent tool for use in identifying vibrations
based on single particle states in odd-neutron nuclei.!”
With the greatly increased resolving power and sensitivity
of the new generation of - and y-ray spectrometers
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operating at the High-Flux Reactor of the Institut Laue-
Langevin (ILL) in Grenoble, extensive and detailed studies
have already been made of other odd-neutron nuclei in the
actinide region. Results have been published for level
structure in the nuclei 2?’Ra (Ref. 18), 2Th (Ref. 19),
25U (Ref. 20), °U (Ref. 21), and *Cm (Ref. 22). Thus,
the use of neutron-capture gamma-ray spectroscopy held
promise as a technique for producing an improved under-
standing of the 2*!Th level structure.

II. EXPERIMENTAL METHODS

A. Secondary y rays from thermal neutron capture

Secondary y rays following thermal neutron capture in
230Th (0;n=23 b) were measured using the curved-crystal
spectrometers GAMS1 and GAMS2/3 at ILL. The target
consisted of 49 mg of >*°ThO, (enriched to 99.86%) in the
form of a wafer of height 40 mm, depth 4 mm, and thick-
ness 0.1 mm. The y-ray spectrometers, which are in-
stalled at opposite ends of a transverse beam tube, view a
common target situated in a thermal neutron flux of
5.5% 10" neutronscm~2s~!. The GAMSI spectrometer
was used to study y rays in the energy range 30—500 keV;
the resolution obtained was full width at half maximum
(FWHM)(keV)=6.2 X 10~ °E3(keV)/n, where n is the or-
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der of diffraction, corresponding to a resolution of 20 eV
at 100 keV in the third order of diffraction. The
GAMS2/3 spectrometer was used to study y rays in the
energy range 150—1200 keV; the resolution obtained was
2.5x107°E g,(keV)/ n, corresponding to a resolution of
210 eV at 500 keV, also in the third order of diffraction.
The two spectrometers, the standard measuring pro-
cedure, and the evaluation methods have been described in

Ref. 23.
Several scans were taken with each instrument and data

were collected for the first five orders of diffraction in the
quartz crystals. The energies were calibrated relative to
the Th Ka, x-ray energy; a value of 93.3483 keV was as-
sumed from renormalizing Borchert’s value** to the ' Au
absolute y-ray standard of 411.8044 keV.?® Intensity cali-
brations were obtained by folding the measured intensities
with previously determined instrumental efficiency curves
and correcting for self-absorption in the source. The ex-
perimental intensities were related to absolute intensities
per 100 neutron captures by calibrating with several in-
tense transitions in 2*!Pa which arise from the beta decay
of 2! Th (Ref. 26).

During the irradiation of the target in the high neutron
flux, significant amounts of 23!'Pa were produced (after
BITh B decay). In addition to several 3! Th B-decay y-ray
lines that appeared in the spectrum, some 23!Pa capture
gamma lines and 2*?Pa B-decay lines?’ were observed. The
former were assigned by comparison with a separate (n,y)
measurement on a 23'Pa target. Gamma rays from these
various extraneous sources, 3 decay, fission products,?®
and second-order neutron capture, were removed from the
compilation. Since the destruction of the 23*Th target ma-
terial was slow during the 10—20 d irradiations, ¥ rays
whose intensities changed significantly with time were at-
tributed to buildup products and, identified or not, were
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eliminated. The complete set of 278 y-ray energies and
intensities attributed to *!Th is given in Table I

B. Conversion electrons from thermal neutron capture

The conversion electrons following thermal neutron
capture in 23°Th have been studied with the BILL 3 spec-
trometer at ILL.2® The target consisted of 6 mg 2°ThO,
enriched to 99.86% in 2*°Th. It was produced by electro-
deposition onto a nickel substrate (2300 ug/cm?) forming
a thin layer measuring 30X 100 mm; the Th surface densi-
ty was 200 ug/cm?. The thermal neutron flux at the in-
pile target position was 3 10 neutrons cm =25~ .

Conversion electrons were recorded in the range
70 < E. <900 keV using a five-wire proportional counter.
The momentum resolution obtained was Ap /p =5 1074,
Multipolarities of strong transitions were determined by
the L-subshell ratios and pure multipolarities were select-
ed for the relative intensity calibration between the (n,y)
and the (n,e) measurements. Multipolarities of weaker
transitions could then be deduced from the absolute coef-
ficients.>® In several cases the absence of a conversion
electron line set an upper limit on the conversion coeffi-
cient, resulting in some information on the multipolarity
(e.g., identifying the transition as E1 or E2). In a few in-
stances, transitions have been identified from their con-
version electron lines even though no photon has been
detected. These are listed in Table II, with the experimen-
tal conversion coefficient indicated as a lower limit. The
measured conversion electron energies, conversion coeffi-
cients, and deduced multipolarities are listed together with
the y-ray energies in Table II. Spectra for conversion
electrons with energies in the range 320—440 keV are
shown in Fig. 1. This region is of particular importance
because several transitions are found to exhibit unusually
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FIG. 1. (a) and (b) Conversion electron spectra taken with the BILL spectrometer in an energy range where conversion coefficients

indicate appreciable EO mixing in transitions.
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5 = large conversion coefficients due to the presence of EO ad-
! S mixtures in their multipolarities.
+ U]
SSSSSRSS s SSSQSQ C. Primary ¥ rays from thermal neutron capture
Primary y rays following thermal capture were mea-
EasSxa cR-2fR8arc sured with a three-crystal pair spectrometer located dowr_l-
I3IZTE g §3IZITg g stream of thf] GAMSI spectrometer at ILL. The pair
s28s88 22 2s8888¢8 = spectrometer”’ consists of a Ge(Li) detector, flanked by
two NaI(Tl) counters for coincident detection of 511 keV
annihilation quanta. The data were taken in several
separate runs. These spectra were combined and the re-
sulting spectrum was analyzed for peaks in the interval
MM A MMM M e 3800—5200 keV. Aluminum and carbon, materials of
construction in the source assembly, produced strong pri-
- 5 Q% § § gNzZnoRoem mary capture peaks. The.energies of these. impurifties,
g~ =SSOl S whlch32 have been determlned accurately in previous
TRl XRLBIYIIXR 1S work,>* were used to calibrate the spectrum. The y rays
attributed to primary transitions following thermal neu-
tron capture in 23°Th are listed in Table III.
D. Primary y rays from average resonance
= _ . .= _g ° neutron capture
355 5 53 5 %S . .
-~++ + +- + +— Primary y rays following average resonance neutron
SRR RASARARS Ass capture (ARC) have been measured using a three-crystal
pair spectrometer>>33 at the Brookhaven High-Flux Beam
Reactor. The target consisted of 10 g of ThO, enriched to
Aoz _S-aFaass 83.86% in 2*°Th. Measurements were made with a neu-
FTBT 3 g’ b g = % =X g =] g"N" J tron befirr} of average energy 2. keV Fhat was pg‘oduced by
228888823s88g8ggss8223 transmission through a scandium filter. Typical energy
resolution was FWHM =5.5 keV at 4.5 MeV. The ener-
gies and relative intensities of the observed transitions are
listed in Table III. The reduced intensities are plotted as a
— — function of excitation energy and are compared in Fig. 2
VRV VR VEVEVEVEVEVEVEVECEVIVEY: excitat 4 p &
= Gamma-ray energy (MeV)
Sucwdownad@cl K38 £ 38 40 42 44 46 48 5.0
— AN NI~ O 0N NN <
guXifsdifEesg oo 3 T T T
TS88E8ELEVIBBB8I R ';g_ 32 - —
-
(-}
g 28
2]
w24
~
o = =
R z %
= 31 5 S55I558SS € 16
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FIG. 2. Reduced gamma-ray intensities from 2-keV average
2 =) I 8 o048 Sz X resonance capture (ARC) measurements. The shaded areas indi-
gl () — 00 00 WV 00 \O M < . eye . .
~ S ~ AN RN S A~ cate calculated intensities for gammas feeding levels with
Nl ~ r~ 0 A~ — = = A <+ r 1= 3- . 1+ 3+
v "N v [ RV =JRV-JR V=RV RV V. JEV- 2V I =3 ,5 (upper)and[ =5 ,3 (lower).
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with calculated intensities based on a Monte Carlo simula-
tion of the averaging process.* It is assumed that the
peaks represented by the two points of highest gamma in-
tensity in Fig. 2 are both multiplets. Since the target size
was rather small for this technique, the measurement was
marginal in terms of being certain that transitions popu-

lating all 7 =+ and 5 states were observed. Inspection of
the spectrum suggests that one may assume all negative
parity states with 7 =+ and 5 have been identified up to
1200 keV excitation. As will be shown in Sec. III, there
are four peaks below 1.2-MeV excitation energy in the
ARC spectrum [corresponding to level energies of

TABLE III. Primary gamma rays from thermal and 2-keV resonance capture in 2°Th. (Multipol.

denotes multipolarity.)

Thermal neutron capture

Average resonance capture

E'y # Elcv:l Iy Elcvel Iy
(keV) (keV) (rel) (keV) (rel) Multipol.
5117.69(17) 0.36(17) 0.59(4)
4896.82(21) 221.24(21) 0.95(8) 221.4(7) 15(3) M1
4870.1(3) 248.0(3) 0.34(4) 247.2(7) 13(3) M1
4845.92(6) 272.14(7) 2.16(11) 272.0(7) 12(3) M1
4769.8(5) 348.2(5) 0.50(8) 349.7(10) 8(3) M1
4738.1(3) 380.0(3) 1.8(3)
386.5(5) 17(3) M1
4616.9(5) 501.1(5) 0.35(5)
4581.4(7) 536.7(7) 0.20(4)
4563.45(9) 554.62(10) 6.5(3) 555.0(3) 31(3) El
4527.09(11) 590.98(11) 8.2(5) 591.4(7) 42(12) El
4523.95(25) 594.12(25) 2.0(3) 595.2(9) 28(12) El
4498.5(3) 619.5(3) 0.30(5) 619.9(3) 37(3) El
4462.2(3) 655.9(3) 0.32(4)
685.6(5) 20(3) E1,M1
4424.61(17) 693.46(17) 1.74(12)
4404.39(11) 713.68(11) 5.1(3) 713.2(3) 34(3) E1
794.2(12) 7(3) M1
4297.14(21) 820.94(21) 1.10(10)
4284.91(12) 833.17(12) 13.1(7) 834.5(8) 16(4) E1,M1
4278.73(17) 839.35(17) 2.71(18) 840.1(14) 13(6) E1,M1
843.7(16) 9(4) M1
4271.7(4) 846.3(4) 0.50(7)
869.9(11) 13(5) E1,M1
4242.45(15) 875.63(15) 2.29(15) 874.9(10) 15(5) E1,M1
4218.9(6) 899.2(6) 0.18(4)
4182.51(19) 935.57(19) 0.91(7) no peak
4175.9(9) 942.2(9) 0.17(5)
4157.42(17) 960.66(17) 1.13(8) weak peak
4113.98(13) 1004.11(13) 3.37(19) 1003.8(5) 18(3) E1,M1
4096.72(13) 1021.37(13) 3.47(19) 1021.0(3) 34(4) El
4085.1(3) 1033.0(3) 0.47(6)
4062.44(13) 1055.65(13) 2.45(14)
1075.1(8) 15(4) E1,M1
1081.2(9) 12(4) E1,M1
4023.87(23) 1094.22(23) 0.69(7)
1103.3(4) 29(3) El
3981.82(17) 1136.27(17) 1.23(9) 1134.3(26) 9(3) (M1)
3962.6(4) 1155.5(4) 0.93(15)
3958.49(12) 1159.64(12) 9.8(5) 1159.1(4) 23(3) El
3946.19(24) 1171.90(24) 0.73(7) 1172.7(6) 17(4) E1,M1
3924.9(8) 1193.2(8) 0.19(6)
3917.71(17) 1200.38(17) 1.47(10) 1202.0(8) 11(3) E1,M1
3904.26(21) 1213.83(21) 1.28(10)
3899.07(24) 1219.02(24) 1.06(10) 1219.1(32) 7(3) (M1)
1222.0(29) 8(3) (M1)
3866.66(17) 1251.43(17) 1.23(9)
3843.6(4) 1274.5(4) 0.51(8) 1271.3(6) 14(3) El

“Energy not corrected for recoil.
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349.7(10), 386.5(5), 843.7(16), and 869.9(11) keV], where
no conclusive evidence was found for the existence of a
level from either thermal-capture or (d,p) spectroscopy.
Although the ARC spectrum was checked rigorously for
the presence of contaminant lines, these peaks may possi-
bly be spurious since one would expect to find corroborat-
ing evidence for levels with I <+ from the other experi-
mental probes, especially at the lower excitation energies.

E. Proton spectra from the (d,p) reaction

The proton spectra from the 2°Fh(d,p)**!Th reaction
were measured by use of a quadrupole three-dipole (Q3D)
spectrometer®® at the Princeton cyclotron facility. The
target consisted of 100 ug/cm? 2°Th (isotopic purity
>99.9%) deposited on a 40 ug/cm? carbon backing. The
detector in the Q3D spectrometer consisted of a 60-cm
resistive-division  position-sensitive gas proportional
counter filled with 0.3 atm pure propane backed by a plas-
tic scintillator. The position accuracy of the proportional
counter was better than 1 mm. Particle identification was
obtained by examining the total proportional counter sig-
nal versus the scintillator signal.

The energy of the incident deuteron beam was 20 MeV.
Spectra were collected at 5° intervals from 15° to 75°, typi-
cally requiring 2 h per run. An overall resolution of 10
keV was obtained. A typical spectrum is shown in Fig. 3.
The excitation energies corresponding to observed peaks
and measured cross sections are listed in Table IV. Rela-
tive cross-section values were obtained by normalization
to the elastically scattered deuteron peak which was
recorded during short exposures taken before and after
each run. Due to some problems with the solid-state
detector used for this purpose, the data at higher angles
(60°—75°) had to be renormalized; the intense peak at 326
keV, which involves an /=4 angular momentum transfer,
was used for this renormalization. The experimental cross
sections were put on an absolute scale by normalizing to
calculated values for the 248- and 271- keV peaks
(6=40°), which are the first two members of the 5 [631]
band in ?'Th. This absolute scale, which appears in
Table IV and Figs. 3 and 4, is uncertain by about +25%.

1000 T | 1 | 1 | 1 I I I 1]
800 |— ¢ .

600 —

Counts

400 — %J’l |

200|—

0 200 400 600 800

Excitation energy (keV)
FIG. 3. The proton spectrum obtained with a Q3D spectrom-
eter from a measurement of the reaction 2*°Th(d,p)*'Th;
E4=20 MeV and 6=40".
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FIG. 4. Differential cross sections for selected levels popu-
lated by the reaction 23°Th(d,p)*3'Th as a function of angle 8.

III. EXCITED LEVELS OF 2!Th

The thermal neutron capture reaction in a 23°Th target
produces a capture state in 23'Th with spin and parity
% . In the y-ray cascade that follows capture, levels with
low spin are populated with greatest intensity. In the
present work, the experimental sensitivity was sufficient
to detect y rays populating most levels with I =4 —+.

A first step in interpreting the capture-y spectroscopic
data was the construction of a model-independent level
scheme based on the following principles: (a) Derivation
of precise level energies using the Ritz combination prin-
ciple (this technique becomes more powerful as the pre-
cision of the y-ray energy determination increases; the
precise results obtained with the curved-crystal spectrom-
eters are an important feature in the success of the 2*'Th
level scheme derived here). (b) Use of experimental transi-
tion multipolarities or, if not determined as in cases of
weak lines, the assumption that uncharacterized transi-
tions are predominantly either E1, E2, or M1, plus inten-
sity considerations, to limit possible spin and parity
values; it was assumed that the spins and parities of the
ground state K"=3 " band and the 186 keV K™=3"
band are well established; levels with I >3 are not ex-
pected to be observgd vla secondary ¥ lines. (c) Deter-
mination of I”=+",5  levels from average resonance
and thermal neutron capture data; levels below 800 keV
not observed by ARC were assumed to have 1> 5. (d)
Independent confirmation of a level’s existence from a
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TABLE VI. Energy levels in 2! Th.
Model

Level independent  Energy Tot. Tot. Energy

energy?® spin (prim. y) pop. depop. (d,p)  Other experimental Config.

(keV) and parity® (keV) (per 100 cap.) (keV) observations® Confid.¢ assign.
0.0 i 77 TC i a A4 +7,3[633]
41.9522) 7 15.6 d a A4 17,3[633]
96.1293) 37 0.9 94(2) dp dt a A 27,3[633]
161.94(4) L7 162(2) dp dt a A4 7,3[633]
185.715(2) 5~ 103 227 186(2) dp dt a 4 37,3[752]
205.3102) 5 1.7 08  205(3) dp a A 3,3[752]
221.398(2) 37 221.3(2) 2.5 295  225(3) TC RC dp a 4 37.3[631]
236.954(31) 5 0.2 a A4 3,3[752]
2408812) 37,27 07 14 240(1) dp dt haa A4  37,3[631]
247.5832) +7,37 247.8(4) 2.9 02  248(1) TC RC dp 4 1t 1163
272.1802) 37 272.1(1) 4.2 1.2 271(1) TC RC dp dt 4 37 11e31]
275.425(2) 17 0.6 2.6 a 4 T7,3[631]
277.8(2)° 280(3) dp dt haa B  7,3[752]
301.7442) 37,17 07 13 301(1) dp dt 4 17, 1e31]
317.0822) $° 1.7 1.3 317(1) dp a B 17.3[622]
324913(7) 25,37, 47 01 326(1) dp dt haa A  37,3[631]
335(2) 335(2) dp a B H7,3[752]
351.5116) 3 02 02 351(1) dp dt 4 17 3[631)
377.5778) 1%,3° 08 02  380(1) dp dt B 17 3[622]
385.69(5)° c AT 31e3n)
387.827(2) 3,5 06 08 A 17,3[783)
403(2) 403(2) dp dt ha B Y7, 3[752]
449(1) 449(1) dp dt c  1Y.3[622]
452.18(2)° a A 3 ,%1[783]
490(3) 490(3) dp dt c A7 1163
510.897(10)° 3 0.1 c 1% 11624]"
530(3) 530(3) dp a C A7 117a3)164 ", 5 (622]
554.6512) + ,% 554.7(2) 0.2 7.1 555(1) TC RC dp dt B A4 5 ,3[501]
580(1) 579(1) dp dt ha c 2% 11624
590.838(2) 3 591.0(1) 0.1 1.5 592(2) TC RC dp A4 37,3(761]
593.617(2) + ,3 594.3(3) 1.5 2.3 592(2) TC RC dp dt B 4 5 ,3[501]
595.974(2) 3~ 0.7 B 37,3[501]
619.638(4) 3~ 619.8(2) 0.1 0.4 622(3) (TC) RC dp dt D 37,3[631]x0"
623.937(18)F 3~ 0.1 622(3) dp dt D 17,3[752]x0*
629.342(2) 3,3 1.7 B 37,3[761]
634.044(13)f 3~ 0.1 0.1 D 17,3[752]x0*
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TABLE IV. (Continued).

Model

Level independent  Energy Tot. Tot. Energy

energy® spin (prim. ¥) pop. depop. (d,p)  Other experimental Config.

(keV) and parity®  (keV)  (per 100 cap.) (keV) observations® Confid.¢ assign.
655.981(25)F 7,5~ 0.1 653(3) dp c  17,30761]
684.490(2) 27 ,37,7°  685.6(5) 0.2 1.6  685(2) RC dp dt D 37,3[503]
687.631(3) L7, 317 0.2 1.6 dv) B 1Y(I[631]1x0+&3[633]x2+)
704(2) 704(2) dp dt B %',;[743]
709.099(4) 37,37 0.6 dt B 27(1[631]x0*&3[633]x2F)
713.753(2) 3~ 713.6(2) 0.3 1.5 TC RC c 37,3[(770]
720.298(5) 3 ,%° 0.8  724(3) dp dt c 1 ,2[7701
735.263(6) 3 0.3 Cc  17(1[6311x0+&3[633]x2+)
793.026(4) +7,27 794.2(1) 0.6 RC c  LY(l[e40]&%[631]%x0%)
808.507(8) < 0.6 c  27(i[640]1&+ T[631]%0")
813(2)° dt ha c £ 7,50770]
820.544(7) +*, 37 820.9(2) 0.6 TC B L7 1[e311x0*
833.168(4) + ,3 833.3(2) 1.4 TC RC (dp) c +7,5[770]
839.304(8) 839.4(2) 0.5 837(3) TC RC (dp) dt B 37,1[631]x0*
854(4)° dt c  1%(ll6401&1[631]%x0")
875.549(4) 3~ 875.5(2) 0.3 TC RC dt c  37,3[501]
889.998(12) 2%, 1% 0.1 07  893(2) dp dt C  17(1[640]&+[631]X0%)
914.904(40) 3,7~ 0.3 dt ha c 37,3[501]
960.807(11) < 960.7(2) 0.8 TC (RO dt c 17, i1e31]1x0*
970(4) 965(5) . dp dt c  2%(1[640]1&+[631]%0%)
1004.236(20) +° 1004.0(1) 02  1002(3) TC RC dp dt
1020.728(5) 3~ 1021.3(2) 0.5 TC RC dp dt
1033(4)° dt c  AL7(i[640]&L[631]x0%)
1056.30(3) 37 1055.7(1) 0.8  1058(2) TC dp
1066.192) (37 0.5  1067(2) dp
1074.35(2) 3~ 1075.1(8) 0.2 RC
1081.33(2)  + ,3° 1081.2(9) 0.2 RC
1084(4) dt c L7 i1761]
1086.812(10) 37 1.3 1087(3) dp dt
1102.25(1) 5 1103.3(4) 0.4  1101(2) RC dp dt ha
1133.818) 47,327,237 1134(3) 0.8 (TC) RC
1159.750(7) +,3° 1159.5(2) 03  1162(2) TC RC dp
1173.002) ¥ 1172.1(4) 02 1175(2) TC RC dp

*Energies obtained from a least squares fit of level energies to transition energies.

"See text (Sec. II, second paragraph) for explanation of method for making model independent spin and parity assignments.

°TC denotes thermal neutron capture, RC denotes average resonance capture, dp denotes (d,p) reaction, dt denotes (d,t) reaction, ha
denotes (*He,a) reaction, a denotes alpha decay, and 8 denotes beta decay.

dEstimated confidence in evidence for a level’s configuration assignment: A denotes well established, B denotes probable, C denotes
plausible, D denotes speculative

‘Listed energy taken from previous experimental determination.

‘Based on present evidence, existence of level considered tentative.
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particle spectra, a or 8 decay y rays, or single-nucleon
transfer reactions (d,p), (d,t), and (*He,a). Thus, the
model-independent level scheme is based on proven physi-
cal concepts.

A level scheme consisting of 57 levels with configura-
tion assignments and within which 157 transitions are
placed was established from the present experimental
data. The y decay of 51 levels is given in Table V; also,
depopulating transitions from those levels assigned to ro-
tational bands are shown in Figs. 5 and 6. All levels as-
signed to 2*!Th are listed in Table VI, along with a sum-
mary of the evidence for their existence. The model in-
dependent spin and parity assignments are given in
column 2 of Table VI. The level energies and uncertain-
ties in Table VI were determined from the present (n,y)
data and calculated from a least-squares fit of energy
differences to the complete set of transition energies.’®
Also given in Table VI are the total observed transition
strengths that populate or depopulate a given level. For
many levels, but especially for certain low-lying ones, the
population and depopulation strengths are quite different.
This can be understood in terms of low-energy transitions
(often having large conversion coefficients) that were not
detected in the present study, even though the conversion
electron spectrum was scanned to rather low energies. A
few very intense transitions that follow 23!Th 8 decay ap-
parently obscure those in question. Configuration assign-
ments are given for most of the levels, along with an indi-
cation of the authors’ confidence in the validity of the as-
signments (well established, probable, plausible, or specu-
lative), in the last two columns of Table VI.

With the inclusion of primary transition in the level fit,
an experimental neutron binding energy of 5118.13+0.20
keV was determined for *!Th. The major part of the un-
certainty is due to the systematic error in the aluminum y
rays used for calibration. This result is consistent with
the value 5120.5+2.6 keV derived by Wapstra and Bos®’
from previous measurements.

In previous 23U (Refs. 6—8) and 2*'Ac (Refs. 10 and
11) decay studies, level energies were determined by use of
Ge(Li)-detector spectroscopy for approximately 17 excited
levels (arranged in six rotational bands) below 600 keV
and with I = < .

IV. ASSIGNMENT OF NILSSON ORBITALS
TO ROTATIONAL BANDS

A. Level structure from model calculations

The arrangement of experimental levels into rotational
bands and their assignment to Nilsson orbitals was guided
by Nilsson model calculations for 23!Th and by compar-
ison with observations for neighboring nuclei. Three such
calculations, made previously by other authors who em-
ployed various potential forms (modified oscillator,*® fold-
ed Yukawa,>® and Woods-Saxon®>*?), are summarized in
Table VII.

For the flrst seven conflguratlons listed in Table VII
(through + [624]) and for the 5 [761] configuration, the
calculated bandhead energies for a given configuration
agree reasonably well (with energy spreads ranging up to
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TABLE VII. Experimental and calculated bandhead energies in *'Th.
Calculated bandhead energies (keV)
Expt. Decoupling Fraction Other
energy parameters® Potential form indicated important
Config.? (keV) Expt. Calc. MO* FY¢ wse config.f components®

271633 A 0.0 0 40 0 91%
271752] 4 185.7 20 0 220 92%
171631] A 221.4 45 170 230 94%
171631 A 247.6 +0.09 —0.39 250 380 240 2% 20% +7[631]x0*
271622] B 317.1 420 470 790 47% 46% 37[633]%x0*
1 7[743) A 387.8 260 300 310 90%
17%1624] c 510.9 520 830 560 80%
+ [501] A 554.7 +0.93 +0.87 1075 400 670 47% 19% + [752]x2+
371761] A 590.8 645 750 720 74% 10% 27[631]%x0-
2716311%0~ D 619.6
27[752]1%x 0% D 623.9 950 76% 13% 5 [503]
27[503] D 684.5 1420 960
276332+ B 687.6
17 1640] c 793.0 —0.25 +0.16 1120 610 50% 30% + "[640]x0*
17163110+ B 820.5
+7[770] C 833.2 —72 —7.28 1150 1290 760 58% 10% + [503]x2*
37[501] Cc 875.5 1160
3*1631]%x0* c 960.8 880 73% 18% 3 "[642]

2Nilsson configuration assignment and level of confidence: A denotes well established, B denotes probable, C denotes plausible, and
D denotes speculative; discussion of these assignments is given in Sec. IV.

®Woods-Saxon potential, €,=0.191, ;= —0.044, Ref. 40.
‘Modified oscillator potential, €,=0.18, €,= —0.05, Ref. 38.
9Folded Yukawa potential, €,=0.195, €,= —0.05, Ref. 38.

“Woods-Saxon potential plus quadrupole phonon interaction, €,=0.19, €,= —0.077, Ref. 39.
By “indicated configuration” we mean the configuration listed in column 1. The composition given in columns 8 and 9 is from Ref.

39.

370 keV). Thus, the sequence of these bandhead energies
is predicted with only moderate ambiguity between poten-
tial forms. For configurations at higher energies, the de-
viations between the various calculations are somewhat
larger. Calculated decoupling parameters for three of the
K =+ bands are also listed in Table VIL

The results of the data interpretation are presented
next; the rotational bands, their configuration assign-
ments, and sources of supporting experimental evidence
are summarized in Figs. 7 and 8.

B. Positive parity bands below 600 keV
1. $7[633]: 0, 42, 96, and 162 keV

In previous studies of >>U a decay*~?® and transfer re-
actions!2~!6 these levels have been established as rotation-
al band members and given a %+[633] orbital assignment.
The regular spacing of these levels indicates a K =3 band
with rotational parameter 4=6.00 keV.

2. 37[631): 221, 241, 275, 325, and 386 keV

These levels were established previously in 2*°U a decay

studies*~® and were assigned to the < [631] orbital.

Transitions that feed or depopulate the four lowest levels
have been identified in this work. The observed level
spacings indicate extreme compression of the band, a re-
sult of Coriolis mixing.

3. 17r631): 248, 272, 302, 352, and 490 keV

In previous studies this band was proposed to consist of
levels at 248, 272, 317, 378, and 445 keV with a regular
spin sequence y—5. From the energy spacings of this
proposed sequence, one derives a value of 4=28.6 keV for
the rotational parameter, which is much larger than corre-
sponding values (6.3 keV) for this configuration in 23U
and 23Th. Since the present experiment has produced
evidence for new levels at 302, 352, and 490 keV, the na-
ture of the = [631] band becomes more clear with their
assignment to the =<, -, and & band members,
respectively. The level spacing in this band can now be
described approximately by the parameters 4=6.78 keV
and a= + 0.12. All of the levels assigned to this band
were observed in the (d,p) spectrum.

Experimental values for the decoupling parameter of
this orbital have been reported for 11 actinide nuclei*® and
are plotted as a function of mass number 4 in Fig. 9. Be-
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FIG. 9. Experimental and calculated values for the decou-
pling parameter of the %+[631] band in actinide nuclei.

ginning with the value for 2?’Ra, + 0.62, these parame-
ters show a regular trend, becoming more negative with
increasing 4. The new experimental value for 2!Th is
consistent with this trend.

Of the calculated values shown, those from Chasman
et al.** (Woods-Saxon potential) agree well with experi-
ment, particularly for the two heavier nuclides 2*°Pu and
2%5Cm. In the present work, decoupling parameters were
calculated employing a modified oscillator potential and
assuming ground-state deformations as reported in the
literature,*! for the following nuclei: 227Ra (€,=0.16,
€,=—0.058), B'Th (,=0.19, ¢€,=-—0.060), 2°Pu
(6,=0.21, €,=—0.039), **Pu (e,=022, €,=—0.024),
and ***Cm (e,=0.23, €,= —0.021). As can be seen in the
figure, good agreement with experiment is obtained only
for 2Cm. The 5 [631] decoupling parameter is quite
sensitive to hexadecupole deformation (e.g., see the discus-
sion by Chasman et al.*°). Thus, one can obtain agree-
ment with experiment for >*!Th by reducing the amount
of hexadecupole deformation to €,= —0.01. Whether this
result should be considered evidence that 2!Th in the

[631] state has less hexadecupole deformation than in
its ground state, or that the calculated ground state defor-
mation is somehow incorrect, is difficult to decide. In as-
sessing the effect of configuration changes on nuclear
shape, Nielsen and Bunker*? obtained differences in €, of
less than 0.02 units when calculating excited-state versus
ground-state deformation.

4. 37[622]: 317, 378, 449, and 530 keV

This orbital has not been identified in previous studies
of 2!Th. Various calculations (given in Table VII) place
the bandhead at 420, 470, and 790 keV. The levels at 317
and 378 keV, which are proposed to be the first two

members of the band, have experimentally deduced sgln
and parlty assignments that are consistent with I™
and 7 . All four levels are observed in the (d,p) spec-
trum; the 449-keV level, in particular, is strongly popu-
lated and its angular distribution data are consistent with
an angular momentum transfer of /=4.

In studying the Z2Th(d,t)**'Th reaction, Grotdal
et al.'> observed peaks corresponding to the 378- and
449-keV levels and assigned them -7 2[631] and
%+%[631] configurations, respectively. Neither assign-
ment is consistent with the energy spacings expected in
these rotational bands as constructed m this work. Thus,
these peaks are assigned here to the & [622] band. Even
though the predominantly particle nature of the band is
demonstrated by the large value for the ratio of (d,p)/(d,t)
reaction cross sections, population of the 378- and 449-
keV levels by the (d,t) reaction occurs apparently because
of the diffuseness of the Fermi surface and the Coriolis
interaction.

5. 271624]: 511 and 580 keV

This orbital has not been assigned in previous studies of
BITh. Calculations (Table VII) place the bandhead vari-
ously at 520 560 and 830 keV. In the N=133 nucleus
233Th, the % '[624] bandhead is found at 337 keV,'® and
the levels of this band mix strongly with those of the

[633] orbital, for which the bandhead | energy is 262
keV Evidence for the existence of the + [624] band in
BITh was obtained from the observation of an intense
peak at 579 keV in the (d,p) spectrum. This level is as-
signed to the I :% member of the band, based on calcu-
lated cross sections for its (d,p) population and expected
energy. The %+ level in this band is expected at approxi-
mately 511 keV, an energy where a gamma transition to
the ground state will be masked by the relatively intense
annihilation radiation peak in the spectrum. A gamma
line is found, however, at 468.94 keV, corresponding to
the decay of a 510.89 keV level to the 42-keV %+ level
of the ground state band. Thus, the energy of the %+
bandhead level for this orbital is tentatively assigned as
511 keV.

6. Three K ”=§+ bands: 688, 709, and 735 keV;
793, 809, 854, 890, 970, and 1033 keV; 821 and 839 keV

In the experimental data of Table I, there are 14 y rays
ranging in energy from 436 to 855 keV whose conversion
coefficients are markedly higher (by factors of 1.5—15
times) than theoretical values for M1 transitions. These
large coefficients are ascribed to the presence of an appre-
ciable EO component in each transition. Since pure EO
transitions can proceed only via the emission of conver-
sion electrons, their role in enhancing conversion coeffi-
cients when EO+M1 (+ E2) mixing occurs is clear.
There are, of course, possible alternative explanations for
the existence of large conversion coefficients; the observed
transitions could be of higher order multipolarity than ei-
ther M1 or E2, or could be strongly hindered E1 transi-
tions. These possibilities are unlikely because the ob-
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served L-subshell ratios support the EO components and
the y-branching ratios and deduced spins of the levels
favor low multipolarities.

Six of these EO+M1 (4 E2) transitions form part of
the evidence for the existence of new levels in 2*!Th at
688, 709, 793, 809, 821 and 839 keV each transition
feeds either the 1 =+ or 3 level of the + [631] configu-
ration. These new levels, then, are mterpreted as being the
lowest-lying members of three new K ”:%+ rotational
bands. The EO components in the depopulating transi-
tions indicate that each of the three new rotational bands
contains 1n its wave function some amount of the configu-
ration (+ [631] x01). If it is assumed that each transi-
tion is an EO+M1 mixture (i.e., neglecting E2 admix-
tures and recognizing that such an assumption is unphysi-
cal, but serves to simplify the discussion), the transitions
depopulating the 687-keV band contain 10—20% EO
components, those depopulating the 793-keV band 50%
EO, and those depopulating the 821-keV band 40% EO.

Although the EO deexcitation mode is possible between
any two levels with the same spin and parity, ordinarily it
is much slower than the M1 and E2 components of the
transition. Therefore, observation of transitions with
identifiable EO strength is a rather infrequent occurrence
in odd-A nuclei. But, when the wave function of the
upper level includes an appreciable K=0 vibrational com-
ponent that is coupled to the quasiparticle state predom-
inant in the wave function of the lower level, the EO tran-
sition becomes a much more favored mode of decay. At-
tributing observed EO strength in an odd- 4 nucleus to -
vibrational character is a natural extension of the observa-
tion of B-vibrational Ot states in even-even nuclei. Other
explanations exist for the nature of O states, namely their
description as particle-hole excitations or pairing vibra-
tions. Both of these forms of excitation are expected to
occur somewhere near or above 1 MeV.** The excitation
energies for the first excited O states in even-mass Th
and U nuclei (e.g., at 635 and 730 keV for **°Th and
232Th, respectively) appear to be too low for either of these
alternatives. Thus, the EO strength seen in the transitions
from low-lying levels in 23'Th most probably indicates the
presence of some y-vibrational character.

The characteristics of levels arising from single
particle-phonon mixing in odd-A4 deformed nuclei have
been calculated by the Soloviev group.’® In comparing
these calculations with experiment, one finds that Ivanova
et al.* do not predict the presence of three 5 bands in
21Th with phonon-mixed states based upon the + 7[631]
single particle state. In fact, in the range 250—1020 keV
there is predicted just one K™= —+ band at 610 keV with
the components 50% + *[640] and 30% (+ [640]><O+
It is clear the calculatlons fail with respect to such details
as the degree of fragmentation observed for the
(1*[631]x0") state.

Recognizing that these states are mixing to perhaps an
unexpected degree, one can try to identify other com-
ponents in the wave functions. For example, one can ex-
amine the deexciting transitions in an analogous way for
evidence of K=2 phonon-coupled configurations. All of
the new - and 5 ' levels just discussed (except one) also

decay to the ground state band. One finds for the 688-
keV %+ level that 82% of its depopulation strength feeds
the ground state band with half of this occurring through
an E2 transition that competes with several other transi-
tions which are of predominantly M1 multipolarity. This
observation, then, is indicative of a y-vibrational

[633]x27%) component in the wave function of this
band Similarly, one might expect to observe the

[631] % 2%) configuration mixing into the K =
bands Since most of the transitions detected that feed the
levels of the 7+[631] band at 221 keV are of pure M1
multipolarity, there appears to be no evidence for coupling
of this single particle state with a y-vibration.

If the new K = % bands have some %+[640] character,
noticeable features would be strong decay to the 3 +[631]
band (at 221 keV) and population of some of the levels by
the (d,t) reaction. In constructing the band at 793 keV, all
of the higher spin members, I > 3/2, were previously ob-
served in the (d,t) spectrum'® which is generally consistent
with the calculated relative intensities for this band. The
previous assignment of levels to this band!® implied a
decoupling parameter @ = —1.89, which is 1ncon51stent
with predicted values,*® and, consequently, an =
bandhead at approximately 590 keV which is not found in
the present experiment.

Thus, the predominant configuration occurring in each

of these K= bands can be ass1gned as follows:
[631]><0+ 821-keV band; [633]><2+ 688-keV
band *[640], 793-keV band. Thxs analysis suggests the

K™= % o states observed experimentally in BITh are more
complex than expected from model calculations.

7. Coriolis mixing of positive-parity bands

For the five positive-parity bands which have been as-
signed to levels below 500 keV, it is expected that Coriolis
mixing causes appreciable perturbation of some level ener-
gies. This effect was explicitly included in a calculation
done by fitting the observed level energies to standard ro-
tational level-spacing formulae. Also included in the cal-
culation was the +1[640] band at 793 keV. Although
calculated values for Coriolis matrix elements are avail-
able,*® the strength of most of these were determined in
the level fitting process.

In the calculation, results of which are listed in Table
VIII, a total of 25 level energies were fitted with a stan-
dard deviation of 0.5 keV. Values of 13 variable parame-
ters, those listed in Table VIII plus five bandhead ener-
gles, were determined. For the decoupling constant of the

[640] band, a value a = —0.25 was obtained, as com-
pared with a calculated value of a= + 0.16.* The decou-
pling constant for the 5 +[631] band derived in this calcu-
lation, a= + 0.09, is little changed from that obtained by
a simple fitting of the lowest three band members,
neglecting Coriolis mixing. The Coriolis matrix elements
derived from this calculation are effective values where
the reduction due to inclusion of a pairing factor has not
been explicitly removed. These matrix elements show
empirical values that are 15—60% of the theoretical.
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TABLE VIII. Level-energy fitting calculation for positive-parity bands in 2*'Th, including Coriolis mixing effects.

371633 3 [631] 1 [631] 371622 7 [624] 7 [640]
Level energies (keV)

Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc
E( % ) 247.6 247.7 793.0 792.3
E(%) 221.4 220.7 272.2 271.5 808.5 808.7
E(%) 0.0 0.0 2409 2417 301.7 302.0 317.1 317.8 854 853.0
E( % ) 42.0 420 2754 2769 351.5 352.7 377.6 376.0 5109 510.9 890.0 891.6
E( % ) 96.1 96.1 3249 323.2 409.5 449 4479 579 579.1 970 970.9
E(%) 1619 162.1 385.7 385.8 490 489.3 530 531.5 662.2 1033 1032.0

Fitted parameters (keV)
(theoretical values® in parentheses)
E(K) —0.1 220.5 247.5 317.6 510.7 792.1
Decoupling
parameter a + 0.09 (—0.39) —0.25 (4 0.16)

(5[640]|j_ | +[631])=—0.38 (—2.8)
(5[640]|j_ | 3[631])= 2.2 (4.6
(3[631]]j_|3[631])= 0.79 (0.39)

(3[631]]j_ | 3[622])=1.6 (4.8)
(3[633]]j_ | 7[624])=2.7 (4.6)
A=6.79

Fixed parameters (keV)
(theoretical values® in parentheses)

(3[631]]j_ | 3[633])=0.23 (0.46)

(3[622]]j_ | 2[624])=0.05 (0.005)

2From Ref. 40.

This empirical reduction of matrix elements is, by now, a
common feature of such calculations.*® An exception to
this behavior is the %+[631]-%+[631] matrix element
where the empirical value, 0.8 keV, is twice the calculated

value.
8. (37[631]x0%): 961 keV

The 961 keV > level is well established by many
depopulating transitions. The transition to the 5+ 3[631]
level has an EO component. Therefore, based on our pre-
vious discussion (in Sec. IV B 6) of the nuclear structure
thought to give rise to such mixed EO ( + M 1+ E2) tran-
sitions, we assign this level tentatively to the K™=0% vi-
bration on the 5 *[631] band.

C. Negative parity bands

1. %‘[752].' 186, 205, 237, 278, 335, and 403 keV

In previous studies of 2*°U a decay*~% and the (d,t) and
(®He,a) reactions,'>~1 the levels listed above have been
established as the first six members of the 5 [752] rota-
tional band. Transitions that feed or depopulate the three
lowest of these have been identified in the present (n,y)
study. All but the 237-keV level are populated in the
present (d,p) measurement.

2. 17[743]: 388, 452, 530, and 704 keV

In previous studies of *°U alpha decay,*~® the 388- and
452-keV levels were established as the first two members
of the - [743] rotational band. Transitions feeding and
depopulating the 388-keV level have been identified in the
present (n,y) study. The levels at 530 and 704 keV, which
are populated in the present (d,p) measurement, are as-
signed to the  =-3 and == members of the band. It will
be shown that the energies of all these levels are well fitted
by a calculation that includes the effect of Coriolis mixing
among the bands arising from the j,s,, spherical orbital.

3. L7/501]: 555, 594, and 596 keV

Experimental evidence for this orbital has been found
in many actinide nuclei ranging from *’Ra to *°Cm,*
where the expected signature is strong population of the
I=7% and 3 levels by the (d,t) reaction. In 3'Th this
band was identified in (d,t) studies, first by Boyno
et al.,'* who assigned observed levels at 558 and 594 keV
to the I =+ and (3, <) members of the band. The calcu-
lated energy for this orbital is sensitive to the choice of
single-particle potential. Two of the entries in Table VII
(folded Yukawa and Woods-Saxon potential calculations)
bracket the experimental energy for this orbital rather
well. The calculated decoupling constant of Chasman
et al.** implies a level spacing of 4 keV for the +-3 lev-
els.

In the present work, the 3 [501] orbital is assigned to
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the three levels indicated above; from these, one calculates
a rotational parameter 4=6.73 keV and a decoupling pa-
rameter a= + 0.93. The experlmental observation that
BlAc B decay populates levels at 554(% ) and 593(3 )
keV is consistent with the + [400] ground state assign-

ment to 23'Ac.

4. 37[761]: 591, 629, 656, and 1084 keV

For this orbital, calculated bandhead energies are in the
range 650—750 keV (Table VII). The experimentally ob-
served I"=<" level at 590.836 keV is assigned as the
bandhead. The predominant mode of deexcitation (96%)
of this level is to the first two levels of the = [752] band.
A level at 629.339 keV, which also decays mainly (87%)
to the same two levels, is assigned as the 3 member of the
band. The I =+ member of this band is assigned to a
level at 655.92 keV on the basis of two transitions that
feed levels of the 5 [752] band. These experimentally
observed level energies are reproduced rather well in the
calculation that includes the effect of Coriolis mixing
among the bands of the j;s,, spherical orbital (see below).

It is interesting that two I"==" levels at 591 and 594
keV occur so close to one another. From their proximity
one can derive an experimental upper limit of 0.1 keV for
the Coriolis matrix element describing the interaction.
This result is consistent with the orbital assignments
27[761] and + [501]: Chasman et al.** calculate a
(j 4+ ) matrix element of —0.11 keV for this orbital pair.

5. 27[770): 714(3), 720(%), 813(%),
and 833(%) keV

The expected characteristics of this orbital are the fol-
lowing: (a) Bandhead energies calculated variously at 760,
1150, and 1290 keV (Table VII); Ivanova et al.® predict
this orbital to occur at 760 keV, just 40 keV above the
27[761] band. (b) A calculated decoupling parameter of
a = —7.3 keV; this implies that the 5+ level lies below
the 5 level for this band and a 5- level spacing of 120
keV, neglecting any variation caused by Coriolis effects.
(c) Both the I =+ and 5 levels will be populated in the
ARC measurements. (d) Calculated cross sections for
higher-spin members of the band are low enough that they
will be difficult to identify in the (d,t) spectrum. With
these characteristics as a guide, levels populated in the
ARC measurement were examined with respect to which
levels show appreciable deexcitation to the + [761] and
%—[752] bands. The most likely candidates were the fol-
lowing: (a) As the % level, those at 620, 714, and 1074
keV, and (b) as the % level, those at 833 and 1160 keV.
Since it is known that this band will interact strongly with
the 5 [761] band, assignment of experimental levels as
members of the bands was accomplished in the course of
an explicit calculation of Coriolis mixing described next.

6. Coriolis mixing of negative-parity bands

Selected palrs of the candidate levels were assigned to
the I =+ and 3 members of the = [770] band and were

used in calculations to fit 18 level energies among four
J1s,2 orbitals (Table IX); Coriolis interactions were expli-
citly included. The result was that the best candidates for
the low-spin members of the 5 [770] band are the 714
keV—833 keV pair. The findings that support this assign-
ment are (a) a large fraction of the deexcitation of the
714-keV level populates members of the < [752] band,
(b) a satisfactory fit to experimental levels, and (c) param-
eters derived from the best fit to these levels (a = —7.2,
Coriolis matrix elements for the 3-3 and 3-7 band in-
teractions approximately 50% of the theoretical) corre-
spond to what is expected from the theoretical calculation
and experience. On the other hand, certain aspects of this
interpretation are not in accord with expectation, as fol-
lows: (a) Transitions between the 714-keV level and
members of the 3 [761] band have not been detected; (b)
the fitted Cor1ol1s matrix element for the +-3 band pair
is only 18% of theoretlcal while the fitted decouplmg pa-
rameter for the 3+ [770] band is 100% of the theoretical.
Thus, the assignment of the indicated levels as members
of the + [770] band is made based on a plausible inter-
pretation of the experimental observations.

7. (3116311 07): 620 keV

Studies of the neighboring nuclei 2**Th, 2*°U, and #°U
have shown evidence for an octupole vibration coupled to
the - [631] band, resulting in levels with excitations in
the range 600—800 keV.!”* 1In 233Th, there has also been
found ev1dence for the coupling of an octupole vibration
to the + '[631] particle state. Although no +  levels
found in the present work have been assigned as octupole
vibrations, a = state is found at 620 keV that could be
such a configuration since it is not assigned to other nega-
tive parity bands and decays in part to the & [631] band.
This state is assigned tentatively as the first member of a
band consisting of an octupole vibration coupled to the

[631] band.

8. (37[752]x0%): 624 and 634 keV

Each of these levels is depopulated by two transitions
that lead to the lowest two levels of the 5 [752] band at
186 keV. One of each pair of transitions has experimen-
tally demonstrated M 1+ EQ character. These levels can
be interpreted as members of a new rotational band with
(3 7 [752] X0™%) character. The level spacing here is 10
keV, which is about half of that found in the base state
band. The large apparent moment of inertia for the base
state band is understood in terms of a general compression
of the band due to Coriolis mixing with levels of the near-

+ [743] band. Presumably, the 0" vibrational bands
bllllt on these two base states could also be strongly
mixed, which would account for the observed level spac-
ing. Since the evidence for this quasiparticle-phonon cou-
pled band is not very extensive, its existence and configu-
rational assignment must be considered tentative.
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TABLE IX. Level-energy fitting calculation for negative-parity bands in *'Th, including Coriolis mixing effects.
$71752] T [743] 3 1761] 7 [770] T [734]
Level energies (keV)
Eexp! Ecalc Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc Eexpt Ecalc
E(3) 833.2 833.5
E(3) 590.8 588.6  713.8 711.6
E(%) 185.7 185.1 629.3 629.3 984.2
E(%) 205.3 205.5 387.8 388.6 656.0 658.5 720.3 723.0
E(%) 236.9 237.2 452.2 452.9 756.3 1188.9 918.6
E( %) 277.8 280.4 530 527.2 865.1 715.4 1005.5
E('73) 335 331.6 598.9 945.2 1447.3 1106.4
E(%) 403 403.9 704 705.4 1084 1083.5 813 812.2 1225.9
Fitted parameters (keV)
(theoretical values® in parentheses)
E(K) 185.5 3724 591.7 833.2 918.2
Decoupling
parameter a —7.2 (—7.3)
(5[7701)j_ | 2[761])=1.3 (7.3) (317521]j_ | [743])=3.0 (7.2)
($[7611]j_ | 3[7521)=3.7 (1.3) A=6.67

Fixed parameters (keV)

(theoretical values® in parentheses)

(F[743]]j_ | 2(734])=3.4 (6.8)

2From Ref. 40.
9. 37[503]: 685 keV

Evidence for a level at 684.5 keV is provided by two y
transitions leading to the first two levels of the %+[752]
band and by population in the (d,p) and (d,t) reactions.
Model-independent considerations suggest I z% to %
with negative parity for the level. In the calculations of
Méller et al.’® (folded Yukawa potential), a < [503]
band is found at 960 keV, which mixes appreciably
through AN=2 mixing with the 3 [752] band; the
predominance of the observed transition to the 185-keV
27 level in our work is consistent with this description.
In the calculations of Ivanova et al.,* a %_ band is
found at 950 keV, the only such band other than the
27[752] configuration. It is of collective rather than
single-particle nature, consisting predominantly of a 8 vi-
bration coupled to the 3 [752] band. In the present
work, the experimental conversion coefficient for the in-
tense 499-keV transition depopulating the level indicates
no evidence for EO mixing in the transition; thus, a strong
contribution from the vibrational configuration
£ 7[752] x0% is unlikely.

10. 37[501]: 876 and 915 keV

Grotdal et al.’> observed levels at 869, 908, and 965
keV and assigned these strong (d,t) lines to the lowest

members of the 3 [501] rotational band. In agreement

with this, levels at 876 and 915 keV observed in the (n,y)
part of the present work are assigned tentatively as the %
and % members of the band, assuming an energy
discrepancy of 7 keV with the energy calibrations of the
previous (d,t) measurement.

D. (d,p) population of rotational bands

Angular distributions for several of the more intense
lines in the (d,p) spectrum are shown in Fig. 4. The ex-
perimental data show reasonable agreement with the ex-
pected angular distribution, based on the assigned spin
and parity of the populated level. Generally, however, it
was not possible to make unambiguous assignments of an-
gular momentum transfer for new levels in the (d,p) spec-
trum in the absence of other kinds of experimental evi-
dence regarding spin and parity. Examples of such levels
shown in Fig. 4 are those at 403, 449, and 579 keV. Each
of these has been observed only in transfer reactions and
their spin and parity assignments must be considered as
tentative, although the prominence of the 403-keV level in
the (*He,a) reaction spectrum is indicative of large !
transfer and, thus, serves to verify its configuration as-
signment. On this basis, we rate the confidence of this as-
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signment as probable, rather than tentative.

Configuration assignments for certain levels populated
by the (d,p) reaction are listed in Table X. Cross sections
were calculated using the DWUCK code with optical model
parameters taken from an earlier calculation for
232Th(d,p) by Grotdal et al.’® In the present calculation,
wave functions were generated with a modified oscillator
potential described by the parameters «=0.05 and
1=0.448. In previous (d,p) and (d,t) studies of
231Th,14~16 it has been shown that cross sections calculat-
ed with the use of these parameters show better correspon-
dence with experiment than those obtained using parame-
ters recommended in more recent papers on the oscillator
potential, k=0.0635 and 1 =0.339 (Ref. 41). The control-
ling factor here is the lower value of «, which determines
the amount of spin-orbit coupling in the Hamiltonian. In
the present calculations, the spherical orbits go,, and iy;,;
are closer to each other in energy than for x«=0.0635.
Thus, when in a deformed potential, the ersson [ states
or1gmat1ng in these spherical orbits, > [633], 3 [624]
and > [631], 3 [622] mix to a greater extent than other-
wise. Smce these orbltals cross in a Nllsson diagram,
the effect of this “crossing” is for the & [631] and

[622] bands to take on the character of gg ,2 bands to
some degree and, thus, to show greater (d,p) strength to
the I =+ states than otherwise. In a corresponding
manner, the (d ,p) strength feeding I :T states in the

[633] and [624] bands will be enhanced. In con-
trast to this behavror, the wave functions calculated for
the [631] orbital are little affected by parameter
ch01ce.

In comparing the experimental and calculated cross sec-
tions listed in Table X, it can be seen that in several in-
stances the inclusion of Coriolis mixing is essential to
good agreement. A vivid illustration of this is found for
the I == levels of the posmve-parlty orbitals where, for
the [631], 171631], and 27[622] bands, use of
Corlohs mixed wave functions produces dramatic im-
provement In other instances, the effect of Coriolis mix-
ing seems to be acting in the wrong direction, as, €8,
the case of the positive parity I =3 levels of the < [631]
and 5 [631] bands where the mlxed wave functrons pro-
duce 1ncreased strength in the [631] band, while exper-
imentally it is found in the & [631] band. Overall, there
is reasonable agreement between the experimental and cal-
culated cross sections (with Coriolis mixing) for the
positive-parity bands. The total experimental (d,p)
strength for these bands agrees with that calculated to
about 10%, another indication that appropriate configura-
tion assignments have been made. For the negative-parity
bands, the total experimental (d,p) strength exceeds that
calculated by a factor of 3, even after some enhancement
in the latter due to Coriolis mixing. The calculated cross
sections underestimate experiment by a factor of 2 for the
two I =~ levels, where the great majority of the spectro-
scopic strength lies. In this case, the source of the
discrepancy must be other than in the correction for pair-
ing effects since these bands (3 [752] and - [743)) lie
on opposite sides of the Fermi surface and have quite dif-
ferent occupation factors (#2=0.20 and 0.88, respective-

ly).

An important result of our (d,p) measurement is that it
provides valuable corroboratory evidence for the positive-
parity level sequence observed at rather low excitation in
ITh. The observation in the (n,y) experiment on nine
levels, rangmg from 221 to 378 keV and belonging to the
orbitals —;— [631], [631] and [622], is proposed.
Evidence for each of these was detected in the (d,p) spec-
trum.

V. CONCLUSIONS

This comprehensive study of 2*!'Th has resulted in the
assignment of 18 single-particle or mixed vibrational con-
figurations. The corresponding rotational bands contain
57 levels. These levels have been established and identi-
fied by secondary (n,y) transitions, by primary transitions
from thermal and average resonance neutron capture
(ARC), and by (d,p) and (d,t) reactions. Additional levels
without assignments are suggested. A total of 157 transi-
tions (out of 278 measured secondary lines) are placed in
the level scheme. All expected Nilsson states were ob-
served below 750 keV The level scheme is essentially
complete concerning 3 and 3 states below 700 keV due to
the ARC data.

A special feature of the level scheme is the appearance
of some admixture of the K™=0% 3 vibration built on a

[631] Nilsson state in three rotational bands which lie
within 140 keV of each other. This fragmentation was
unexpected theoretically and is the explanation for the ob-
servation of an unusually large number of EO transitions.

As indications of stable octupole deformation in odd- 4
nuclei in this mass region, two criteria have been suggest-
ed: (a) Rotational bands with degenerate parity doublets;!
in some cases, enhancement of E1 transitions between the
bands of a parity doublet were observed;® (b) for K =+
bands, a hybridization of the decoupling parameters, i.e.,
the decoupling parameters have the same absolute value,
but with opposite sign, was predicted* and observed ex-
perimentally.” In the present work no particularly close
parity doublets are present. This result is in accordance
with calculations' that predict the occurrence of such
doublets to be less likely in 2*!Th than in the more favor-
able cases of 2°Th and **’Th. In 'Th only the < [752]
and 7 [501] bands decay preferentially by E1 transmons
and, for these, there are no alternate decay modes. With
respect to hybrldlzatron of decouplmg parameters, the
decoupling of the + [631] band is in the direction of hy-
bridization, i.e., the parameter is positive as compared
with a predicted negative value. Nevertheless, the decou-
qh_ng parameters of the observed negative parity bands,
7 [501] and 5 [770], are close to predicted values based
upon pure quadrupole (and hexadecapole) deformation.
Thus, on the basis of the stated criteria, no evidence is
found for significant stable octupole deformation in 23! Th.
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