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The transitions and levels in U?3% populated by Pu?3® alpha decay have been studied
by alpha fine-structure investigations, alpha-gamma and gamma-gamma coincidence
measurements. The spectra revealed the existence of at least 17 alpha groups and
24 gamma transitions which could be accounted for by 21 excited levels in U3¥.
The results are discussed within the framework of the unified model. The proposed
level scheme exhibits a level density about twice as high as predicted by the Nilsson
theory. This result is in fair agreement with the predictions of the superflind model
of SOLOV'ES.

1. Introduction

The nucleus U233 is in a region of strongly deformed nuclei. Conse-
quently, its level scheme should exhibit pronounced rotational bands
described by the Bohr-Mottelson nuclear model'™*. These rotational
levels are based upon single-particle NiLssoN states* *, More recently.
SoLov’ev® 7 has introduced some modifications in NILSSON'S schemes
by taking into account the effect of superfluidity. The calculated level
density is about twice as large as that predicted by the Nilsson scheme.
Experimental checking of the theoretical predictions is of great interest
to nuclear physics. Moreover, knowledge of the U?** level scheme is a
precondition for calculating the inelastic neutron scattering cross-section
by means of the Hauser-Feshbach theory®.

The levels in U?3% are populated by the ® 24413 y alpha decay of
Pu?3®. The alpha groups feeding levels higher than 53 keV are very
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weak, the intensity being only 1073 to 10~ *%. This causes significant
experimental difficulties, especially for the alpha-gamma coincidence
measurements described below. Such measurements have not been tried
before.

The level structure of U?3? has been the subject of several investiga-
tions '°72% Level schemes were proposed by NoOvikova et al.!3
DzuHeLEPOV et al.!*, Baranov et al.?®, NEwTON2®, SHLIAGIN 23,
TRET1AKOV ¢t al.?* and MURRI and CLINEZ®. On the basis of these
works the existence of the [743] 7~ ground state3° 32 rotational band
with members at 46 keV and 104 keV, of the [631] 1" rotational band
based upon an isomeric state!®” 1% 33 3t <0.08 keV with members at
13 keV, 53 keV, 83 keV and 152 keV, and of a $* level at 130 keV seems
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to be well established. Several studies show agreement in proposing
levels at about 172 keV, 200 keV, 229 keV, 297 keV, 333 keV, 368 keV
and 424 keV. Considerable discrepancies exist as to the existence or
position of most gamma transitions in the decay scheme. The theoretical
interpretation of several levels is thus mainly based on energy considera-
tions. MURRI and CLINE observed 16 gamma transitions, only two of
which, however, can be identified with transitions in the level scheme
proposed by TRET1AKOV et al. which contains 10 transitions. There is
also disagreement concerning the spin assignment of the 172 keV level.
TRETIAKOV et al. found a spin value of 7 and a parity equal to that of
the ground state. MURRI and CLINE interpreted the same level as a
rotational state to the 130 keV-$" intrinsic level they had introduced.
Thus, they also obtained a spin value of ], but a parity opposite to that
of the ground state. DzHELEPOV et al.'* and BaraNov et al. '3 assumed
this level to belong to the ground state rotational band and assigned to
it 137, BARANOV et al. found for the (K=3%) rotational band a level
sequence with a rotational spacing factor of 4.4 keV which is markedly
lower than the corresponding values of the ground state and (K=17
rotational band (cf. Table 7). This implies an unusually large change of
inertia. BARANOV et al. observed additional alpha groups feeding levels
at 426 keV, 470 keV, 530 keV and possibly 93 keV. No interpretation
of the levels at 224 keV, 333 keV, 424 keV, 426 keV, 470 keV and 530 keV
has yet been attempted.

In order to clarify the contradictions mentioned above and to build
up a more consistent level scheme it seemed necessary to reinvestigate
both the alpha and gamma spectra. The rapidly advancing development
of semiconductor detectors®*737 furnished the decisive experimental
material to work on.

2. Experimental Procedure

The U??7 level structure was investigated by studying the fine struc-
ture of the alpha spectrum and by performing alpha-gamma coincidence
and gamma-gamma coincidence measurements.

In the alpha-gamma coincidence equipment a 25 mm? semiconductor
detector was used with about 100 p depletion depth at 50 V bias. The
total resolution including amplifier noise and energy loss in the source
was about 25keV. For gamma spectroscopy a 14 ''@Ix 1" Nal (Th
crystal mounted on an EMI 6097 A photomultiplier was employed. The

34 Trans. IRE NS-8, No. 1 (1961) and NS-9, No. 3 (1962).

35 NAS-NRC Publication 871, Nucl. Sci. Report No. 32 (1961).

36 Czuuus, W., H.D. ENGLER u. H. Kuckuck: Ergebmisse der exakten Natur-
wissenschaften (ed. S. FLUGGE and F. TRENDELENBURG). Berlin-Gottingen-Heidel-
berg: Springer 1962.

37 Nucleonics 20, No. 5, 53 (1962).
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energy resolution was 7.4% for the 662 keV gamma ray of Cs'3". Aipha
fine structure measurements were performed by using an integral dis-
criminator in the gamma pulse channel. Alpha-gamma coincidence
measurements were carried out by setting a single channel pulse height
discriminator on the various alpha groups. The main features of the
electronic equipment are described elscwhere*®. Because of the poor
source strength in the alpha-gamma coincidence measurements a
coincidence resolving time of 0.4 us was sufficient. Data were recorded
by a 256 channel pulse height analyser.

In the two-dimensional gamma-gamma coincidence arrangement two
identical detectors were emploved consisting of 11 7@ =x2” Nal (T}
crystals mounted on RCA 6810 A photomultipliers. The resolution was
8.1% and 8.4%, respectively, for the Cs'*” gamma ray. A Compton
shield®® was used to avoid counter-to-counter scattering. For this
arrangement a fast-slow coincidence circuit was chosen contamning a
60 ns Beli-type fast coincidence circuit*® *!. Data were analvsed by
means of a 2 x 10 bit dual ADC with an integral linearity of 0.1 % and a
differential linearity of 1°%. The digital data were processed and stored
via one of the input channels of the CDC 160 A computer installed **
at the Karlsruhe research reactor.

Sources were prepared by drying up a I n HCIO, solution con-
taining 2.1 - 1072 mol 1 Pu??® onto a 0.2 mm fire-proof glass backing.
These samples were heated in order to get a plutonium oxide laver as
pure and uniform as possible. The active surface density of the alpha
source was about 30 pug/cm? providing an activity of about 1 uC. The
sample used for gamma-gamma measurements contamed 1 mg of plu-
tonium corresponding to an alpha activity of about 64 pC. The isotopic
composition of the active material was (96.8 £0.2)% Pu?3%, (3.22+0.2)%
Pu?*°, £0.2% Pu?*! and £0.2% Am?**'. Shortly before this work was
finished a source with 99.7% Pu??° became available*. Some control
runs were performed with this source.

3. Experimental Results
3.1. Fine Structure of the Alpha Spectrum. [n the total alpha spectrum
(Fig. 1a) the most intense alpha groups of Pu?*”, at 3147 heV and

* From CBMN, Euratom. Geel, Belgium. The preparation 1s described n ref. 43

38 HowrscH, F.: Kernforschungszentrum Karlsruhe, Internal Report IAK No. 9 64
(1964).

39 BeLL, P.R.: Beta- und Gamma-Ray Spectroscopy (ed. K. SitGann), Chapt. V.
Amsterdam: North-Holland Publishing Company 1955,

40 MicHareLls, W.: KFK 129 (1963).

4 BELL, R.E., R.L. GrRanaM, and H.E. PercH: Canad. J. Phys. 30, 35 (1952)

42 KRUGER, G., and G. Dimmier: Int. Conf. on Nuclear FElectronics, Paris.
November 1963.

43 LAUER, K.F., and V. VErDINGH: Nuclear Instr. and Meth. 21, 161 (1963).
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5134 keV. and of Pu?*°, at 5159 keV and 5115 keV**. remain unresolved
and produce a broad peak at 5147 keV. The low-energy tails of this
peak and of the 5095 keV line mask all weaker alpha groups. The
alpha-gamma coincidence method, however. permitted only such alpha
groups to be detected which feed excited levels in the daughter nucleus.

44 STROMINGER, D., J.M. HoLLANDER, and G.T. SEABORG: Rev. Mod Phys. 30,
No. 2 (1958).

24*
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Consequently, the alpha spectrum could be unfolded step by step by
rising the gamma discriminator level (Fig. I b—d). Employing this method
even alpha groups with an intensity of about 107*% were clearly

observed. All alpha spectra are corrected for random coincidences.

3.2. Alpha-Gamma Coincidence Measurements. The resuits of the
alpha~-gamma measurements are displayed in Figs. 2—4. The 58 keV
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line contains counts resulting from coincidences to the low-energy tails
of the Pu??*°-5095 keV and Am**'-5477 keV alpha groups** and from
random coincidences. In the gamma spectrum coincident with the
4997 keV line, for instance, the various contributions were estimated
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F.g 4 Alpha-gamma coincidence spectra to the alpha energy range from 4667 to 4831 keV

to be 30:30:40. In the gamma spectrum coincident with the alpha
energy range of 4877 keV—4902 keV the 100 keV and 150 keV lines are
due 22 to Pu?*'. The results are summarized in Table 1. The coinci-
dences given in parentheses possibly exist but cannot be definitely
established from alpha-gamma spectra.

3.3. Gamma-Gamma Coincidence Measurements. The total gamma
spectrum taken with a 137 @ x2”-Nal(Tl) crystal is given in Fig. 5.
Some typical coincidence spectra are shown in Figs. 6 and 7. They
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Table 1. Sununary of the alpha-gamma coincidence measurements

Comncrdent gamma ray energies (keV)
Alpha energy
range 125
K 127
100 130 145
(keV) 37 52 S8 69 97 103 (2t 31 150 161 181 199 230 330 380 420

5081 —5105 |+ +
5054—5076 |+ + + +
5034— 5056 + + + +
5009— 5035 + + +
4988 — 5009 + + +
4963 — 4985 + + +
4938 — 4960 + + +
4906 — 4928 + + (+) + + (+)
4877 — 4902 + + +
4840 — 4865 + + (+) +
4809 — 4831 + + + + + +
4774—4799 + + + + + -+
4721 — 4744 + + + + + + +
4667— 4692 + + + + + + + +

were analysed by the method proposed by PREUss and ESCARFAIL®®.
The well-known broadening of a K X-ray in the analysis caused two
lines at 100 keV and 114 keV. The “true” shape of the K X-rays in the
spectra is thus represented by the sum of the K portion of the 100 keV
peak and the 114 keV peak. Because of the long run time the gamma-
gamma spectra could not be corrected for random coincidences. In all
spectra the 58 keV line consists almost completely of random coinci-
dences from the intense Am?*!-E1 radiation** thus allowing an estimate
of the contribution of random coincidences to other gamma energies
from the total gamma spectrum. Therefore, the gamma-gamma spectra
were handled carefully, and the gamma ray intensities were deduced
from the aipha-gamma coincidence spectra, except for the values of the
165 keV, 189 keV, 245 keV. 260 keV and 294 keV gamma rays which
may be less accurate. After a 52 h control run with a pure Am?*!
sample* the contribution from true coincidences of Am?**! proved to be
negligible. The results are summarized 1in Table 2.

3.4. Gamma Ray Energies and Intensities. Errors. The maximum
estimated limits of accuracy for the gamma ray energies listed in Table 3
are + 5%,

For evaluating the gamma ray intensities from the alpha-gamma
coincidence measurements the spectra had first to be corrected for con-

* In order to prevent counting rate effects in the photomultipliers the Am?**!
gamma source strength was chosen equal to that of the Pu?3® source.
45 Preuss. L.G., and J.P. EscarraiL: Nuclear Instr. and Meth. 9, 212 (1960).
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tributions from neighbouring alpha groups. Especially the interference

from the high-energy alpha groups was not negligible due to the low-
energy tail characteristic for semiconductor detectors. Al values given
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Fig. 5. Total gamma spectrum

in Table 3 are corrected for absorption*, peak-to-total ratio*® and
total efficiency*’. The errors assigned to the intensities of unconverted
photons include statistical errors, estimates of errors introduced in

* 5/9/62 J. G. B., Harshaw Chemie GmbH., Frankfurt/Main.

46 RaTHBURN, E.R., and C.E. CroutHAMEL: Applied Gamma-Ray Spectrometry
(ed. C.E. CroutnaMEeL). Oxford: Pergamon Press 1960.

47 Motr, W. E., u. R.B. Sutton: Handbuch der Physik, Bd. 45, S. 86. Berlin-
Gottingen-Heidelberg: Springer 1958.
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Fig. 7. Gamma-gamma coincidence spectra to the energy range from 159 to 286 keV

treating incompletely resolved lines and estimates of errors introduced
in determining the contribution from the tails of nearby alpha lines.
The uncertainties in the corrections for absorption, peak-to-total ratio
and for total efficiency were negligible.

The gamma coincidence spectra of the 4730 keV and the 4685 keV
alpha groups were measured with a different geometry. In order to



Excited Energy Levels in U233 365

reduce the run time the collimator in front of the semiconductor detector
was enlarged from 3 mm ¢ to 4 mm J. In referring the gamma ray
intensities to the values obtained with the 3 mm ¢ collimator, possible
inhomogenities in the source layer were not considered. This effect may
have introduced some further error into the intensities of the 131 keV,
161 keV, 199 keV, 330 keV and 380 keV lines.

Table 2. Summary of the gamma-gamma coincidence measurements

Coincident gamma ray energies (keV)
(Gamma energy - —— == - - - - -
range 97 121
K 125

52 100 127 161 181 230
(keV) 58 103 131 145 165 189 199 245 294 330 380
47— 57 |+ 4+ 4+ + + +
62— 77 |+ + + 4+ + +
79—91 | + + + + o+ o+
“-114 [+ + + 4+ + + + + + 4+ +
19—139 | + + + + + 4+ o+ 4+
141-156 | + + + + 4+ o+
159—-179 | + + + + o+ o+ 4+
194—209 | + + + :
211—-226 | + 4+ + +
28—-286 | + + + +
288—321 | + + +
323—356 + o+
356—1393 +
395—428 [ + +
431—468 +

3.5. Alpha Energies and Intensities. Errors. The limit of accuracy
of the alpha energies at 5095 keV, 5065 keV, 5045 keV. 5019 keV,
4978 keV, 4922 keV, 4890 keV, 4820 keV and 4730 keV listed in Table 4
is estimated to be +4 keV, that of the alpha energies at 4997 keV.
4950 keV, 4855 keV, 4785 keV, 4760 keV, 4685 keV and 4630 keV is
estimated to be +8 keV. The same errors apply to the level energies in
Table 4 which were calculated from alpha energies. The 5147 keV group*
of Pu?3? and the 4816 keV group® of U?** were used as standards.

Employing experimental or theoretical K- and L-conversion coef-
ficients*®> *? the alpha intensities were calculated from the gamma ray
intensities and thus contain the errors mentioned in subsection 3.4. The
K-conversion coefficients by Rosk et al. and the L-conversion coefficients

* BARANOV gives a value of 5157 keV.

48 Rosk, M.E., G.H. GotrTzEL, and C.L. PErRrRY: K-shell Internal Conversion
Coefficient Revised Tables, ORNL 1023,

¥ Suv, LA, and I.M. Banp: Coefficients of Internal Conversion of Gamma-
Radiation, Part 2, L-shell, Translation in NPTR 217 (1958).
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by Sriv and BAND have an uncertainty of +2% which is estimated
to be increased by interpolating up to 1 5%. However, this uncertainty
only introduced a remarkable contribution into the error for the

Table 3. Gamma ray intensities

Relative intensity 2

Absolute intensity (%) b

Ey
(heV) of uncomverted photons

37 65 +11 (2.3+0.4)- 1072
52 100 + 5 (3.64+0.3)- 1072
69 22 + 07 (8.0+2.4)- 1074
97 <27 < 1.0- 1073
100 29 4+ 1.6 (1.14£0.6) - 1073
100 pu?# 25 + 3

103 1.5 + 0.7 (53+2.4)- 1074
K 34 + 3 (1.240.1)- 1072
121 2.1 + 0.7 (7.5+2.5)- 1074
125 1

127

130 16 + 1.1 (5.740.5)- 1073
131 J

145 0.7 + 04 (2.3+1.5-1074
150 Pu?4! 40 + 0.8

1614 Sum 1.4 + 02 (5.04+0.8)- 1074
165 0.5 + 03¢ (1.8+1.0)- 1074
181 0.3 + 0.5 (1.140.5)- 1074
189 0.27 + 0.15¢ (1.0+0.5)- 1074
199+ Sum 36 + 0.5 (1.34+0.2)- 1073
230 <0.035 < 121075
245 0.7 4+ 0.15¢  (2.6+06)-107%
260 0.42 4+ 0.19¢ (1.5+0.7) 1074
294 0.46 + 0.08¢ (1.64+0.3)-107%
330 26 + 05 (9.1+1.8)-107*
380 37 + 0.7 (1.34+0.3). 1073
420 2.1 + 04 (7.54+1.5)- 1074

a) Referred to an arbitrary value of 100 for the

52 keV line.

b) Referred to an absolute intensity of the

5095 keV alpha group of 11.5°.

¢) Deduced from the total gamma spectrum and
from the gamma-gamma coincidence spectra: not

visible in the alpha-gamma coincidence spectra.

5095 keV alpha group.
The 5134 keV  and
5147 keV alpha groups
could not be resolved.
Consequently, Table 4
gives only the values
found by BARANOV et al.
In agreement with these
authors no evidence for
an alpha transition to
the 46 keV level, which
had been observed in
Coulomb excitation
measurements, was
found in any of the
alpha and alpha-gamma
coincidence spectra.
3.6. Multipolarities.
K-Conversion Coeffi-
cients. An attempt was
made at determining the
mixing ratio of the
37 keV transition from
the (4, 37) level to the
(1, 3*) level using the
relative intensities of the
37keV and the 52 keV
lines and the theoretical
value of the reduced
transition probabilities
(cf. Table 5). According
to TRET'IAKOV ¢t al. the
52 keV line is pure E2
radiation. For the theo-
retical L-conversion co-

efficients the values given by Stiv and BAND were used. The result of

96% M1+

M14+13% E2 reported by TRET'TAKOV et al.

% E2 considerably differs from the mixing ratio 87%

The K-conversion coefficient of the 131 keV transition was obtained
from the gamma coincidence spectrum to the 5019 keV alpha group.
Its value 1,5 is 20% smalier than that measured by MuURRI and CLINE.
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Table 4. Fine structure of Pu?? alpha spectrum
E)\f,l:egzlfs\’d eAnlgrhgi - Relative A}vsolute (% ),,. B Hindrance factor of gi;u::()v
(keV) (keV) intensity F (0,0)
0
0.08 I 5147 733
13 5134 15.1
46 — <3 -1072
53 5095 84350 -4-4350 11.52 11.5
83 5065 310 4 100 4.34+1.4) 1072 1220+ 400 3.2-1077
104 5045 =24 =33 <1073 | £11500 2.1-1072
130 5019 28 4 5 (3.8+0.7)- 1073 8200+ 1450 5 -1073
152 4997 82 + 46 (1.140.6)- 1072 220041250 8§ 1073
7+ b
1722, } 4978 30 + 3 (4.140.5)- 1073 39504+ 400 5 1073
B
200 4950 32 + 8 (4.4+1.1)-1073 24504+ 600 3 -1073
229 4922 21 4+ 4 (2.940.6)- 1073 2200+ 420 3 1073
Pyt 4890 75 + 8
13+
297 (,ZH) } 4855 5+ 3 (7 +4)-1077 3800+ 2300 7 1074
2
333 4820 155+ 25 214041073 860+ 140 1.5-1073
368 4785 6.0+ 1.5 8 +2 )-1074 1200+ 300 - 1074
394 4760 <7 £1.0 -1073 =590 —
9+
424 (2,)) ‘( 4730 2 + 3 ‘ (3.0+0.4)- 1073 110+ 15 261073
470 4685 <45 <6 <1074 | =300 4 -1074
526 4630 <55 =8 ©1074 | = 85 2 .10

a) Reference value for all other absolute intensities.
b) The quantum numbers in parenthesis shall indicate
leveis at 172, 297 and 424 keV.

the existence of ever two

Table 6. Experimental and theoretical reduced

Table 5. K-conversion coefficients. Multipolarities transition probabilities

Gamma ray K- N Energy
e(r:\eer\gi_; Cf,g?f\lge;ﬁn Multipolarity ”f\’t’l’t‘e“’l RCd‘;rcgg;g:‘l?g'““" Theoty  Expeniment
(heV)
37 96°, M1+4-4°, E22 o4
V. -9 1=
131 1.540.35 (96.6;0.9)‘0E1 229 B(EL; 37 —47) 203 <170¢
+(3.4F0.9)°, M2 2 BELYoy V=
189 | B(E1:§7>37)
0.4310. b 9 2,32 >
3go [ 0431040 229 BEL: 3" 5T 1456 =9.1
a) F i i eV E2 BM1:3t>1F
a) From the 'mtensxty ratio to the 52keV E 333 ( 2 1 ) 040  1.08b
transition (cf. text). B(M1; %T"*'f)
b) On the basis of the intensities given in BOMYL: 9459
Table 3 the theoretical K-conversion coefficient 424 ‘ . §+ 0.82 2.842.1
for the multpolanities 189 keV—M1 and BM1;,37—37)

380 keV—~E1 has a value of 0.04540.025. a) Deduced from the intensity of the (125+

131) keV peak.
b) Falsified by sum contributions both in
the 161 keV and the 199 keV hne.
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From this result the mixing ratio of the 131 keV radiation was calculated
employing the K-conversion coefficients tabulated by RosE et al.

The total conversion coefficient of the 189 keV and 380 keV lines
was obtained from the gamma spectrum concident with the 4730 keV
alpha group, from the 4820 keV coincidence spectrum using the intensity
ratio of the K X-rays to the (161 keV+sum), (199 keV +sum) and
330 keV radiation.

3.7. Reduced Transition Probabilities. In Table 6 some experimental

reduced transition probabilities are compared with the theoretical values

(cf. sect. 4).
4. Discussion

4.1. Level Scheme. All transitions identified in these experiments
are explained by the level scheme shown in Fig. 8. The investigation

63722+ P2,
boe £ (KEV)

(73/2%) 526 4630
(77/27) T 470 4685
9% _-——-———————————————:—7%2 ——————————— ==F=F= 424 Y730
I
(13/27) T ! 294 4760
T /] : 368 4785
ot 2 UL 55 se
et _ 765 20| | |2 ]
72 . mmmmm=m=—s= S B S 297 4455
] 4
| wl || el
uzr 2 4 L 229 4922
et s ] T Tl .
. i va T 200 9950
72 73/2 7 ST o 772 4978
a2t ; i o 752 4997
[633) 52 . 7 Py 730 5079
Tz - L ; 04 5045
72 —1 T 83 5065
5t gy B8 ot ] | 53 5005
" P j{ 52620 ! %
it a— 13 w5134
72w yan ZIrva - <0080
> 235 z 5197
B%M1+4%E2 v

Fig. 8. Level scheme of U235 based on the results of the present investigations, Theoretical
Interpretation [Nn_ A} I n, a) acc to M C MICHEL et al 16, b) acc. to E F. TRETIARGV et ul 24,
c) acc. t0 J O, NEWTON20

both of alpha-gamma and gamma-gamma coincidence relationships
provides convincing evidence of the correctness of this decay scheme.
The transitions in Fig. 8 are divided into transitions within rotational
bands and into transitions between levels belonging to different rotational
bands. The dashed levels and transitions probably exist, but could not
be definitely established because of the relatively poor intensity of the
corresponding radiation.
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The level sequence up to 152 keV agrees with that proposed by
BaraNov et al. Within this range the levels can be assigned to a (K=1"
ground state rotational band, a (K=1") rotational band based on the
isomeric 0.08 keV level and a (3, 37) intrinsic level at 130 keV.

The experimental results are theoretically interpreted in the following
subsections.

4.2. The Ground State Rotational Band. Of the (K=1") ground
state rotational band the first two members at 46 keV and 104 keV
seem to be well established. According to the predictions of the simple
rotational formula

rZ
Ew=5g IU+D=K(K+1)] 1=K K+1. K42

DzHELEPOV et al. and BARANOV et al. interpreted the level at 172 keV.
which was first reported by AsARO and PerLMAN?", as the third member
of the (K=7") band. In the 4978 keV alpha-gamma coincidence spec-
trum the intensity ratio of the K X-rays and the 131 keV radiation (cf.
subsect. 4.4) seems to be shifted compared with the 5019 keV coincidence
spectrum. This may be explained by the presence of another 130 keV
transition. [If this assumption is correct, the interpretation given by
DzHELEPOV et al. and BAraxov et al. is confirmed. The 46 keV transi-
tion from the (3, 37) level to the ground state is highly L-converted and
consequently not visible in the gamma ray spectrum. However, the
intensity of the 4978 keV alpha group can hardly be explained only by
the (, 127) level because the large spin difference to the Pu?*® ground
state and the parity change require an alpha particle angular momentum
of L=7. This problem might be clarified by the results discussed below

which suggest a second level at 172 keV with the quantum numbers

(.37

4.3. The Rotational Band Based on the Intrinsic Level at <0.08 keV.
The rotational levels with spins 3%, 3%, 7% and 37 are well established.
From alpha fine-structure investigations DzHELEPOV et al. and BARANOV
et al. proposed the higher members L'* and 47" at 200 keV and 297 keV,
respectively. The present experiments revealed the hitherto unknown
E2 transitions proceeding from these levels to the (3,77) and (4,37
members. The assignments (3, 4%) and (3,4'") are thus confirmed.
The interpretation is supported by the fact that no transitions to the

lower members of this band and to the (K=7") band are observed.

Dipole and quadrupole transitions to the ground state rotational band
are forbidden because of the large K difference.

4.4. The Rotational Band Based on the Intrinsic Level at 130 keV.
In gamma-gamma coincidence measurements MURRI and CLINE found
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the first indications* of a level at 130 keV. From analogy conclusions
to the Pu??® level scheme and as a consequence of the 130 keV K-con-
version coefficient obtained from their gamma coincidence spectrum to
the 207 keV gamma ray they assigned this state [622] 3. The conversion
coefficient given in Table 5 supports the interpretation of these authors
concerning spin and parity. However, the classification [622] is un-
certain. According to the Nilsson theory as well as to the superfluid
model this orbital is expected to occur at a higher energy than the
[633]15" hole state. Indeed, the present experiments indicate the exis-
tence of an additional 3* single particle state at 333 keV. The 333 keV
level must be interpreted as the state [622] on the basis of the intensity
ratios of the 161 keV, 199 keV and 330 keV gamma rays. Only a strong
hindrance of the 330 keV-E1 transition according to the assymptotic
quantum number selection rules can explain its relative intensity to the
161 keV-M1 and the 199 keV-M 1 radiations. The classification [622]
causes a stronger hindrance® of the 330 keV-E1 transition than the
assignment [633]. Consequently, there is some evidence of the 130 keV
level corresponding to the [633] 3* hole state. This assignment can also
account for the measurable A72 admixture of the 131 keV-£'] radiation,
the E1 radiation being hindered, the M2 radiation, however, being
unhindered.

From conversion electron investigations TRET’IAKOV et al. reported
two E1 transitions from the 172 keV level to the (1, 7*) and (4, 37)
levels. As a consequence, these authors ascribed to this level a spin
value of § and a parity opposite to that of the (K=1%) band. Thorough
investigation of the spectra discussed in section 3 revealed no gamma
rays which might correspond to the transitions observed by TRETIAKOV
et al. The spectra point to a strong coincidence relationship of the
4978 keV alpha group and the 131 keV line which also appears in the
5019 keV coincidence spectrum. Alpha intensity considerations provide
strong evidence that the cited gamma intensity cannot be explained just
by a 130 keV-E£2 transition within the ground state rotational band.
The experimental result can be interpreted by an additional (3, 7*) level
at 172 keV. According to the predictions of the rotational formula the
3.97) level is expected to occur at about 226 keV. Within experimental
errors this prediction agrees with the level at 229 keV revealed by the
alpha spectrum. Indeed, the reduced transition probabilities of the
125 keV, 181 keV and 230 keV gamma rays are in favour of a spin
value § (cf. Table 6). The above arguments support the conclusion that
the first and the second [633] rotational levels lie at 172 keV and 229 keV.
This result is in contrast to the (K=3") rotational band proposed by
BaraNOV et al. The level sequence 130 keV, 160 keV, 204 keV and

* A strong 130 keV—207 keV coincidence relationship.
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248 keV given by these authors yields a rotational spacing factor of
about 4.4 keV. This value considerably deviates from the spacing factors
for the other U??® rotational bands (cf. Table 7). The level sequence
obtained in this work gives a rotational spacing factor of 6.2 keV. The
values® 6.08 keV, 6.0 keV and 5.83 keV for the same single particle
configuration [633] 3% in the nuclei Th?2®, Th?*! and U?33, respectively.
are in favour of our result. In the pre-

sent experiments no indications were Table 7. Rotational spacing
found for levels at 160 keV, 204 keV and factors in U
248 keV. The third and the fourth mem- Rotational

spacing  Decoupling

bers of the {633] 3" band with spins 1,17 Intnasciewel Jactor  parametes

and 13" are predicted to occur at about 20 %Y ey
297 keV and 380 keV. In fact, BARANOV’S

alpha spectrum exhibits a double peak at [74317 5.2 -
an alpha energy which corresponds to the [631]1* 598  —0.235

297 keV level suggesting a second level at  [63313F 6.2 -
this energy. The weak 131 keV—127kev  [62213% 52 -
coincidence relationship revealed in the

spectra of section 3 might arise from the expected E2 transition to the
(3,3%) level. The alpha spectrum (cf. Fig. 1) furthermore shows a weak
line at about 4760 keV corresponding to an U??* level at 394 keV
unknown up till now. Considering the uncertainties discussed in section 3
this energy nearly agrees with the predicted energy for a (3, 127) level.
Hence, the weak 165 keV line found in coincidence with the 181 keV
and 230 keV transitions would correspond to an E2 transition to the
(3,37 level.

4.5. The Rotational Band Based on the Intrinsic Level at 333 keV.
The levels at 333 keV, 368 keV, 424 keV, 470 keV and 526 keV are still
left for interpretation. The fair agreement of the level energies obtained
in the present work with the values found by Baranov et al. support
their accuracy. These levels do not fit into the first three rotational bands
discussed above, apart from the fact that the relatively high intensity of
the corresponding alpha groups is incompatible with spin values =47,
In the 4820 keV alpha-gamma coincidence spectrum three new gamma
lines appear which are ascribed to transitions proceeding to the levels
(3,3%), (3. 1%) and to the ground state or isomeric state at <0.08 keV.
This pattern suggests the 333 keV level to be a new intrinsic state. The
interpretation is supported by the similarity of the coincidence spectra
to the alpha groups at 4820 keV, 4785 keV, 4730 keV and 4685 keV
(a coincidence spectrum to the 4630 keV alpha group has not been taken
because of the poor intensity). All spectra indicate gamma rays at
161 keV, 199 keV and 330 keV. This fact suggests the conclusion that
the levels at 368 keV, 424 keV and 470 keV are rotational levels based

Z. Physik. Bd. 183 25
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on the 333 keV intrinsic configuration. Most probably, A1 and £2
transitions within the band cause the higher levels to be de-excited via
the 333 keV state.

Within the framework of the Nilsson theory the following single
particle states are available for intcrpretation: [622] 3* and, with less
probability, [624]1F, [631]3* and [752]3. The assignment {752] 5~
can be ruled out, because the resulting multipolarities 330 keV-A71,
199 keV-E1 and 161 keV-E1 cannot explain the high intensity of the K
X-rays in the 4820 keV alpha-gamma coincidence spectrum. The ratio
of the reduced theoretical transition probabilities of the 161 keV and
199 keV gamma rays has the same value of 0.40 as for the interpretation
[622] 7. However, these lines would be strongly hindered E [ radiations,
so that in addition to the more intense 330 keV line (as an unhindered
M1 transition to the ground state) an unhindered E2 transition to the
(3, 37) level should occur with an intensity comparable to that of the
199 keV line. Such a gamma ray was not observed. Likewise, the inter-
pretation [631]3" can be ruled out because in addition to the 330 keV
line — which should then be interpreted as M1 transition to the (3, 1*
level — the two A1 transitions to the (1, 3%) and (3, 3*) level should
exist. The reduced transition probabilities should behave as 0.5:0.4:0.1.
These M1 transitions to the (K=17) rotational band would be unhinder-
ed and they should be much more intense than the hindered 199 keV-M 1
gamma ray (by a factor of about 500). Assuming the classification [624]
1% the reduced transition probabilities of the £1 transition to the (3, 57)
level and of the 330 keV-El transition to the ground state should behave
as 0.286: 1. These transitions would be hindered, the A7 1 transitions to the
(K=%") band with about 104 keV (which is then expected), 161 keV
and 199 keV being unhindered. Thus the observed hindrance of the
330 keV gamma ray could possibly be explained by the interpretation
[624] 17 of the 333 keV level. However, because no indications were
found for the above E1 transition to the (, 37) level the orbital [624] 7
must be ruled out, too.

The interpretation [622] 3% can consistently account for the intensity
ratios of the 161 keV, 199 keV and 330 keV transitions. Dipole transi-
tions to levels of the (K=1%) rotational band are K-forbidden. In fact,
such transitions were not observed. The only K-allowed dipole transi-
tions are a hindered M1 to the (3,3%) level, a hindered M1 to the
(3,3%) level and a much more retarded E1 transition to the ground state.
These transitions very well fit the observed gamma lines at 161 keV,
199 keV and 330 keV. On the basis of the discussed branching ratios
it seems safe to assign the quantum numbers [622] 37 to the single particle
level at 333 keV.
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The levels at 368 keV, 424 keV, 470 keV and 526 keV can be arranged
into a rotational band based on the [622] 5 state. The rotational spacing
factor of 5.2 fits well into the rotational spacing factors of the other
three bands (cf. Table 7). The rotational levels should mainly be de-
excited by transitions within this band because all direct dipole transi-
tions to members of the other three rotational bands are either K-
forbidden or hindered on

Niisson Socovey Fxperiment

account of the selection (6~q24)
rules in the asymptotic fiy) Lozl
quantum numbers. Indeed, 7004 \
no direct transition from AN
the 368 keV level to an- (6221%2”
other rotational band could HEDIAENN
be established. The 189 keV 5004 A L__ﬂ
anc.i 260 keV .transmons (606)%" N
which were ascribed to the -
(3,37) level at 424 keV be- . ———\
fong to the weakest gamma 0 L3102 ,
rays of Pu??*®. The ratio : —
of their reduced theoreti- el i
cal transition probabilities !
has the value B(MI, 5004
189keV),B(M1,260keV) = [53,]3;{_/{
0.82 and is not in con- A
trast to the experiment (cf. (7529
Table 6). 7000

Difficulties  still exist

concerning the relatively
high intensity of the —_—
4730 keV alpha  group [ Sommen of e s el pdvied b o
which can hardly be ex- the experimental results

plained only by a (3.3%)

level at 424 keV. Such an intensity step as observed between the neigh-
bouring alpha lines and the 4730 keV alpha line does not appear any-
where else in the alpha spectrum. This fact may suggest a new single
particle level at about 424 keV. In fact, BARANOV et al. observed two
alpha groups in this region and they assumed excited levels at 422 keV
and 426 keV. The intense 380 keV transition to the (3, 37) level might
be ascribed to such a single particle state at 424 keV. It can hardly be
attributed to the (3, 3%) rotational level, because no transition to the
7, '17) level could be observed. This transition should occur with a
relatively strong intensity as is indicated by the theoretical ratio of the
reduced transition probabilities B(E1, $—41)/B(E1, $-3)=2.03.

25%
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The 4685 keV alpha-gamma coincidence spectrum exhibits a line at
420 keV which is clearly observed in the total gamma ray spectrum.
Most probably, this transition reaches the (3, 37) level at 46 keV. In
interpreting the 470 keV level as (3, 417) rotational level there should be
a transition to the (3, 117) level with a ratio of reduced transition pro-
babilities of B(E1, 5 —11)/B(E1, 11 —3)=8.3 parallel to the 420 keV
transition. In fact, the 4685 keV coincidence spectrum shows a gamma
ray at 380 keV which is about three times more intense than the 420 keV
line. However, it cannot be definitely derived from the present experi-
ments whether this line is the transition already observed in the 4730keV
coincidence spectrum or a second 380 keV gamma ray. In the first case
a transition between the 470 keV level and the possible single particle
state at 424 keV should exist which would suggest the 470 keV level to
be a rotational level based on the 424 keV single particle state. The
245keV transition to the (3,5") level at 229 keV observed in the gamma-
gamma coincidence spectra is consistent with the interpretation of the
470 keV level as (3, 41™) rotational state and, accordingly, would be a
M ] radiation.

4.6. Level Density. Fig.9 gives a comparison of the experimental
intrinsic level excitation energies with the predictions of the Nilsson
theory and the superfluid model. Obviously, the experimental results
justify the modifications introduced by SorLov’ev. The single particle
levels found in U?3° seem to point to an even higher level density than
that calculated by SoLOV’Ev.

The author wishes to thank Dr. W. MicHAELIS for his continued interest and
guidance in this work.



