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The excited levels of "Cm have been determined by use of neutron-capture gamma-ray
spectroscopy. Gamma-ray measurements were made with curved-crystal spectrometers of
focal lengths 5.8 and 24 m and a pair spectrometer. These experimental data represent the
first measurement of gamma transitions depopulating the levels of Cm. We present evi-

dence for the population of 23 levels in Cm up to 1300-keV excitation. The following
new configuration assignments were made (listed with the corresponding bandhead ener-

giesl: — [622], 529.58 keV; — [752], 772.74 keV; — [501], 917.49 keV. Comparison of
the experimentally determined level structure with theoretical calculations shows best
agreement with calculations by Soloviev's group where a Woods-Saxon potential form was
used and quasiparticle-phonon coupling was included. The neutron binding energy was
determined to be 4713.7 + 0.3 keV.

NUCLEAR REACTIONS 'Cm(n, y), E=thermal; measured E~, Iz,
I

Cm deduced levels, J, m, Nilsson assignments.

I. INTRODUCTION

An extensive body of experimental nuclear struc-
ture data has been collected that demonstrates that
the mass region 255&A &225 is comprised of nu-
clei with stable quadrupole deformation. Various
techniques of experimental nuclear spectroscopy
have been employed to map the excited levels of
these nuclei. These data are interpreted in terms of
single-particle excitations, collective motion such as
rotation and vibration, and interactions between
these two distinct modes of nuclear excitation. '
The nucleus Cm is close to the upper edge of a
region of nuclei where precise nuclear spectroscopic
techniques can be applied. With increasing mass
number, the nuclides in this region become more
unstable, especially toward spontaneous fission, and
half-lives become extremely short. Level structure
has not been investigated in very much detail
beyond about A =251. Either there is insufficient
target material available to produce heavier nuclides
or the intense radioactivity of heavy targets makes
the experiments impractical.

The Cm target material used in our measure-
ments is the product of alpha decay of hundreds of
milligrams of Cf. This californium was pro-
duced in relatively large quantities through long-
term neutron irradiations of plutonium at high flux
levels. As a part of the U.S. national effort to pro-
duce transplutonic elements for research purposes,
available stocks of Cf at Oak Ridge National
Laboratory have been purified and stored to allow
for alpha decay to Cm. The daughter curium is
periodically separated from the parent Cf. Since
the alpha decay rate of Cf greatly exceeds that of
other Cf isotopes present, the daughter curium is
largely Cm.

The neutron capture gamma ray spectroscopy fa-
cility at Institut Laue-Langevin is ideally suited for
the study of targets made of rare materials and with
low capture cross sections. The intense thermal
neutron flux at the target position, 5.5 X 10'"
neutrons/cm sec, and the high resolution of the
curved-crystal gamma ray spectrometers and the
beta-ray spectrometer are the principal features of
this facility. Even at this neutron flux level, we still
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encountered some experimental limitations owing to
the low capture cross section of Cm, the fissiona-
bility of the capture products, and consequent prob-
lems with both heat dissipation in the target and in-
terference in the gamma-ray spectrum from fission
product lines. Nevertheless, we were able to apply
the inherently excellent resolution of the curved-
crystal spectrometers to an investigation of the level
structure of Cm.

Prior to our measurements, the level structure of
Cm had been the subject of two experimental in-

vestigations. Most of the information already
known comes from a charged particle reaction spec-
troscopy experiment that involved the

Cm(d, p) Cm reaction. In the alpha decay of
Cf, only two alpha groups populating levels of
Cm have been observed. Our measurements of

the gamma ray transitions accompanying neutron
capture provide significant new knowledge of the

Cm level structure, especially because transitions
between levels were not measured in either of the
previous studies.

II. EXPERIMENTAL

The experiments were performed with the GAMS
1, GAMS 2/3, and pair spectrometers at the high
Aux reactor of the Institut Laue-Langevin at
Grenoble. All three gamma-ray spectrometers are
installed at the same through tube and are viewing
the same target.

A. Crystal spectrometers

1. Target

The target material used was Cm of high isoto-
pic purity; results of an isotopic analysis are shown
in Table I. Chemically, it was relatively pure
Cm02, although we observed some capture gamma

lines indicating that Sm and Nd isotopes were
present as minor impurities (at a concentration of a
few tens of ppm). The target contained 54 mg of

Cm and was fabricated in the form of a rectangu-
lar wafer, 29&5)&0.20 mm, surrounded by alumi-
num as containment material. The overall dimen-
sions of the oxide-aluminum wafer were
40)&6&0.36 mm. This wafer was mounted in a
graphite holder and was suspended in the center of
the through tube in the reactor where the thermal
flux level was 5.5X10' neutrons/cm sec. This
GAMS target configuration is described in greater
detail in Ref. 6.

2. Spectrometers

Secondary gamma rays emitted from this target
were measured by use of two curved-crystal spec-
trometers, GAMS 1 and GAMS 2/3. The target is
viewed end on by the two spectrometers, from op-
posite ends of the through tube.

GAMS 1 is a 5.8 m, curved-crystal spectrometer
arranged in Dumond geometry. Gamma rays are
diffracted by the 110 planes of a 4 mm thick quartz
crystal. The diffraction angle is measured by means
of laser-based Michelson angle interferometry. The
Bragg-reflected gamma rays are detected by a 5X 5
cm NaI(T1) detector. The first five orders of reflec-
tion are recorded simultaneously. With the Cm
target, a resolution described by the equation E
(keV)=2. 2X10 E (keV)/n was obtained, where n
is the reflection order; this corresponds to 100 eV
FWHM at 100 keV when observed in second order.
This resolution was entirely determined by the tar-
get thickness and was about ten times the best ob-
tainable value. This was due partly to the thickness
of the target (0.2 mm) and partly to the nonplanar
character of the wafer.

The curved-crystal spectrometer GAMS 2/3 has
a focal length of 24 m, and features two quartz
crystals which have a common axis of rotation and

TABLE I. Isotopic composition and capture rates for the Cm target.

Mass
number

Abundance
(at. %}

Thermal neutron capture
cross section

(b)

Fraction of total
neutron capture rat

(%%uo)

243
244
245
246
247
248

(0.0003
0.002
0.058
3.32
0.0017

96.60

225.0
10.0

343.0
1.3

60.0
3.6

(0.018
0.005
5.39
1.12
0.28

93.18



2234 BOFF, DAVIDSON, %ARNER, HORNER, AND von EGIDY 25

which diffract to either side of the incident
gamma-ray beam. The spectrometer is operated so
that each gamma line is scanned simultaneously on
both sides of the instrument; thus, one can obtain
an angle of diffraction, 0=(8~+82)/2, that is in-

dependent of the source position. In this spectro-
meter we obtained a resolution described by the
equation E (keV) =5.6X10 E (keV)ln; this cor-
responds to 170 eV FWHM at 300 keV when ob-
served in third order. This spectrometer was used
to scan the spectrum in the energy range 100—1500
keV.

Measurements were taken over a 22-d period,
during which three successive scans of the energy
ranges of the spectrometers were made.

Since the refiection coefficient for a quartz crys-
tal decreases for higher orders of reflectivity, only
the more intense lines are observed in the higher-
order spectra. Nevertheless, the reported transitions
were observed in several spectra representing vari-
ous orders of reflectivity in separate spectrometers.
This redundancy provides for good reliability and
accuracy in the measured energies and intensities
for each transition.

B. Pair spectrometer

Primary gamma rays in the energy range 2 —6
MeV were measured by use of a Ge(Li) pair spec-
trometer which views the target at distance of 17 In.
This spectrometer consists of a 7 cm' planar Ge(Li)
detector (FWHM =4.3 keV at Er 6.6 MeV) th——at
is surrounded by two 15.2X 10.2 cm NaI(T1) detec-
tors for detection of the 511 keV annihilation quan-
ta. Several spectra were collected at intervals dur-

ing the 22-d irradiation. Thus, the intensities of
gamma rays observed with this spectrometer could
be checked for time dependence over the measure-
ment period.

III. RESULTS

The absolute energies of the Cm secondary
gamma lines were calibrated with a selected set of
44 fission-product gamma-ray energies (70—900
keV) which, in turn, were linked to a value of
411.8042 keV for the ' Au decay line. Precise en-
ergies and intensities for Cm and Bk E x rays have
been derived and will be published elsewhere.

Gamma ray intensities of the Cm lines were
derived from the observed peak areas by correcting
for self-absorption in the target, for absorption in

the through tube and windows, for reflectivity in
the quartz crystal, and for detection efficiency in
the NaI detectors (see also Ref. 6).

The gamma lines measured by use of the curved-
crystal spectrometers and assigned to

Cm(n, y') Cm are listed in Table II.
Since Cm has a relatively low neutron capture

section, the Cm capture rate was essentially con-
stant during the irradiation. The gamma rays ob-
served in our experiment can arise from a number
of sources other than neutron capture in Cm.
The most important source of extraneous gamma
rays in the energy range below 1500 keV is
neutron-induced fission. This rate of fission did not
change appreciably with time. At the beginning of
the irradiation, Cm was an important source of
fission (see Table I). As the initial amount of Cm
decreased (it is destroyed with an effective half-life
of seven days by virtue of its 2070 b cross section),
other nuclides, e.g., Cf and Bk, which are
products of successive neutron capture reactions
and beta decay, contributed appreciably to the fis-
sion rate. In our experiments we observe about 100
lines whose energies match with precisely-measured
fission product energies reported previously and
which have been eliminated from the

Cm(n, y) Cm list.
%e have identified the most intense gamma tran-

sitions from the beta decay of two capture products,
65-min Cm and 3.2-h Bk; these transitions are
listed in Table III. Since absolute intensities for the
two gamma transitions in Cm beta decay are
known, our intensities are linked to these transi-
tions in order to get y intensity per neutron capture.
Other curium isotopes in the target did not produce
significant capture reactions, with the possible ex-
ception of "Cm. Its capture rate was 0.06 times
that of Cm at the beginning of the irradiation.
Owing to rapid destruction, the rate was down to
0.01 times that of Cm after 16 d. Since the

Cm capture rate was essentially constant over the
entire period of the irradiation, the time dependence
of the gamma rays served to eliminate Cm(n, y)
contributions. The list of secondary gamma rays
was checked for interference from the

Bk(n, y) Bk reaction by comparing with spectra
obtained from a Bk target used in a separate mea-
surement; the Bk in our Cm target is the product
of Cm beta decay.

A. Pair spectrometer results

A prominent feature of the spectra taken with the
pair spectrometer is a large set of intense gamma
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TABLE II. Gamma ray transitions from the Cm(n, y) Cm reaction measured by use of the GAMS 1 and GAMS
2/3 spectrometers.

E
(keV)

hE
(eV)

Iq
(phot/1000 capt) Assignment

E
(keV)

hE
(eV)

Iy
(phot/1000 capt) Assignment

40.111
40.146
41.554
57.963
58.060
59.282
59.368
65.139
66.808
66.901
67.209
68.179
75.736
75.865
76.647

78.392
83.922
84.700
97 799'

100.395
102.664'
102.783
111.113
114.859
115.064
115.306
116.338'
116.775
117.706
125.061
126.897
129.149'
129.862
130.260
133.659
137.190
137.822
138.360
146.479
147.842'
148.155
149.738
150.266
153.846
158.544
158.879'
159.215
159.765
161.391
162.314

7
6
4
6
8
5
7
8
10
10
11
14
3
76

5
7
6
10
12
7
8
16
32
45
50
15
25
7
16
49
20
15
12
27
43
14
14
19
27
18
9
16
28
33
17
21
16
30
14

17.8
20.0
15.0
17.4
14.8
43.2
24.9
11.3
15.3
10.0
9.1
7.8

14.4
8.2
6.3

6.4
4.1

6.4
4.4
2.9

37.5
28.7
2.4
7.8

15.6
4.5
2.8
3.8
4.8
5.3

8.3
10.9
15.3
13.6
6.3

11.3
8.7
7.7
4.0
5.7
4.6
9.9
3.9
9.9
5.3
9.9
9.0
6.3
8.0

7.0
7.0
1.5
3.3
3.7
6.1
5.7.
3.2
3.0
2.3
2.5
2.8
2.3
2.0
1.3

1.7
1.2
1.4
0.7
0.9
5.7
4.0
0.7
1.2
2.3
0.8
1.0
0.9
0.8
1.9

3.3
4.0
4.3
5.7
0.8
2.4
1.6
2.2
1.9
1.3
0.7
1.8
1.4
1.9
0.5
2.4
1.8
1.1
0.9

546.9-470.2
1047.8-971.2
1153.5-971.2
110.2- 26.2

1047.8-963.0
208.0-110.2

1047.8-917.5

208.0- 48.7
208.0- 48.2

165.823
167.650
171.585
181.778
182.146'
193.24'
193.805
194.334
198.945'
208.011
214.977'
216.531
218.702
225.942
227.375
228.949'
229.343
230.638'
236.780
240.253
240.451
240.618
240.780
242.011
257.742'
265.721
267.163
269.671
269.910
272.039
275.388
278.229
280.769'
302.589
307 39'
312.120
314.161
316.329
321.891'
339.23
340.009
340.369
343.021
343.167
348.748
349.560
349.827
353.772
357.68'
366.69
373.887
400.203

24
40
14
11
43
59
20
43
56
7
39
51
23
73
34
34
25
54
45
9
10
15

76
51
57
33
28
30
49
23
69
41
65
190
16
44
50

418
120
97
10
96
70
37
95
14
58
170
110
33
48

5.7
4.9
8.7

10.3
3.0
5.5
8.0
2.2
2.2

15.8
3.4
2.7
5.7
4.2
2.4
3.1
2.0
7.9
4.8
5.9
3.0

11.8
9.3
2.8

16.1
4.6

13.1
12.3
12.2
2.2
7.3
3.2
9.0
8.5
3.2
5.3
6.7
6.0
3.7
4.1

11.5
10.4
6.0
4.8
7.2
5.2
6.6
3.9
5.6
7.2
4.8

11.9

0.7
0.7
1.1
2.2
0.3
1.3
1.2
0.3
0.3
2.2
1.0
0.9
1.1
1.4
0.6
0.5
0.3
2.2
1.3
0.9
0.6
2.0
1.7
0.4
5.1

0.9
3.3
2.4
2.1

1.3
1.4
1.0
2.3
2.8
1.4
1.3
1.8
1.4
2.5
1.1
3.0
1.9
1.3
1.6
1.9
1.5
1.4
1.1
1.6
2.9
1.5
1.2

208.0- 26.2
1153.5-971.2
242.0- 48.7
242.0- 48.2

208.0- 0.0

772.8-546.9

1047.8-818.9

289.0- 48.7
818.9-578.4
529.6-289.0
289.0- 48.2
242.0- 0.0
546.9-289.0

818.9-546.9

772.8-494.5

772.8-470.2

859.0-546.9

529.6-208.0
546.9-208.0

818.9-470.2
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TABLE II. (Continued. )

E
(keV)

hE
(eV) (phot/1000 capt) Assignment g eV)

hE
(eV) (phot/1000 capt) Assignment

400.398
400.S83
400.820
401.63
415.07
418.07
422.015
422.94
434.009'
441.55

".'f.095
447.308
452.36
468.259

470.198
490.56
494.484
497.384
505.95
524.55
531.72'
535.55
539.36'
548.63'
550.30
575.58
588.92
589.84
602.24'
606.73
621.59'
630.19
658.45
683.35
705.65
724.44'
743.07
772.80'
778.44
786.29
787 35'

819.58

55
43
35
160
140
140
6

100
62
110
80
72
110
8

9
160
3
59
30
50

530
50
190
130
20
70
30
130
60
140
330
80
60
160
50
70
50
100
110
120
150
50

14.3
16.9
13.0
6.7

3.3
35.9
74
5.8
2.8
2.5
4.4
2.5

20.8

30.0
3.3

27.2
6.6

11.0
10.5
10.0
7.7
9.7
5.3

11.9
3.6

18.6
9.6
8.5
3.0

12.3
8.0
9.9
3.0

10.2
22.3
11.0
12.4
6.3

27.8
6.9

16.8

2.7
3.5
2.5
0.6
1.1
1.1
6.2
1.9
0.6
0.8
0.8
1.4
1.1
3.5

7.4
1.1
6.0
1.7
3.9
2.5
1.0
1.1
1.0
1.4
1.7
0.8
3.6
1.9
1.7
0.8
2.2
1.9
3.0
1.1
3.3
6.9
2.2
3.3
1.7

2.2
3.3

470.2-48.2
917.S-494.5

971.2-529.6
470.2-26.2
917.5-470.2

578.4-110.2
494.5-26.2
470.2-0.0

494.5-0.0

772.8-242. 0

1153.5-546.9

11S3.5-470.2
1175.9-470.2
772.8-48.2

772.8-0.0

830.70
831.06
832.70
846.23
860.80
861.39
891.25
899.92
914.74
941.96
957.63
963.06
968.23
981.68
982.13
983.06
983.92

1012.19
1013.69
1014.87
1073.59
1127.37
1135.01
1175.78
1186.71
1193.67
1225.21
1239.76
1252.34
1269.50
1278.95
1283.46
1284.78
1313.51
1334.56
1342.02
1365.19
1408.28
1435.74
1480.06
1525.72
1590.5
1622.91

60
50
100
2SO

130
240
210
90
110
100
210
90
120
110
100
30
80
120
50
130
190
220
240
260
210
270
490
470
320
150
340
190
340
140
230
170
510
300
490
340
300
1200
130

46.3
49.6
24.3
59.3
12.4
9.4

12.7
14.1
14.3
36.4
7.7
8.0

15.2
80
93

117
. 83

52
88
50
17
22
28
21
40
22
30
15
22
38
28
92
30
32
36
26
27

195
34
12
81
57

161

6.3
14.9
4.1

12.4
3.0
1.9
3.9
3.0
3.3
9.4
1.9
1.9
44

17
18
22
14
9

16
8
3
4
4
4
7

7

8
6

15
6
6
7
5
7

28
9
3

14
17
29

859.0-26.2

971.2-110.2

917.5-26.2

963.2-48.2

963.2-0.0
1175.9-208.0

1153.5-26.2

1175.9-0.0

1269.5-0.0

'The existence for these transitions must be considered tentative.

transitions that arise from the Al(n, y) Al reac-
tion in the aluminum used to contain the Cm02.
The stronger lines in this spectrum, along with a
carbon line at 4945 keV which also arises from re-
actions in structural material of the target assembly,
were used to calibrate the spectrometer. Energies of

the aluminum capture lines were taken from Ishaq
et al." A comprehensive list of aluminum lines, in-

cluding the data of Ref. 11 plus those of Stelts and
Chrien' for the less intense lines, were used to
eliminate interference in the Cm primary spec-
trum. The remaining gamma rays that we observed
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TABLE III. Gamma ray transitions from beta decay of Cm and Bk measured by use of the GAMS 1 and

GAMS 2/3 spectrometers.

E
(keV)

Neutron capture measurements

ZE I, SI, E
(eV) (photons/1000 captures) (keV)

Beta decay measurements'
dE I, AI,

(eV) (photons/1000 beta decays) Remarks

368.571 26

Not detected
560.485 26

621.59 330

634.311

Not detected

19

Cm 137.190 43 6.3

7.0

8.5

5.3

14.8

0.8

0.9

2.2

1.0

0.7

136.90 60

368.76 60

518.48
560.39

60
60

621.87 60

634.31 60

652.80 60

0.39

3.5

0.88
8.4

1.82

15.0

1.43

0.03

0.2

0.06
0.6

0.13

1.0

0.10

Abundance, energy
do not match
Also fission
product, ' Nb

Cm intensity
calibration line

(n, y) observation
too intense

Cm intensity
calibration line

(relative intensities)

' Bk Not detected
Not detected

989.225
1028.1
1031.921

210
400 14

140

40
4

27

889.956
929.468
989.125

1028.654
1031.852

22
22
21
25
21

3.40
2.74

100.0
10.9
79.1

0.5
0.4

0.3
1.2

'Gamma rays from beta decay of "Cm and ' Bk were taken from Ref. 10.

in the energy range 3400—4713 keV are listed in
Table IV. This list has been checked for interfer-
ences from the Bk(n, y) Bk reaction. The list in

Table IV was also checked for fission product gam-
ma lines, as summarized in the lists published by
Blachot et al. ' Of the 17 lines listed in the table,
eleven are assigned to primary transitions that po-
pulate levels whose existence in Cm is substan-
tiated by the observation of secondary gamma rays
as well.

Assuming the 4713.4 keV transition populates
the ground state and averaging over additional pri-
mary transitions placed in the level scheme (see Sec.
IV), the neutron binding energy in Cm was deter-
mined to be 4713.7 +0.4 keV. The error includes a
systematic error of 0.3 keV in the aluminum cap-
ture data of Ishaq et al." This result is in agree-
ment with the value (4713+6 keV) of Wapstra and
Bos 14

IV. LEVEL SCHEME

A. Model-independent scheme

Using the gamma ray data listed in Tables II and

IV, we have constructed a model-independent level

scheme for Cm as shown in Fig. 1. As a basis for

construction, we have taken a series of levels below
300 keV that are populated by the Cm(d, p) 9Cm

reaction and were observed experimentally by Braid
et al. The first four of these, at 0, 25+2, 48-+1,
and 110+1 keV, were assigned as the lowest-lying

m '+
members of a E = —, band. Three other levels, at
208+1, 242+1, and 288+5 keV, were assigned as
the lowest-lying members of a E = —, rotational
band. The existence of all these levels is corroborat-
ed by our observations and we have obtained a more
precise energy for each. We have assumed the spin
and parity assignments for these levels as proposed
by Braid et al. In the following, Ref. 3 will be ab-
breviated as BCEF.

Primary transitions, those which originate from
the decay of the initial capture state, provide impor-
tant evidence for the existence of excited levels.
Having measured the neutron binding energy in

Cm, we obtain excited level energies directly
from the high-energy gamma spectrum. We consid-
er as strong evidence for the existence of a level the
observation of a primary transition plus multiple
secondary gamma rays that feed into the lower-

lying level structure which has already been deter-
mined experimentally. Experience has shown that
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TABLE IV. High-energy gamma rays in Cm pair spectrometer measurement. '

Gamma ray energy'
(keV) Relative intensity

Implied level energy
jn Cm (keV)" Remarks

4713.4(4)
4505.0(3)
4406.5(4)
4243.5(3)
4219.0(3)
4022.9(4)
3854.5(8)
3796.1(3)
3750.7(3)
3702.1(4)
3663.5(3)
3560.6(10)
3538.3(3)
3509.7(3)
3450.1(5)
3AAA 9(3)
3399.0(4)

8.6(7)
12.4(8)
7.5(7)

35.2(16)
57.1(24)
12.9(12)
5.5(21)

21.2(12)
61.7(27)
9.2(8)

29.5(18)
36.3(45)

100.0(4)
37.9(19)
6.7{13)

72.9(33)
10.5(11)

0
208.4(5)

[306.8(6)]
469.9(5)
494.4(5)

[690.5(6)]
858.8(9)
917.3(5)
962.7(5)

[1011.3(6)]
1049.9(5)
11S2.8(11)
1175.0(5)

[1203.6(5)]
[1263.3(6)]
1268.5(5)

[1314.4(6)]

Complex
Doubtful

Interference from Al(n, y)

Doubtful

'The data listed in this column are transition energies that have been corrected for nuclear recoil energy.
"Level energies are listed only for those gamma rays that can be assigned to Cm decay, i.e., for those transitions
where there is no question of fission product interference or assignment to 24 Bk(n, y)2~ Bk. The level energies listed in
brackets are not substantiated by observation of secondary gamma rays feeding or depopulating the level.

the most intense primary gammas are often E1
1 — 3—

transitions. Thus, spin assignments of I
are favored for levels populated by intense primary
gamma rays. In addition, we assume that the
secondary transitions we observe are of either El,
Ml, or E2 multipolarity. Since energies of many of
the secondary gamma transitions have been mea-
sured precisely, we make use of the Ritz combina-
tion principle to define some levels. The level ener-

gies in Fig. 1 were calculated by making a least-
squares fit to the transition energies.

The following is a discussion of certain details
that comprise the evidence for the level scheme of
Fig. 1. A list of transitions depopulating each level
is given in Table VII.

LeUels at 0, 26.24, and 48.20 keV. These levels
were assigned previously to have even parity with a

l 3 5
spin sequence of —,, —,, and —,. Our results agree
with that assignment. We observe a weak primary
transition (4713.4+0.4 keV) to the ground state of

Cm. A possible primary transition to the I= —,

level at 26.24 keV cannot be determined because of
the presence of an intense aluminum capture line at
4690.9 keV.

Level at 48. 74 keV. The evidence for this level
consists of three gamma transitions from levels at
208.00, 242.00, and 288.97 keV. Based upon these

populating transitions from a band of levels whose
spins and parities are known, possible spin and pari-

3-F 5
ty assignments for this 48.74 keV level are —,

7+and—
2

Level at 110.17 keV. The (d,p) measurements of
BCEF have provided good evidence for a level(s) at
110 keV. The I= —, member of the ground state
band is calculated to appear at 109.42 keV, based
upon rotational constants derived from the lower
spin levels. The best candidate for a possible Ml
or E2 transition deexciting this I= —, level is an
83.922+0.007 keV gamma ray which is assigned to
the E2 transition leading to the 26.24 keV I=—, lev-

el. Based upon this placement, we define a level at
110.17 keV which will subsequently be shown to be
populated by three transitions from higher-lying
levels. The (d,p) experiments have been interpreted
to indicate an I=—, level at 110 keV, also. It is un-

likely that we would see any transitions to or from
this level in our experiment.

LeUels at 208.00, 242.00, and 288.97 keV. The
208.00 keV level is populated by a primary transi-
tion. All three levels are well established on the
basis of several transitions that populate and depo-
pulate the levels. These levels are assumed to have

3 5 7
even parity with a spin sequence of —,, —,, —, based

on the previous assignment by BCEF.



25 ENERGY LEVELS OF Cm FROM MEASUREMENTS OF. . . 2239

1/2+
I I I I I I I I I ~ I4 OOOO~&O C? Ol

4713.7 + 0.3

1/2, 3/2

249
96 153

1269.47 + 0.15

1/2, 3/2
1/2, 3/2

1175.94 + 0.09
1153.49 + 0.08

1/2, 3/2

3/2, 5/2, 7/2 ~
3/2

1/2, 3/2

1/2, 3/2

1/2, 3/2, 5/2, (7/2 )

1/2+, 3/2, 5/2+

104?.81 + 0.03

~ (971.20+ 0.10)
963.00 + 0.21

917.49 + 0.06

—858.91 + 0.04

(818.89 + 0.01)

772.74 + 0.03

1/2, 3/2, 5/2, 7/2
3/2+, 5/2 ~
3/2+, 5/2

1/2, 3/2
1/2, 3/2

7/2+

5/2+

3/2+

LA CO~~~ g4
CO Cl N~~&~ O O

O O +—~y~ ~ CueOO»
~ ~ ~NN N

0) cn w
~ O)C6~ I

ch P- P P

CV
O

C4

C4

pZ I

I

I

l

I

l

I

I

C)

(Q

CCI ~
(0 LAh N

(578.43 + 0.01)
/ —(546.86 + 0.01)

529.58 + 0.01

494.49 + 0.01
470.21 + 0.01

288.97 + 0.02

242.00 + 0.02
208.00 + 0.01

1/2, 3/2, 5/2, 7/2+

3/2+, 5/2, 7/2+ ~5/2'
3/ 2+

(110.17 + 0.01)

~ 48.74+ 0.02
48.20 + 0.01
26.24 + 0.01
0

FIG. 1. Level scheme of Cm based upon model-independent evidence and including gamma-ray transition energies
(keV) and intensities (photons per 1000 captures). Levels whose energies are given in parentheses were derived from
evidence which includes some model-dependent arguments. An asterisk denotes multiple placement of a transition. (a)
Primary transitions and secondary transitions for levels below 600 keV. (b) Secondary transitions for levels above 600
keV.

Levels at 470.21 and 494.49 keV. There are rela-

tively strong primary transitions that feed these lev-

els; the intensity of the primary gamma feeding
the 494 keV level is considered large enough to limit1— 3
spin and parity assignments to —, or —, . A level

at 469+2 keV is indicated by the (d,p) reaction
1

spectroscopy. The 470 keV level deexcites to the —,,
3 S—,and —members of the ground state band. The2~ 2

1 3
494 keV level deexcites to the —, and —, members of
the ground state band. Spin and parity assignments
for these levels are —,, —, (470.21 keV) and —,

(494.49 keV).

Level at S29.S8 keV. A level at 528+3 keV was
observed in the (d,p) measurement. We observe two
gamma rays that deexcite this level and one that
feeds it from above. Allowable spin and parity as-3+ 5
signments are —, and —,.

Level at S46.86 keV. The evidence for this level
is considered tentative; we observe two gamma rays
deexciting the level to the 208 and 289 keV levels of
a lower band and four gamma rays feeding the level
from above. Allowable spin and parity assignments3+ S
are —, and —,.

Level at S78.43 keV. Based on model-dependent
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FIG. 1. (Continued. )

~ P

(110.17 + 0.01)

~ 48.74+ 0.02
48.20 + 0.01
26.24 ~ 0.01

-0

arguments presented later in this paper, an I=—,

level is expected to exist at approximately S76 keV.
This estimated level energy is derived from an ob-

5 9
served level spacing for the I= —, and —, members
of the rotational band. The I =—„' member is tenta-

tively assigned at S78.43 keV based upon a depopu-
lating gamma ray to the 110.17-keV level and feed-
ing by a gamma ray from an 818.89-keV level.

Level at 772.74 keV. Although we do not observe
a primary transition to this level, there is good evi-

dence for its existence in that we observe six gamma
rays that depopulate it. Allowable spin and parity1+ 3 5+
assignments for the level are —, , —,, and —,

Leuel at 818.89 ke V. In a later section of this pa-
per that includes model-dependent arguments, we

3
propose the existence of a E = —, band (configura-
tion: —, [752]) based at 772 keV. The expected

energy for the I = —, level of this band, which is de-

rived in a calculation that includes Coriolis mixing,
is approximately 820 keV. Based upon three deex-
citing gamma rays, we establish the existence of this
level at 818.89+0.02 keV.

Leuels at 8S8.91, N7.49, and W3.00 keV. Each
of these levels is populated by a primary transition.
Therefore, the spin assignments can be limited to —,,
—,, and —, . Given the relatively low sensitivity of
our primary transition measurements, we can rule5+
out population of —, states. For the 8S8 and 917
keV levels, allowable spin and parity assignments

1 3
are —, and —,. For the 963 keV level, the reduced

primary transition intensity is large enough that al-
lowable spin and parity assignments for this level1— 3—
are —, and —, . %e also observe secondary gam-
ma rays from each level that feed into the well-
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established level structure below 550 keV. Since the5+
963 keV level decays to a —, level at 48.2 keV, its
spin and parity assignments are uniquely deter-
mined to be —,

Leuel at 971.20 ke V. In a later section of this pa-
per, we assign the 917- and 963-keV levels as the
first two members of a E = —, band (configuration:

[501]). We propose the existence of a third level

in this band at 971.20-t-0. 10 keV based upon two
deexciting gamma rays.

Leuels at 1047.81 keV. A moderately intense pri-
mary transition indicates the presence of a level at
1049.9+0.2 keV. Four secondary gamma rays can
be combined in a Ritz combination to define a level

at 1047.81+0.03 keV. The energy of each depopu-
lating transition corresponds to the indicated level

spacing within one standard deviation. The total
intensity carried away by the depopulating transi-
tions (31 relative units, photons per 1000 captures)
is consistent with feeding by a moderately intense

primary. In a later section of this paper, we assign
1 3 5

three of the populated levels to the I= —,, —,, and —,

members of the —, [501] orbital. Thus, the experi-

mental evidence for the existence of a 1047.81 keV
level is quite convincing. On the other hand, the
difference between the level energy defined by the
depopulating transitions and that defined by the
primary transition is more than 2 keV which is a
much larger discrepancy than observed for any of
the other levels and which is four times larger than
the propagated error. Since Ritz combinations do
not offer any other attractive possibilities for a level

with energy closer to 1049.9 keV and with sufficient
intensity for the depopulating transitions, we assign
a level at 1047.81+0.03 keV, although it is ques-
tionable whether the level populated by the primary
transition and the assigned level are identical.

Leuels at 1153.49, 1175.94, and 1269.47 keV.
Each of these levels is populated by a strong pri-
mary transition. The transition to the 1153.49 keV
level is partially obscured by an A1 capture line
which results in a large uncertainty on the intensity.
We assign allowable spin and parity values to thisI+ 3+
level of —, and —, . The two higher levels are as-

signed —, and —, on the basis of the primary line

intensities.

B. Application of the Nilsson model
to the level scheme

Since the actinide species constitute a region of
nuclei that exhibit stable quadrupole deformation in

their ground states, one can use the "unified" model
of Bohr and Mottelson' to predict a variety of
properties for excited nuclear levels. This model
combines features of the nuclear shell model with a
description of collective excitation, both rotational
and vibratIonal. For odd-mass nuclei, a basic as-
sumption is that the unpaired nucleon is considered

to move according to an average potential generated

by the combined effect of all of the remaining
(paired) nucleons. Corrections are added for pertur-
bations due to nuclear pairing effects. An early
development of these ideas was that of Nilsson and
co-workers' who employed a harmonic oscillator
potential, a spin-orbit coupling term, and an l term
in their Hamiltonian to solve this problem. Since
its original formulation, this oscillator potential has
been modified, chiefly in the treatment of the l
term so that the spacing between adjacent oscillator
shells remains exactly ficoo, and in the introduction
of a deformation dependence in the spin-orbit and
l terms. In addition, extensive calculations have
been made using the more realistic Woods-Saxon
potential. ' Chasman et al. ' present a good discus-
sion of the detail and merits of these potential
forms. The harmonic oscillator potential is attrac-
tive due to the relative ease of calculation. Chas-
man et a/. ' have reviewed the experimental evidence
and find that wave functions obtained from the
Woods-Saxon potential agree better with experimen-
tal data than those obtained from the modified os-
cillator potential.

We have chosen to calculate eigenvalues and
wave functions for single-particle configurations of

Cm with the modified oscillator potential; we

employed a computer code CJ written by Nilsson. '

For values of the parameters that describe the po-
tential, we have adopted x=0.0635 and @=0.317,
as recommended for A=249 by Nilsson et al. ,

'

who derived these values by making the best fit to
experimental level energies of nuclei near A =242.

Another set of parameters required for these cal-
culations are those describing the deformation of
the nucleus. Ground-state equilibrium distortion
can be calculated for a given nucleus by minimizing
the potential energy with respect to the deformation
parameters e2 and e4. The potential energy is calcu-
lated using the liquid drop model with shell correc-
tions. Many calculations of distortion parameters
for actinides have been done over the years; recent
results using both modified oscillator and Woods-
Saxon potentials are in good agreement. We list the
results of Mufller et al. in footnote a of Table IV;
these values were derived by interpolating between
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TABLE V. Experimental and calculated excited levels for " Cm.

25

Experimental MO calculations' Calculations of Gareev et al. Woods-Saxon potential

Percentage

Energy Decoupling Energy Decoupling Energy indicated

Configuration (keV) parameter (keV) parameter (keV) configuration

Other
important

configurations'
Decoupling
parameter

2 [620]

[613]

2 [622]

[725]

2 [761]

48.7

208.0

470.2

+ 0.33

—1.89

65

60

460

—0.91

70

150

81%

83%

72%

52% 622+Qi(31) 11%

620+ Q i (30) 10%%uo

+ 0.29

—3.36

[734]

[622]

[752]

[501]

[631]

[750]

529.6

772.7

1260

1150

1360 —0.04

2000 + 5.5

917.5 + 0.80 2520 + 1.0

510

910

920

1200

86%

56%

37%

65%%uo

80%

734+Q i (32) 20%

620+Qi{31) 29%

622+ Q i {30) 18%

752+Qi(22) 19%

761+Qi(22) 12%%uo

+ 0.76

—0.70

Modified oscillator potential: re=0.0635, p=0.317. For Cm, e2 ——0.22, and e4——0. Calculatioris performed with CJ
code.
Reference 23, Woods-Saxon potential plus quasiparticle-phonon interaction. For Cm, e2——0.25 and e4———0.003.

'Notation is that of Ref. 23.
Chasman et al. , Ref. 1, calculation with e2 ——0.239, e4——0, A =244.

calculated results for the nuclei " Cm and 5 Cm.
The results of our calculations for single-particle

excitations in Cm are listed in Table V. The en-

ergies listed are those for the bandhead levels. The
theoretical quasiparticle energy is given by the ex-

pression

Eqp Q(E,"p —A, ) +——b,

where the parameters are A, , the Fermi level, and 6,
the pairing gap. For this latter quantity, we have

used an approximation that the pair gap parameter
is equal to the odd-even mass difference,

EMo, ——M( Cm) —[—M( Cm)+ —M( Cm)

——,M( Cm)] =664 keV .

This formula was given by Mang et al. ' and the
masses were taken from a compilation by Wapstra
and Bos. As shown in Table V, three other con-
figurations lie close in energy to the ground state
configuration, namely —, [613], —,

+[622], and

[725]. For this calculation we have simply as-]+
sumed A, =E,~ for the —, [620] configuration. Ad-

justment of the assumed value of the Fermi level

will cause these low-lying configurations to shift in

energy, but these variations do not substantially irn-

prove our understanding of, or agreement with, the
experimental results.

For comparison, we have listed in Table V the
predicted bandhead energies for Cm according to
the calculations of Gareev et al. who employed a
Woods-Saxon potential and included quasiparticle-
phonon interactions. When there are significant ad-
rnixtures of vibrational components in a given con-
figuration, we have indicated these admixtures in
column 8 of the table, using their original notation.
The calculated level energies listed in the table show
reasonable agreement except for two configurations,

[725] and —, [501]. We do not have experi-

mental evidence for existence of the first configura-
tion. In the latter case, apparently we can expect
the energy of this —, [501] configuration to be sig-

nificantly lowered due to quasiparticle-phonon in-

teractions. Two other configurations, —, [761] and
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FIG. 3. Cm bandhead energies, experimental vs
theoretical. The experimental bandhead energies with
their associated configuration assignments are compared
with theoretical excitation energies from (1) Soloviev's
group who assumed a %'oods-Saxon potential form and
included quasiparticle-phonon coupling, (2) a modified
oscillator potential calculation done with the CJ code,
a =0.0635 and @=0.317, and (3) extrapolation of empir-
ical trends in neighboring nuclei.

FIG. 2. Level scheme of Cm showing rotational
bands and configuration assignments from the Nilsson

model. Levels observed in the 4 Cm(d, p) Cm reaction

(Ref. 3), but not populated in the (n, y) reaction are indi-

cated as dashed lines. Some unassigned levels are given

in the right side of the figure.

[752], are calculated to include important vibra-

tional components; the indicated single-particle con-
figurations comprise only 52% and 37%%uo, respec-
tively, of the total wave function.

Calculated decoupling parameters are listed for
1

the 0=—, bands in Table V, based upon both a
modified oscillator (mo) potential calculation and a
Woods-Saxon potential calculation. Comparison of
the results from the calculations shows some large

1 +
differences. For the —, [620] configuration, the mo
calculation predicts a= —0.91, while the Woods-
Saxon calculation predicts a =+0.29. A summary
of experimental values for this configuration, as re-
ported by Chasman et al. ,

' shows much better
agreement with the Woods-Saxon calculations.
They find similar agreement between experiment
and theory (Woods-Saxon potential) for the

[631] configuration in a number of nuclei.

Faessler and Sheline have made a comparison be-
tween wave functions calculated using a Woods-
Saxon potential and a harmonic oscillator potential
in the rare-earth region; they find that experimental
values for the decoupling parameter of a —, [510]
band are reproduced more accurately in the
Woods-Saxon calculations. On this basis, the

decoupling parameters in the last column of Table
V are considered the preferred calculated values in
examination of our results. for Cm.

Guided by the nuclear model predictions for
single-particle states in Cm and making use of
our model-independent level scheme, we proceed to
the identification of rotational bands and the as-'
signment of Nilsson configurations. The regularity
of rotational bands is expressed in the well-known
formula

EI Eo+A /21[I(I+1——)

+5K»2( —1) +' (I+1/2)a] .

For some of the less perturbed configurations in
odd-mass actinide elements, rotational parameters
of fP/2J=A =6.2—6.6 are observed experimental-

ly.
One may derive empirical values of A from ex-

perimental data that sometimes show large devia-
tions from the indicated range of unperturbed
bands. Usually, these observations can be explained

by the presence of significant Coriolis mixing. This

ENERGY LEVELS OF Cm FROM MEASUREMENTS OF. . .
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TABLE VI. Summary of experimental energies and Nilsson-model configuration assignments for Cm levels.

Best experimental
level energy (keV)

Primary
transition

data

Level energy
(keV)

Reaction
spectroscopy

data'

Level energy
(keV)

Model
independent

spin,
parity

Nilsson-model

spin, parity,
and

configuration

26.24+0.01

48.20+0.01

110.17+0.01

25+2

48+1

110+1

1+
2
3+
2
5 +
2
1 3 5 7+
2t 2~ 2~ 2

—[620]

2
—[620]
—[620]
—[620]

48.74+0.02

110 +1 110+1

3+ 5 7+
2 '212 —[613]

—[613]

208.00+0.01

242.00+0.02

288.97+0.02

350 +1

208.4+0.5 208+1

242+1

288+5

350+1

3+
2.
5 +
2
7+
2

2 2 [622]
—[622]

2 2 [622]

2 —,[622]

470.21+0.01

494.49+0.01

498 +3

546.86+0.01

575 +3

469.9+0.5

494.4+0.5

469+2

498+3

575+3

3—
2
1 — 3—
2 '2

3+ 5

2 2

3—
2
1—
2
7—
2
5—
2
11—
2

—[761]

—,[761]
—[761]

—,[761]

—,[761]

529.58+0.01 528+3 3+ 5

2 '2 —,[622]

effect is most important for configurations with a
high j quantum number in the spherical state; thus,
in Cm we expect considerable mixing among the

h»&2 set of configurations, in particular, —, [761]
and —, [752].

In this model-dependent derivation of the Cm
level scheme, we also employ the data of BCEF
whose measurements provide level energies and
cross sections for (d,p) population of certain
members of rotational bands where the configura-
tions have a significant amount of particle charac-
ter. BCEF list data for the (d,p) spectrum up to a
level energy of 1650 keV. The uncertainties on level
energies are in the range of 1 —7 keV. They provid-
ed interpretation for only the lower portion of the
spectrum, in the energy range 0—575 keV.

Another set of experimental results, useful in the

interpretation of our experiment, is that for the lev-
el scheme of 'Cf (E =153) where the information
was derived mainly from a study of the -'Fm a
spectrum and the photons following this a decay.
In this work, the following single particle configu-
rations (followed by a bandhead energy) were as-
signed: —, [620], 0 keV; —, [613], 106 keV;

[622], 178 keV; —, [725], 370 keV; —, [734],
434 keV; and —, [622], 544 keV.

In the following paragraphs, we discuss evidence
for each configuration assignment. These experi-
mental data and the configuration assignments are
summarized in Table VI and Figs. 2 and 3.

f620J. The ground state rotational band for
i 9Cm has been assigned the configuration1+' 3 ip[620]. From our level energy measurements,
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TABLE VI. (Continued. )

Best experimental
level energy (keV)

Primary
transition

data

Level energy
(keV)

Reaction
spectroscopy

data'

Level energy
(keV)

Model
independent

spin,
parity

Nilsson-model

spin, parity,
and

configuration

578.43+0.01

634 +2 634+2

1 3 5 7
2' 2s 2s 2 2

—[622]

2
—,[622]

772.74+0.03

818.89+0.01

870 +4

1030 +7

870+4

1030+7

1+ 3 5+
2 y2'2
1 3 5 7—
2P 2~ 2~ 2

3—
2
5—
2
7

2
11—
2

—,[752]

2 [752]

—,[752]

—,[752]

858.91+0.04

917.49+0.06

963.00+0.21

971.20+0.10

858.8+0.9

917.3+0.5

962.7+0.5

(915+2)'

1 3
2t 2
1 — 3—
2 '2
3

2
3 5 7
2' 2' 2

1—
2 ~ [501]

2
—[501]

2
—[501]

1047.81+0.03

1153.49+0.08

1175.94+0.09

1269.47+0.15

1049.9+0.5

1152.8+ 1.1

1175.0+0.5

1268.5+0.5

1 — 3—
2 '2
1 3
2'2
1 — 3—
2 ~ 2
1 — 3—
2 '2

'Data of Ref. 3.
Possible primary transition obscured by intense Al line.

'This peak in the (d,p) spectrum is not assigned to the —[501] configuration.

TABLE VII. Gamma ray transitions depopulating Cm levels.

Depopulating gamma ray transitions

Gamma
Spin, parity, energy

Level energy (keV) configuration (keV)

Experimental
reduced

transition
rate'

Theoretical
reduced
transition

rate"

Populated
level Spin,
(keV) parity Configuration' Remarks

26.24

48.20

110.17

48.74

—[620]
—[620]

—,[620]
—[620]
—[613]

83.92 26.2
3+
2

—[620]
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TABLE VII. (Continued. )

Depopulating gamma ray transitions

Qamma
Spin, parity, energy

Level energy (keV) configuration (keV)

Experimental
reduced

transition
rate'

Theoretical
reduced Populated

transition level

rate (keV)
Spin,

parity Configuration' Remarks

110

208.00

242.00

288.97

—[622]

—,[622]

—,[622]

208.01

181.78

159.77

159.22

97.80

242.01

193.81

193.24

240.78

240.25

0.79

0.77

1.00

0.18

0.69

0.64

1.28

1.02

0.26

26.2

48.2

48.7

110.2

48.2

48.7

48.7

1+
2
3+
2
5+
2
7 +
2
7+
2
] +
2
5+
2
7 +
2
5+
2
7+
2

2 [620]

—[613]

—,[620]
—[620]

—[613]

2 [620]

—,[613]
350

470.21

494.49
2 [761]

AAA 10

422.02

494.48

468.26'

—[622]

—[761] 470.20 0.60

0.06

1.00

1.00

0.90

26.2

48.2

26.2

] +
2
3+
2
5+
2
1+
2
3+
2

—,[620]

—[620]

498

575

529.58

578.43

634

772.74

818.89

—[761]

—,[761]

—[761]
—[622]

—,[622]

—,[752]

—,[752]

339.23

257.74

76.65'

321.89

240.62

468.26'

772.80

724.44

531.72

302.59

278.23

225.94

348.75

272.04

240.45

0.067

1.000

0.13

1.00

0.07

0.84

0.41

1.00

0.79

0.51

1.00

0.066

1.05

0.08

0.04

0.19

0.90

1.12

0.23

0.61

0.69

289.0

470.2

108.0

289.0

110.2

242.0

470.2

494.5

546.9

470.2

546.9

578.4

3 +
2
7 +
2
3

2

3+

7+
2
7 +
2

1+
2
5 +
2
5+
2
3

2
1—
2
5—
23—
2
5—
2
7 +
2

—[622]

—[761]

—,[622]

2 [620]

—,[620]

—[622]
—[761]

—[761]

—,[622]
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TABLE VII. (Continued. )

Depopulating gamma ray transitions

Gamma
Spin, parity, energy

Level energy (keV) configuration (keV)

Experimental
reduced

transition
rate'

Theoretical
reduced Populated
transition level

rate (keV)
Spin,

parity Configuration' Remarks

—,[752]
—[752]

1 3
(——)2%2

870

1030
3+
2
5—
2
3+
2
3—
21—
2
1 +
2
5+
2
7+
2
5+
2
5—
21—
2
3—
2
5—
2
3+
2
3—
2
5—
2
5—
2
1+
2
3+
2
3

2
1 +
2

26.20.24 —,[620]

—,[761]
—[620]

—,[761]

832.70

312.12

891.25

447.31

422.94

963.06

914.74

860.80

441.55

228.95

130.26

858.91

1.00 546.9

—[501]917.49 0.18 26.2

470.20.50

1.00 494.5

2 [501]963.00 0.54 —[620]

1.96 48.2

—[501]971.20 0.60 —,[620]
—[622]

—,[752]
—[501]

110.2

1.00 529.6
1 — 3—

(— — )2 '21047.81 0.02 818.9

0.50 917.5

84.70 0.75 963.0

76.65' 1.00 971.2

(——)
1 3
2021153.49 1127.4 0.031 26.2 —[620]

—[761]683.35

606.73

0.019 470.2

0.027 546.9

1.000

1175.94

968.23 208.0

1.00

( —,', —,
'

) 1269.5

182.15 971.2 —[501]

1175.8 0.44 0 —[620]

0.58 —[622]

705.66 470.2 —,[761]

1269.47 0 —[620]

'Reduced transition rates have been calculated assuming each transition is of either pure M1 or pure E1 character.

Transitions assigned E2 character are not included in this calculation. These relative rates are normalized to the most

rapid transition (=1.00).
Theoretical rates are given for dipole transitions between pure single particle configurations. These relative rates are

normalized such that the total theoretical transition strength is equal to the total experimental transition strength for

population of a given rotational band; the units, which are relative, are taken from the adjacent column of experimental

data.
'If a configuration is not shown, the level has the same configuration as the nearest labeled level above.

M1 transition is E forbidden; E2 transition is allowed.

'Transition placed twice in level scheme.

E1 transition is E forbidden by one unit.

we extract values of A ( =—tri2/2p =6.572+Q. QQ2 keg
and a =+0.330+0.001. We calculate level energies
of 109.4 and 149.0 keV for the I=—, and —, levels

in this band; the level observed at 110.17 keV in this

experiment and the (d,p) level energies of 11Q+1
and 146+3 keV show satisfactory agreement with
these calculated values. Our rotational parameters
are close to those obtained for the same configura-
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tion in 'Cf, A =6.438+0.002 keV and a =+0.285
+0.001. Our experimental value for the decoupling
parameter, a =+0.330, is in reasonable agreement
with the preferred calculated value, a =+0.29.

(6&3J. In interpreting the Cm(d, p) spec-
trum, BCEF assigned a prominent peak, corre-

9
sponding to a level at 110+1 keV, to the I= —,

7+
member of a —, [613] rotational band. Although it

7 1+
was recognized that the I= —,, —, [620] level occurs
at 110 keV, BCEF made this assignment to the

[613]configuration in order to explain the inten-
7+

sity of the observed peak. The —, [613] configura-
tion is expected to be populated in the favored alpha

decay of Cf, also. Bemis and Halperin have ob-
served just two a groups for Cf decay, at 5.979
MeV (94.7%) and 5.921 MeV (5.3%). Both groups
exhibit low hindrance factors which are indicative
of favored decay. Since their experiment did not
provide information on the absolute energy of the
levels being populated, Bemis and Halperin adopt-
ed the BCEF assignment, i.e., they assumed the
higher energy alpha group populates a level at 110
keV. The foregoing information suggests the7+

[613]bandhead occurs at about 52 keV.
We find evidence for a level at 48.74+0.01 keV3+ 5with possible spin and parity assignments of —,

TABLE VIII. Results of Coriolis mixing calculation for N =7 configurations in Cm.

Eea]e

Level energies (keV)

Eexp mixing do. /d Q,„p'

Cross section in pb/sr
for Cm (d,p) at 140'

do. /d 0„],
no mixing

1

2
3

2

5

2
7

2
9

2
11

2
13

2
15

2

3

2
5

2
7

2
9

2
11

2
13

2
15

2

Parameters derived

from calculation

494.9

468.7

547. 1

498.4

630.8

575.5

75S.2

704.0

770.2

871.6

968.8

1030.6

1174.5

1238.8

Theoretical

—,[761]

494.49(1)

470.21(1)

546.86(1)

498(3)

S7S(3)

—,[752]

772.74(4)

818.89(2)

870(4)

1030(7)

Fit to

experiment

+ 0.5
—1.5

+ 0.2

+ 0.4

+ 0.5

—2.5

+ 1.6

+ 1.6

Reduction

factor

22

82

92

0.7

0.9

31

30

149

27

93

150

10

50

1.3

0.2

16

17

93

20

52

138+28

70+23

240+48

80+25

60+20

160+40

h /2J
a, —,[761]

(E
~ j ~

K') —,[761]——,[752]

—3.36

+ 5.1

6.41
—1.89

+ 4.4

0.56

0.86

'These data are taken from Ref. 3.
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7+ ~ 7 +
and —, . We assign the —, [613] configuration to
the 48.74 keV level. This configuration is known to
occur at 106 keV in 'Cf. The —,-—, level spacing
in 'Cf, 60.0 keV, agrees with the observed spacing
of 61 keV in Cm. The gamma transitions ob-
served to feed the 48.74 keV level from the 208,
242, and 289 keV levels are K forbidden in terms of
M1 multipolarity, on the basis of our configuration
assignment.

3 +
/622j. This configuration was assigned by

BCEF to a rotational band consisting of four levels
beginning at 208 keV. We observe the three lowest
levels and have adopted the spin, parity, and config-
uration assignments of BCEF in the construction of
our level scheme. We calculate an average rotation-
al parameter, 3 =6.76+0.05 keV, which is identical
to that observed for the same configuration in 'Cf,
A =6.75+0.07 keV. Deexcitation of the 208 and
242 keV levels to members of the ground state
bands is examined in Table VII where we compare
experimental data with predicted relative reduced
transition probabilities given by Clebsch-Gordan
coefficients, assuming the transitions to be pure
M1. For the 242 keV level, relative rates from ex-
periment agree well with theory; for the 208 keV
level, agreement is less satisfactory.

I622j. This configuration is known to exist in
'Cf with the bandhead at 544 keV. There is evi-

dence for its existence in the lighter odd-mass Cm
5 9

isotopes where the I= —, and —, members are identi-

fied in (d,p) spectra. In 'Cf, the observed —,- —,

level energy difference is 105 0 keV. The
Cm(d, p) Cm spectrum includes peaks that de-

fine level energies of 528+3 and 634+2 keV, which
have an energy difference of 106+4 keV. We have
evidence for the existence of a level at 529.58+0.04

3 + 5
keV with possible spin and parity of —, and —,.

5 + 5
We assign a —, , —,[622] spin, parity, and configu-

ration to the 529.58 keV level. With the 634 keV
level observed in the (d,p) spectrum assigned to the

9 ~

'
7I = —, member of this rotational band, the I= —, lev-

el is expected to occur at approximately 576 keV.
We find evidence for a level at 578.43 keV that

7
deexcites to the I=—, member of the ground state

band.
I761j There is strong experimental evidence

for the levels at 470.21 and 494.49 keV (see Fig. 1).
Model-independent arguments indicate odd parity
for these levels. Examination of a Nilsson dia-
gram' shows that the lowest-lying odd parity state
with 0= —, or —, in ~Cm is the —, [761] configu-

ration; it originates from the splitting of an hII~2

spherical state. The theoretical values for the
decoupling parameter are strongly negative (Table
V) which means the I= , le—vel energy is expected

1

to be less than the I= —, level energy. The pattern
of gamma rays deexciting the 470 and 494 keV lev-
els (Table VII) is suggestive of this sequence. The

1 3 5
470 keV level deexcites to the I= —,, —,, and —, lev-

els of the ground-state band with most of the
1 5

strength going to the I= —and —members. The
494 keV level deexcites only to the I = —, and —, lev-

els.
BCEF observed three levels at 469, 498, and 575

3 7 11
keV and assigned them to the I= —,, —,, and —, lev-

els of a band whose configuration they labeled

[750], although most references designate the
configuration as —, [761]. The distinguishing

characteristics of the —, [761] configuration are a
large, negative value for the decoupling parameter
and spectroscopic factors for the (d,p) reaction that

7 3 1

indicate strong population of the I= —,, —,, and —,

members of the band, in order of decreasing
strength.

Thus, good experimental evidence exists to sup-
port assignment of a —, [761] configuration to lev-

els at 470.21(—,), 494.49(—,), 498(—,), and 575(—, )

keV. From the three lowest energy levels, we calcu-
late rotational parameters of A =4.39+0.30 keV
and a =—2.84+0.13. This low value for A and the
fact that the four experimental level energies do not
fit the simple formula for rotational bands suggest
the band is perturbed due to Coriolis force interac-
tion with nearby rotational bands. We expect to ob-
serve the I= —, level of this band and have assigned

this configuration to the level at 546.86 keV.

I752/. The 772.74-keV level decays strongly to

levels in the —, [761] band; gamma decay to the

[761] band is favored by a factor of 700 over

that to the —, [620] ground state band (see Table
VII). In the scheme of Fig. 1 this level has assigned1+ 3
to it possible spin and parity values of —,
5 + 3

. We assign it I= —,, partly because it decays to
each of three levels in the —, [761] band with com-

parable transition strengths. We do not see a pri-
mary transition feeding this level; this absence may
be due to the statistical nature of the thermal neu-

tron capture process.
3

We assign the 772.74-keV level as the —, member

of the —, [752] configuration on the basis of (1) its

energy relative to two intense peaks in the (d,p)
spectrum at 870 and 1030 keV, believed to be the

and —, band members, and (2) our ability to
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fit the experimental levels via a Coriolis calculation,
using a reasonable set of parameters.

The —, [752] configuration is a particle state in

Cm that is expected to be populated strongly by
the (d,p) reaction. If we assign two intense peaks in
the (d,p) spectrum at 870+4 and 1030+7 keV to the

7 11I= —, and —, members, these levels and the 772.74
keV level (I= —,) are a consistent set described by a
rotational parameter value of 3=8.0+0.5 keV.
The increase in this value of A, compared with an

average of 6.4 for unperturbed rotational bands, is
presumably due to the Coriolis interaction, which
causes a decrease in 2 for the —, [761] band of
similar magnitude.

5%e expect to observe the I= —, level of this band

and have assigned this configuration to the level at

818.89 keV.
Cori olis mixing calculation for , (76—1$ and
(752J configurations. As a group, the X =7 con-

figurations in Cm are expected to interact strong-
ly with each other via the Coriolis force. One
might also expect some interaction between the

[761] and —, [501] configurations via EX=2
mixing when the two orbitals are very close in ener-
gy, i.e., in a region of "pseudocrossing. " %e have
chosen not to include effects of this mixing because
the level crossing in question appears to occur at
higher deformation than calculated for the Cm
nucleus.

In our Coriolis calculation, the energy matrix is
constructed and diagonalized. The unperturbed ro-
tational energies are given by the equation,

E (I)=ED+Pi l2J [I(I + 1) K+5z—»2( —1) + ' a (I+—,)],
where Eo is the bandhead energy, A /2J is the rotational parameter, and a is the decoupling parameter for a
E = —, band. The off-diagonal matrix elements are given by the equation

~+K «' &2J( U——~ Ux + V~ ~~ )«I &)(I+&—+ I ) & &
I 1+

The parameter a is included to permit adjustment
of the strength of the Coriolis interaction. The oc-

cupation amplitudes Uz and Vj; are included to al-
low for the effect of pairing correlations. The in-
trinsic matrix elements are calculated by use of the
CJ code.

Calculations of the perturbed level structure in
the rotational bands with configurations —, [761]
and —, [752] were made by use of a computer code,
CORMIX. The program solves the secular equa-
tion for all values of angular momentum involved
and uses an iterative procedure to adjust all of the
variable parameters simultaneously until a best fit
to the experimental level energies is obtained. Our
calculations are summarized in Table VIII. The 9
level energies were fit in the calculation with a
standard deviation of +1.0 keV. Variable parame-
ters in this calculation were the two bandhead ener-

gies, a value for the rotational parameter common
to both bands, the decoupling parameter for the

[761] band, and the parameter a which is used

to attenuate the strength of the Coriolis interaction.
From our calculation we derive an experimental

value for the decoupling parameter, a= —1.89,
whose absolute value is considerably lower than the
best theoretical estimate, a = —3.36 (Table V).
Theoretically, this configuration in Cm is calcu-
lated to possess appreciable collective nature; the

effect of this configuration mixing would be to
lower the absolute value of the decoupling parame-
ter. Also, the Coriolis matrix element was reduced
to 86% of theoretical in order to obtain a best fit to
experiment. The necessity for this reduction has
been observed before for many nuclei in various re-
gions of deformation. Recent theoretical treatments
of this phenomenon appear to be promising with
respect to quantitative predictions of what has been
treated, in the past, as a purely empirical factor in
Coriolis mixing calculations.

Some of the assignments of levels with higher an-
gular momentum in these two bands are based upon
data from the (d,p) study of BCEF. We have calcu-
lated values for the appropriate cross sections
(Table VIII) according to the well-established
theoretical treatment for this reaction given, for ex-
ample, by BCEF. In this approximation, the dif-
ferential cross section is given by the equation

where J is the total spin of the state populated and
E denotes the specific state being populated. The
factor OJ was computed by use of the distorted-
wave Born-approximation code DWUK72. In this
calculation, the optical-model parameter set of
Grotdal eI, al. was employed. The spectrographic
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TABLE IX. Summary of experimental data for — [501] rotational bands in actinide nuclei.

2251

Nuclide

Bandh cad
energy
(kev) E3/2 E1/2 A (keV) Reaction/Reference

a139

Thi39
Th141

233 rh

233U

235U
143

237U
145

239U
147

237pu143

675.9

535.5
554.7

539.6

572
658.9

865.0

932.9

545

55.8

38.9

46.5

44.3

28.9

46

9.95

6.7

+0.87

+ 0.93

(n, y)(d,p)(t, d)
P decay"
(d, t)
{d,t)'b
(n, y)"
(d,p){n, y)'
(n, y)'
(d, t)'
(d,p)'
(d, t)(n, y)"
(n, y)'
(d, t)( He, a)"'
{n,y)'
(d,p)(n, y)~'
{n,y)1'

(d, t)'

factor Sz was computed for single particle states by
use of normalized eigenvector amplitudes, C;n, as
calculated with the CJ code. We compare the ex-
perimental and theoretical differential cross sections

in Table VIII. Included in the comparison are cross
sections calculated with the mixed single particle
wave functions. We note that the calculated values
tend to be smaller than experimental. Use of the
mixed wave functions does not improve the fit to
experiment.

f501J. We observe levels at 917.49 and 963.00
keV that are assigned to the configuration —, [501].

1 5
The 963-keV level decays to the I=—, and
members of the ground state and, therefore, is given

3
an I= —, assignment. The 917-keV level is assumed

to be the I= —, level of this band; the most intense

gamma ray deexciting this level populates the I=—,

member of the ground-state band. Also, the 971
keV is assigned as the I= —, member of this band

based upon this proximity to the other levels and its7+
deexcitation to levels at 110.17 keV ( —, ) and

529.58 keV (—, ). All of the transitions deexciting

the 917-, 963-, and 971-keV levels are consistent
with the assigned angular momentum values I= —,,
3 5

—,, and —,, respectively.
From the experimental level energies, we calcu-

late values for the rotational parameter and the
decoupling parameter of A =8.41+0.002 keV and
a = +0.810+0.002, respectively. The theoretical
value, a=+0.76, calculated with a Woods-Saxon

potential (Table V), is in reasonable agreement with
experiment.

Gareev et al. predict an excitation of 920 keV
for an 0 = —, band whose wave function is 65%
single particle character, —, [501], with the next
most important contributions from single particle-
quadrupole vibration coupling (Table V). Our ob-
servation agrees well with the calculated properties
of this configuration.

The —, [501] configuration, a hole state in
Cm, has been identified in 15 odd-neutron ac-

tinides, from Rai39 to Cm]53 A summary of
these observations is given in Table IX. Often, it
has been identified by use of (d, t) reaction spectros-
copy. Although BCEF have observed a 915 keV
level in their (d,p) measurement for Cm, we
doubt they are detecting the 917.47 keV level be-
cause apparently there is insufficient (d,p) strength
to permit observation of this configuration in
lighter nearby Cm isotopes.

The experimental —, [501] bandhead energies for
nuclides in this mass region are plotted in Fig. 4.
These are compared with the calculated values of
Soloviev and co-workers ' in the figure and there
is good agreement between calculation and experi-
ment. In these calculations, Soloviev et al. have
considered states that are predominantly quasiparti-
cle in nature and have included the interaction be-
tween quasiparticles and phonons. The —, [501]
configuration has been identified in many nuclides
over a range of 14 units of neutron number and it is
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TABLE IX. (Continued. )

Nuclide

8andhead
energy
(keV) ~3/2 @1/2 A (keV} Reaction/Reference

241
Pu147

243puu149
"'Cm, 4,
245Cm

'4'Cm
"'Cm

964.7

905.9
729
913
958
917.5

41.3
40
43
44
45.5 + 0.81

(d,p)(d, d')"
(d, t)~

(d, t)(n, y)"
(d, t)'
(d,p}(d,t)'
(d, t)'
(n, y)"

'R. K. Sheline, W. N. Shelton, T. Udagawa, E. T. Jurney, and H. T. Krotz, Phy. Rev. 151, 1011 (1966).
"J. S. Boyno, T. W. Elze, and J. R. Huizenga, Nucl. Phys. A157, 263 (1970).
'T. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 1, 275 (1970).
"T. von Egidy, T. W. Elze, and J. R. Huizenga, Nucl. Phys. A145, 306 (1970).
'T. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 4, 247 {1971).
T. W. Elze and J. R. Huizenga, Phys. Rev. C 3, 234 {1971).

I'L. M. Bollinger and G. E. Thomas, Phys. Rev. C 6, 1322 (1972).
"T. H. Braid, R. R. Chasman, J. R. Erskine, and A. M. Friedman, Phys. Rev. C 6, 1374 (1972).
T. von Egidy, Q. W. 8. Schult, D. Rabenstein, J. R. Erskine, O. A. Wasson, R. E. Chrien, D. Breitig, R. P. Sharma,

H. A. Baader, and H. R. Koch, Phys. Rev. C 6, 266 (1972).
~T. Grotdal, J. Linstand, K. Nybo, K. Skar, and T. F. Thorsteinsen, Nucl. Phys. A189, 592 (1972).
"F.A. Rickey, E. T. Jurney, and H. C. Britt, Phys. Rev. C 5, 2072 (1972).
'T. Grotdal, L. Loset, K. Nybo, and T. F. Thorsteinsen, Nucl. Phys. A211, 541 (1973).
T. H. Braid, J. R. Erskine, and A. M. Friedrnan (unpublished); reference in R. R. Chasman, I. Ahmad, A. M. Freid-

man, and J. R. Erskine, Rev. Mod. Phys. 49, 833 (1977).
"R. F. Casten, W. R. Kane, J. R. Erskine, A. M. Friedman, and D. S. Gale, Phys. Rev. C 14, 912 (1976).
'M. W. Johnson, R. C. Thompson, and J. R. Huizenga, Phys. Rev. C 17, 927 (1978).
PH. G. Borner, H. R. Koch, H. Seyfarth, T. von Egidy, W. Mampe, J. A. Pinston, K. Schreckenbach, and D. Heck, Z.
Phy'. A 286, 31 (1978).
qD. H. White, G. Barreau, H. G. Horner, W. F. Davidson, R. W. Hoff, P. Jeuch, W. Kane, K. Schreckenbach, T. von

Egidy, and D. D. Warne, Neutron Capture Gamma-Ray Spectroscopy, edited by R. E. Chrien and W. R. Kane (Ple-

num, New York, 1978), p. 802.
'J. Almeida, T. von Egidy, P. H. M. Van Assche, H. G. Horner, W. F. Davidson, K. Schreckenbach, and A. I. Namen-

son, Nucl. Phys. A315, 71 (1979).
T. von Egidy, J. A. Cizewski, C. M. McCullagh, S. S. Malik, M. L. Stelts, R. E. Chrien, D. Breitig, R. F. Casten, W.
R. Kane, and G. J. Smith, Phys. Rev. C 20, 944 (1979).
P. Jeuch, T. von Egidy, K. Schreckenbach, W. Mampe, H. G. Horner, W. F. Davidson, J. A. Pinston, and R. Roussille,
Nucl. Phys. A317, 363 (1979).
"T. von Egidy, G. Barreau, H. G. Borner, W. F. Davidson, J. Larysz, D. D. Warner, P. H. M. Van Assche, K. Nybo,
T. F. Thorsteinsen, G. Lovhoiden, E. R. Flynn, J. A. Cizewski, R. K. Sheline, D. Decman, D. G. Burke, G. Sletten, N.
Kaffrdl, W. Kurcewicz, T. Bjornstad, and G. Nyman, Nucl. Phys. A365, 26 (1981).
"This work.

a hole state in a11 of these nuclides. Yet, its excita-
tion energy increases by less than 500 keV over this
range. This can be understood by noting that the

[501] neutron configuration is a strongly upslop-

ing orbital. Also there is a trend for increasing de-
formation of the ground state in going from Th
(ez ——0.18, e4 ———0.06) to Cm (e2 ——0.22, e4 ——0.0).
Thus, the effect of the increasing single-particle en-

ergy will offset the effect of the rising Fermi sur-
face so that the change in excitation energy will be

less than that for some of the other orbitals.
It appears from the data in Table IX that another

characteristic of the —, [501] configuration is a

large value for the rotational parameter, A, or a low

value for the moment of inertia, although there are

just three instances where rotational parameters
have been determined. It may be that a low mo-

ment of inertia is characteristic of a single particle
orbital such as —, [501],whose potential energy in-

creases rapidly with increasing deformation. Niel-
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sen and Bunker ' have discussed the fact that
equilibrium deformation depends upon which orbi-
tals are occupied and have estimated that the effect
on the rotational parameter caused by a change in
deformation is given by the expression
(A' !2J)aeq . With these ideas we can deduce a de-
crease in the e2 quadrupole deformation parameter
for Cm in the —, [501] configuration of 12%
versus deformation in its ground state; thus,
e2-0. 19 in this excited state as compared with 0.22
in the ground state.

V. CONCLUSIONS

As a result of our measurements, we have extend-
ed the knowledge of the Cm level structure up to
energies of approximately 1300 keV. Of the ob-
served gamma transitions, 52 are placed in the level
scheme to define 22 excited levels. We have made

5 +three new configuration assignments: —, [622],
529.58 keV; —, [752], 772.74 keV; and ~2 [501],
917.49 keV.

Some of the configurations appear experimentally
at energies much below those calculated, most not-
ably the —, [622], —, [752], and —, [501] bands.
Much of this energy decrease appears to be due to

FIG. 4. Excitation energy of the —, [501] odd-neutron

configuration in radium, thorium, uranium, plutonium,
and curium nuclei (X =139—153). The calculated values
are those of Soloviev's group (Refs. 23 and 30). The
states plotted here are predominantly one quasiparticle in
nature.

mixing of the quasiparticle state with vibrational
components; e.g., the wave function for the

[752] state at 772 keV is calculated to contain
only 37%%uo of the primary single-particle configura-
tion while octupole vibrational states coupled to two
lower configurations represent 47%%uo of the total.

A particularly outstanding difference between
two types of calculation is found for the excitation
energy of the —, [501] configuration. In the calcu-
lations of Gareev et al. , this state is predicted at
920 keV; its primary single-particle configuration is
65% of the wave function with most of the
remainder described as gamma vibrational com-
ponents built on the —, [761] and —, [752] configu-
rations. A modified oscillator potential calculation
puts this band at extremely high energy, -2500
keV. We find three levels whose characteristics are
appropriate for assignment to the —, [501] state;
the bandhead energy is 917 keV.

From our results, one can conclude that the cal-
culations made by Soloviev's group for level struc-
ture in actinide nuclei agree quite well with experi-
ment and are the preferred calculations for compar-
ison with other experimental studies in this de-
formed region.
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