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(d, p) and (d, t) Studies of the Actinide Elements. II. Cm, 'Cm, " Cm, and Cm
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Properties of states in ~Cm, Cm, YCm, and Cm were determined by (d,p) and (d, t)
reactions on targets of Cm, Cm, and Cm. Assignments of one-quasiparticle states
are made. Single-particle level schemes are extracted from the data by use of a pairing cal-
culation. The extracted single-particle level schemes are compared with single-particle cal-
culations, which include P4 and P6 deformations. Equilibrium values of P2, P4, and P6 are esti-
mated for the odd-mass Cm isotopes.

I. INTRODUCTION

This paper is the second in a series of studies
of the single-particle states of actinide nuclei pop-
ulated in single-neutron transfer reactions. Infor-
mation from stripping and pickup reactions is a
valuable adjunct to the data obtained in investiga-
tions of nuclear decays. A major purpose of this
work is to identify the one-quasiparticle states in
the actinides and to compare the measured proper-
ties of these states with theoretical predictions.
In the first paper' of this series, we presented a
detailed study of '"U. In the present paper, we
consider the odd-mass Cm isotopes. Preliminary
results for some thorium, uranium, and plutoni-
um isotopes have also been published. '

One of the noteworthy features of our study of
the curium isotopes is the unusual nature of the
four targets used. The target nuclei are rare iso-
topes, some of which are highly radioactive. The

Cm target had an activity of 10"n disintegra-
tions/min.

More complete reaction data would be desirable,
particularly complete angular distributions that
could provide better identification of the l value
transferred. However, the low yield of the reac-
tions, the intense radioactivity, and the fragility
of the targets prevented us from acquiring more
extensive data. Nevertheless, the data we do have
furnish extensive new information on the excita-
tion energies and the yields of reactions to many
levels of four curium isotopes. The interpreta-
tion of many of the levels is unambiguous, but
other level assignments are of necessity rather
tenuous.

II. THEORETICAL ANALYSIS

In the first paper of this series, ' we presented
the theoretical framework used to analyze our sin-
gle-neutron-transfer data. To make the present
work self-contained, we sketch the major features
of the analysis.

The basic approximation is that the differential
cross section can be factored into two parts: 6J
depending on the reaction mechanism and SJ de-
pending on the nuclear eigenstates. In the case of
an even-even target nucleus, this approximation
is written as

K

(2d + 1)PDwSE

single- particle pairing ' (2)

Each of the two terms in the nuclear Hamiltoni-
an affects the magnitude of the spectroscopic fac-
tor SJ. The single-particle wave functions in the
deformed field are generated ' from H '

g$ p
The wave functions can be written in terms of a
spherical basis as

0» Qc,'4=,'(r, ti, 0),
J

where Qz(r, 8, p) is a normalized function. The
spectroscopic factor for the rotational level hav-
ing spin J, based on the single-particle state gK",

is proportional to (C~)'. Pairing forces influence
the spectroscopic factor in that they determine
the occupation probability of the various single-
particle states in the initial and final systems.
The effect is most apparent when we consider the
ratios of (d, p) and (d, t) spectroscopic factors.
This ratio is

S (d, P) 1-(Nr(A —1))
S (d, t) (Nr(A+ 1)) (4)

where (Nr(A + 1)) is the occupation probability of
the state gK in the ground state of the nucleus hav-
ing mass A+ 1. RK goes to infinity for particle

where 4 is the total spin of the state populated and
K denotes the specific state being populated. We
have computed the factor OJ by using the distort-
ed-wave Born-approximation code JULIE. ' The
spectroscopic factor S~ is calculated for the nu-
clear Hamiltonian
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FIG. 1. Triton spectrum for the reaction Cm(d, t) +Cm at 8 =140'.

do d = 2(Cry)'[1 (Nr(A —l))-]8~ (d, P), (5)

= 2(CI) (Nr(A+ l))e~ (d, ) . (6)

For a more detailed discussion of the analysis,
we refer the reader to Ref. 1.

states at high excitation and goes to zero for hole
states at high excitation.

Combining these effects, we find that the differ-
ential cross sections are

III. EXPERIMENTAL PROCEDURE

The experimental techniques and methods of an-
alysis of the data are the same as were described
previously for the case of '"U, ' except that spe-
cial care had to be taken because the targets (espe-
cially '"Cm) were highly radioactive. The targets
were prepared by simultaneously collecting the

Cm, ' Cm, and ' 'Cm fractions in a mass sep-
aration of 2DO mg of highly irradiated Cm. The
target backings used in the isotope separator were
40-pg/cm' carbon films supported by 10-20 p, g/
cm' of Formvar, and the method of separation and
collection were as described by Lerner. '
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FIG. 2. Proton spectrum for the reaction Cm(d, P) 4 Cm at 8=140 .
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The protons and tritone from the (d, p) and (d, t)
reactions were recorded with a Browne-Buechner
magnetic spectrograph. ' Most experiments were
done at a bombarding energy of 12 MeV and at an-
gles of 90 and 140'. In addition, the ' 'Cm(d, t)-' 'Cm reaction at E~ = 16 MeV was studied at 10,
20, 30, 40, and 50'.

IV. EXPERIMENTAL RESULTS

Figures 1-7 show some of the spectra we ob-
tained. The energies and cross sections of peaks
observed in the ~Cm(d, f) 'Cm reaction are list-
ed in Table I. Those seen in the ' Cm(d, P)~'Cm
and the ' Cm(d, t)'"Cm reaction are listed in Ta-

ble II, those from the '~Cm(d, P)'~'Cm and the
'~ Cm(d, t)' 'Cm in Table III, and those from the

Cm(d, P)' Cm reaction in Table IV. The ground-
state Q value for each reaction is given in the ta-
ble headings. These have been previously report-
ed. ' Only the differential cross sections obtained
at 140' with 12-MeV deuterons are given in the
tables. The cross sections obtained at 90 were
used to test l-value assignments whenever it was
possible to do so in the manner explained in Ref.
1. The assignments of Nilsson orbitals have also
been listed in Tables I-IV. The labels A, B, and
C indicating confidence levels denote well-estab-
lished, probable, and plausible assignments, re-
spectively. More detailed definitions of the confi-
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dence levels appear in Ref. 1.
Figures 8-11 are the level schemes deduced for' 'Cm, ' 'Cm, ' 'Cm, and ' 'Cm, respectively, on

the basis of these experiments.

V. DISCUSSION

A. Level Assignments

248(

Since only the '~Cm(d, t)' 'Cm reaction was
available to study the levels of this nucleus, it is
difficult to make positive assignments for many of
the observed peaks. Table I lists the excitation
energies of the levels and our assignments.

The ground state of ' 'Cm is assigned as the -',

state of the —',+ [622] band on the basis of its signa-
ture and the fact that the unhindered a-decay tran-
sitions from this state populate the —,

' state of the
7+[622] band in '"Pu. 's The signatures of the
&+ [631]band and T- [501] band are well character-
ized, and are similar to the signatures of these
states as seen in other actinide nuclei. The sig-
nature of the ~+ [624] band is consistent with the
calculated signature when band mixing is taken in-
to account. However, the effects of mixing are so
large that this assignment is given a C confidence
level. The signature of the peaks assigned to the
z+ [631]band agrees with the signature of this
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band as seen in other actinide nuclei.
In addition to the z —[501], the other hole states

expected to have very large (d, t) cross sections
are the states T —[503] and z —[501]. On the basis
of calculations, we estimate that the cross section
to the I= v3 level of the T —[501] band is -30% lar-
ger than the cross section to the J = ~ level of the
v-[501] band. We also estimate that the cross
section to the I = T level of the v5 —[503] band is
-50% smaller than the cross section to the I= ~
level of the z- [501] band. On this basis, we have
assigned peak 23 as the I= f level of the v —[503]
band. We assign this band also in ' 'Cm and ' 'Cm
on the same basis.

Another hole state that we have assigned in
'4'Cm, '4'Cm, and "'Cm is the state T+ [631].
The evidence for this assignment is also quite
scant. We do see two peaks separated by -95 keV
in all of these isotopes and at about the same en-

ergy relative to the state z- [501]. The single-
particle state that corresponds best to this signa-
ture is z+ [631].

245 C

In Table II we list the energies of the levels ob-
served in "'Cm produced in both the ' Cm(d, t)
and ' Cm(d, p) reactions. Our assignments and
the confidence levels of the assignments are also
given. Figure 7 shows both the (d, P) and (d, t)
spectra placed back to back with aligned excitation
energies. The various rotational bands assigned
are marked in this figure. The levels of the
&+ [624], &+ [622], and v- [734] bands have been
observed in the e decay of ' 'Cf."" Our spectra
show no evidence of the 644- and 703-keV levels
observed in these n-decay studies. However, if
these two levels are the ~ and & members of the
v7 —[743] rotational band, as postulated by Ahmad, "
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then we should not have populated those states.
Ahmad" also observed a state at 7'l5 keV, probab-
ly the I = & member of the v-[[43] band. We have
assigned a peak at 771 keV, which is barely dis-
tinguishable from background, to be this level.
The signatures of the v'+ [620] and T+ [631]bands
consist of several moderately large peaks. We

feel that our identifications are quite reliable.
The z+ [622] signature is not quite so distinctive
and we have assigned it only with confidence level
C.

In "'Cm, we observe some large peaks in the
(d, p) spectrum above the z+ [622] band. On the
basis of a single-particle-model calculation, the

TABLE I. Energy levels in 4 Cm, their excitation energies, differential cross sections observed with the Cm-
(d, t) 3Cm reaction, orbital assignments, and confidence levels. The ground-state Q value was measured (Ref. 9) to
be -0.530+0.007 MeV. A, B, and C denote well-established, probable, and plausible, respectively.

Level
No.

Excitation
energy
(keV)

do(d, t)/dQ
at 140
(pb/sr)

Nilsson
orbital

Assignment
Confidence

level

10

14

15

16

17

18

19

20

21

22

23

24

26

27

42+2

87+2

94+ 2'

133+4

153+2

164+ 2

219+3

228 ~3

260 +2

530+3

729+2

769+2 ~

798 +2

842 +2

(860 +4)

892 +2

904+ 3

930+ 4

973+2

1015+3

1023 + 2

1046+4

1136+ 2

1217+3

1222 +4

1359+3

1367+4

65+11

4+2

550 +35

4+2

49~7

44+7

8+3

95+10

18 +6

376 ~14

174 ~17

113+13

19~7

4+3

67+15

17~6

58+7

25+8

108 +25

22 +6

143+15

16+8

16 +8

20+ 5

21~6

~2+ [622]

$+ [622]

~2+ [631]

$+ [621]and

+2+ [622]

2+ [624]

&~+ [622]

2+ [624]

~2+ [622]

~2+ [624]

—', + [631]

T- [743]

y- [501]

$- [501]

&+ [631]

~2+ [631]

~)
—[503]

2

2

2

2

1i
2

2

Q
2

U,
2

9
2

ig
2

A

A

A

A

'Assumed doublet.
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TABLE II. Energy levels in 5Cm, their excitation energies, differential cross sections in (d, P) and (d, t) reactions,
orbital assignments, and confidence level. The ground-state Q values were measured (Ref. 9) to be —0.196 +0.006 and

3.297+0.007 MeV for the (d, t) and (d, p) reactions, respectively. A, B, and C denote well-established, probable, and
plausible, respectively.

Level
No.

Excitation
energy
(keV)

da. (d, p) at 140
(pb/sr)

do(d, t) at 140.
(pb/sr)

Assignment

Nils son
orbital

Confidence
level

52 ~1

119+1

251 +1

294+ 3

&10

&10

&10

18+9

&10

10+2

20 +5

38+7

81+7

10+ 2

~+ [624]

—,'+ [624]

&+ [624]

$+ [622]

2+ [622]

7

2

U
2

2

6a

349+3

358 +3

417 ~3

431~2

496 +3

87+20 b

&10

&10

&10

312 +35

395+40

17+5

55 ~10

13+3

$+ [622]

T+ [631]

$+ [622J

2+ [631]

$+ [622J i3
2

A

10

12

13c

532+2

555+ 5

587+3

(660 + 5)

741+ 2

30 +10

&10

35 +10

&10

162+35

116+15

10~3

28 ~4

24 +8

T+ [631]

~i+ [631]

~2- [734]

$+ [620]

ii

ig
2

15

16

17

18

19

763+6

771+4

782 +4

791 +4

856 +3

10+5

&15

272+31b

58 ~15

&5

15+7

24+ 10

24 ~10

12+2

~i+ [620]

p- [743]

~2+ [613]

j+ [620]

~2+ [620]

2

ii
Y

Y

B

20

21

22

23

24

891 +4

908 +5

913+3

942 +3

956+ 2

73+15

91+20

85 ~15

&15

10~3

523+60

20+ 5

206 +36

~2+ [620]

j+ f622]

2+ [501]

~2+ [622]

-- [501]
2

1

4 ~2

B

A

25

26

980+ 5

995+5 260, 35 b
25+7

175 +40
2

—[750]

(+[622J and

—,'+ [631]

2

2

28

29

30

1017+4

1042+ 5

1050+5

1056+3

169+ 26

126 +22b

&20

&10

&10

&10

53+10

$- f750]

f+ [622]
2
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TABLE II (Continued)

Level
No.

Excitation
energy
(keV)

do. (d, p) at 140
(pb/sr)

der(d, t) at 140
(pb/sr)

Assignment
Nils son
orbital

Confidence
level

35

1083 +3

1103~3

1259+5

1271 +2

1473+3

&20

&20

50+ 25

74+ 18

&20

60 +11

102 +15

20+5

293 ~60

45+15

~+ [631~ C

C

~ Unresolved doublet.
Combined cross section since levels could not be resolved.

'Observed only on the 90' (d, t) exposure.

likeliest assignment for these peaks is the band
T-[750]. This band" should be characterized by
large cross sections to the ~ and ~ members of
the rotational band and a large negative decoupling
parameter. %e have assigned levels 25 and 27 as
the I = 3 and 3 members of the 3' —[750] band, both
with confidence level C. If we assume a rotation-
al constant of -6 keV for this band, which is a typ-
ical value for neutron rotational bands in the Cm
isotopes, we find that the decoupling parameter is
a=-3.0. This value is in agreement with theoreti-

cal expectations. This 3- [750] assignment is
strengthened considerably by our clear-cut identi-
fication of this band in '"Cm.

247(

The levels found in ' 'Cm are shown in Table III.
Three rotational bands in ' 'Cm —namely, the
T-['l34], 3+[622], 2nd &+[620] bands —have been
identified in studies of the n decay' of "'Cf and
the P decayxs, xe of vAm. The g and
bere of the 39 —['l34] band have been seen in decay-
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II36 5/2

C9
K
LLIz 800—
ILI

O

I-
O

w 400X

I046
I023~
I 0 15-
973
930~
904
860
842~

UNASSIGNED

530 IS/2
7/2 [743]-

5/2- [503]

892

798769 3/2, 5/2
729 I/2 3/2+ [63 I ]

I /2-[50 I ]

9/2

0—

2I9
l53
94
42

0

c 260 9/2
I3/2

c
I I/ 2

A 9 94 A 3/2
A 7/ 87 A I/2
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FIG. 8. Level scheme for 24~Cm. Dashed lines indicate weakly populated levels which may be due to contaminants in
the target. The labels A, B, and C denote well-established, probable, and plausible confidence levels, respectively.
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TABLE III. Energy levels in Cm, their excitation energies, differential cross sections observed with the (d, p)
and (d, t) reactions, orbital assignments, and confidence levels. The ground-state Q values were deduced (Ref. 9) to
be +0.053 +0.008 and 2.935 +0.008 MeV for the (d, t) and (d, p) reactions, respectively. A, 8, and C denote well-estab-
lished, probable, and plausible, respectively.

Level
No.

Excitation
energy
(keV)

da(d, p) at 140
(p.b/sr)

do(d, t) at 140'
(pb/sr)

Assignment
Nils son
orbital

Confidence
level

59+3

217~2

227+1

287+ 4

&10

43 + 13b

&20

7+3

38 +10

66+15

~2
—[734]

2
—[734]

——[734]
2

$+ [622]

27+ [624]

15
2

7
2

309+3

318+3

336*5

344+2

(370+ 3)

&20

87 ~26

&20

&20

&20

36+ 10

123 ~17

24 +10

87 ~13

9+4

2+ [622]

~7+ [624] 8

lo

12

13

14

381+5

398 ~4

4o4'

(417+6)

439+ 3

&20

&20

164 + 40

168 +40

24+ 7

20+8

66+11

16~6

40 ~20

2+ [622]

2+ [624]

$+ [620]

y+ [620]

—,'+ [613]

ii
2

1
2

3
2

9
Y

15

16

17

18

19

452+3

506+ 3

520~2 d

550+ 2

584 ~3

124+ 25

&20

77 ~15

77 ~15

&20

18 ~6

83~25

293 ~40

22 +10

23 +8

—', + [62o]

~i+ [631]

—,'+ [631] -d
—,'+ [620]

&+ [62O]

1
2

3
2

7
2

9
Y

A

8

20

21

22

23

24

592+2

604+ 3

668+ 5

687+ 5

699+2 d

70 +20

&20

114~27

89+25

54 ~13

20 +8

7+3

16+7

75 ~15

$+ [631]

—,'+ [622]

f+ [615]

(+[622] and

p+ [631]

k1
2

2

2 8

26

28

29

749+ 5

784 +4

803~5

819+4 d

856 +5

250 +100

217+49

114+45

346 ~65

115+40

&4

&4

&4

&4

T+ [622]

—,
'- [75o]

$- [750] and

—,'+ [622] 9
2

C
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TABLE III (Continued)

Level
No.

Excitation
energy
(keV)

der(d, P) at 140'
(pb/sr)

do.(d, t) at 140'
(pb/sr)

Assignment
Nilsson
orbital

Confidence
level

30

31

32

36

37

38

39

40

41

42

43

44

45

46

47

48

50

897+5

947+ 2

957+2

988+ 5

1001+ 2

1044+ 3

1064 +3

1079+ 3

1091+3

1159+3

1182+3

(1199+ 4)

1239+ 5

1247 +5

1271+3

1283+3

1317+3

(1356+3)

1364 +4

1372+4

1512+ 6

104 +40

&40

&40

&40
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&4p

&40
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&4p

&40
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&40

217+50

&50

&4

74+18

308 ~40

35 +10

157 +42

41+10

48 +14

109+20

51 +15

43+ 10

58 +15

27 +10

30 +10

30+ 10

48+15

187 + 26

37 +10

26+13

37+ 10

43 ~15

30 +10

[750]

$- [501]

$- [501]

y+ [631]

j+[631]

$- [503]

2' 2

'Obscured by another peak.
Combined cross section for states 2 and 3.
Reference state whose excitation energy is assumed to be 404 keV (Ref. 18).
Assumed doublet.

scheme studies. We have assigned confidence
level A to these levels although we do not see
them in the reaction studies because of low values
of C,.'. We expect to see only the I = & member of
this band. We have assigned the level at 217 keV
as the I = ~ member of this band. The level at 227
keV has been observed in o decay and found to be
a 25-p. sec isomeric state. A similar state was
also found" in the isotone '4'Cf. Both the lifetime
and conversion coefficient of the y decay lead to
an assignment of & for this level. Peaks 3, 6,
and 10 at 227, 318, and 381 keV give the well-
known signature of the F5+[622] band. This is con-
sistent with previous assignments given by
Chetham-Strode et al. ' Peak 4 at 287+4 keV is
close in energy to the level at 285 keV observed'
in the P decay of "'Am. This peak, together with
peaks 8 (344 keV) and 11 (398 keV), fit the signa-

ture of the v+[624] state. These peaks are as-
signed as v7+ [624] with a B confidence level.

The unhindered a transitions from the decay of
"'Cf should populate the levels of the v'+ [620]
band in ' 'Cm. These transitions were observed
by Chetham-Strode et al." Their energies and
assignments are 40'I keV (I =v), 434 keV (v), and
450 (v5). The (d, P) signature of the v+ [620] band
is such that we should observe the ~, &, ~, and

z states, and the ~ weakly. We observe these
states at 404 keV (I= z), 452 keV (z), 520 keV (v7),
and 550 keV (v).

Since we do not observe the ground state in' 'Cm, all our excitation energies are based on an
assumed value of the excitation energy of the
I= z level of the z+ [620] band. We have used a
value of 404+ 1 keV taken from the work of Browne
and Asaro. "
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FIG. 9. Level scheme for Cm. The conventions are as in Fig. 8.
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FIG. 10. Level scheme for ~4~Cm. The conventions are as in Fig. 8.
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The peaks in the (d, t) spectrum at 506, 520,
604, and 699 keV constitute the characteristic sig-
nature of the ~+ [631]band. The fact that a, level
at 516 keV (which we equate with the peak at 520
keV) is populated" by the n decay of a nucleus

with I = ~ is consistent with this assignment.
The (d, P) spectrum of ' 'Cm between 700 and

900 keV is difficult to interpret. There are more
peaks than we can account for in terms of the sin-
gle-particle states expected in this energy range.

TABLE IV. Energy levels in Cm, their excitation energies, differential cross sections in (d, p) reactions, orbital
assignments, and confidence levels. The ground-state Q value was measured (Ref. 9) to be 2.488 +0.006 MeV. A, B,
and C denote well-established, probable, and plausible, respectively.

Level
No.

Excitation
energy
(keV)

25+2

48 +1

110+1

146+3

208 +1

220 +5

242+ 1

288 +5

300 ~5

dcJ(d, p)
at 140'
(pb/sr)

171 ~ 33

13+5

110+19

202+ 25

45 +11

80+ 30

20 +10

67 +15

175 +35

Assignment
Nils son
orbital

~&+ [620]

~2+ [620]

~+ [620]

&+ [620] and

2+ [613]

p+ [620]

—,'+ [622]

~+ [615]

y+ [622]

—,'+ [622]

&+ [615]

5
2

Confidence
level

A

B

B

10

12

14

350+1

469+2

498+ 3

(518 +4)

528+3

79 ~18

138 ~28

240+48

23+8

60+ 20

~2+ [622]

—,
' —[750]

~- [750]

15

17

18

19

550+ 3

575+3

634+ 2

668+ 2

870+4

70 +23

80+25

23+5

81 +20

60 +20

$- [750)

20

21

22

23

24

915+2

1030+ 7

1208 + 7

1353+7

1382 + 7

128 +28

160 +40

80 +20

190 +40

60 +15

25

26

27

28

1528+ 7

1550 + 7

1570 + 7

1650 + 7

120 ~30

180 +45

120+30

120 +30

Assumed doublet. Combined cross section since levels are not resolved.
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There is the real possibility that some of the peaks
are heavy-element contaminants that we have not
identified. We interpret this spectrum by assum-
ing that the various single-particle states should
have about the same cross sections as in "'Cm.
This is indeed the case for the levels we attribute
to the z+ [620] and z+ [613]bands. In addition,
we expect to see six peaks —four having a cross
section of -100 pb/sr for the band T+ [622] and
two with cross sections of -200 pb/sr for the band
z-[750]. We assign levels 22, 24, 25, and 28 as
the v, ~, v, and v9 members of the &+[622] band.
This leaves -150+ 100 p, b/sr yet to be accounted
for in level 25 and -250+ 55 p, b/sr to be accounted
for in level 28. Next we assign peaks 26 and 28 as
the T and T members of the &-[750] band. This
leaves us with peaks 27 and 29 still unassigned.

The peaks at 309 keV (5}, 336 keV (7), and 370
keV (9) are seen only in (d, f) reactions on the' 'Cm target and have small cross sections. They
cannot be fitted into our level scheme and are
probably too low in energy to be collective states.
Again, they may be due to heavy-element impuri-
ties in the target, but they have been left in Table
III as unassigned states since there is a possibili-
ty that they are real.

O. '"Cm

In Table IV we list the levels observed in the' 'Cm(d, P)' Cm reaction. Since no '"Cm target
was available, we have no information on the hole

states in ' 'Cm. The ground-state band of ' 'Cm
is expected to be ~+ [620] and the cross sections
of the peaks we observe at 0, 25, and 48 keV
agree with the signature of this band as seen in' 'Cm. The peak we observe at 110 keV is much
too large to be only the I = ~ member of the
&+[620] band. Therefore, we assume that this
peak is a doublet. We have assigned the major
portion of this peak as the I= ~ member of the
~+[613]band, which is close in energy to the
7+[620] band in the other Cm isotopes. The
&+ [613]band is calculated to have virtually no j
= ~ component —a result which explains why we do
not observe the v7 band hea. d. The state &+[622]
can be assigned rather unambiguously here. The
assignment of the state &+[615] is somewhat more
questionable.

As mentioned in Sec. VA2, we believe that we
have made the first clear-cut identification of the
single-particle state'9 z —[750] in '49Cm. We have
assigned levels 11, 12, and 16 as the z, z, and
~ members of the rotational band. The few keV
uncertainty in the energies of these levels prevents
us from making a precise determination of the de-
coupling parameter. We find that either a rotation-
al-energy parameter of 5.5 keV and a decoupling
parameter of -3.2 or a rotational-energy parame-
ter of 6 keV and a decoupling parameter of -3.5
give good fits to these levels. A rotational-energy
parameter in the range 5.5-6 keV is expected on
the basis of the values determined for other rota-
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FIG. 11. Level scheme for Cm. The conventions are as in Fig. 8.
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tional bands in the Cm isotopes.

B. Single-Particle Energies

From the assignments made in this series of ex-
periments, we have constructed single-particle en-
ergy level diagrams. This was done by assuming
that the pairing-interaction constant in MeV is
given by G = 22/A and varying the assumed single-
particle spectrum until energy level spacings in
agreement with experiment were obtained as the
output of a pairing-force calculation. " In addition
to the experimental data of this work, we have in-
cluded recent experimental data" on hole states
in Cf, which is isotonic to 9Cm. In ' Cf, the
state T- [734] has been seen at 434 keV above the
T+ [620] ground state; also the state T+ [622] is
seen at 544-keV excitation energy. We have as-
sumed that these two hole states are at the same
energy relative to the T+ [620] state in Cm as
they are in "Cf.

In Fig. 12, we present the experimentally ob-
served single-particle spacings in the Cm iso-
topes, and in Fig. 13, we show the extracted sin-
gle-particle energies. The dashed lines in Fig.
13 indicate the Cf data we have used. In Figs. 12
and 13, we have plotted all energies relative to
the state T+ [631]for the states in "'Cm, "'Cm,
and ~'Cm. Because we have not identified the
T+[631] state in Cm, the energy of the state
7+ [620) is held constant in going from ~~'Cm to
'4'Cm.

The major difficulty in understanding the ex-
tracted single-particle spectrum is the crossing
of the states T+ [622] and T+ [624] in going from' 'Cm to ' 'Cm. This level crossing cannot be

plausibly ascribed to changes in the equipotential
shapes' in going from "'Cm to ' 'Cm. We con-
clude, therefore, that the shift in the state
7+[622] in '~'Cm is due to residual interactions;
i.e., a T' state which consists of the T9-[734]
state and a 2 phonon is interacting strongly with
the 7+[622] state. A 2 state has been identified"
in ' Cm at 843-keV excitation energy.

In view of the fact that the T+ [622] state is very
near the Fermi level in ' 'Cm, we have examined
how a shift in its single-particle energy affects
the extracted single-particle spectrum. We have
repeated the pairing calculation for ' 'Cm under
the assumption that the extracted T+ [622] energy
is the same as the T+ [631] extracted energy. We
found that the Tg-[734] ground state and all of the
hole states were unshifted in energy (except, of
course, the T+ [622]}. In addition, the energies
of all of the particle states were lowered by only
-50 keV in the extracted spectrum. From this cal-
culation, we conclude that the extracted spectrum
in "'Cm is not sensitive to the single-particle en-
ergy of the state vs+ [622].

Perhaps the most interesting feature in the ex-
tracted single-particle spectrum is the change in
the 152-neutron gap as a function of neutron num-
ber. The state T-[734] is dropping substantially
in energy as a function of increasing neutron num-
ber. Pairing effects are particularly strong for
the hole states in nuclei having 153 neutrons, so
this large shift does not show up in the experimen-
tal data.

In general, the single-particle spectra that we
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FIG. 12. Measured excitation energies of single-
particle states in the odd-A curium isotopes.

FIG. 13. Single-particle level scheme extracted from
the data by means of a pairing-force calculation.
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have extracted from the neutron-transfer studies
of the Cm isotopes are in good agreement with the
spectrum we have obtained for 'U. It is tempting
to ascribe the shifts in single-particle spacing in

going from one Cm isotope to another to slight
changes in the deformation parameters describing
the central field. To investigate this possibility,
we have carried out calculations" of single-parti-
cle energies in a momentum-dependent Woods-Sax-
on potential, with provisions for deformations of
the form I'4Y4(0, P) and P, Y60(8, P). We introduce
the shape deformations into the potential via the
substitution

r'-r'[sin ee '"+ cos8e

+P4Y4(e, 0)+PSYs(e 4)l.

We have carried out calculations for P, = 0.24,
which gives reasonable agreement with the data.
In Fig. 14, we show the variation of single-particle
energies as a function of P~; and in Fig. 15, they
are shown as a function of P~. In Fig. 14, we have
done the calculations for the three points P4 = —0.04,
0.0, +0.04. The same three values were used
for P, in Fig. 15. Straight lines are drawn to con-
nect the appropriate points. The no-crossing rule
has been ignored, and the lines are drawn to con-
nect states with maximum overlap. We note that

several of the single-particle energy shifts that we
see between "'Cm and "9Cm (or "'Cf) in Fig. 13
also occur with increasing P, in Fig. 15 —spec ifi-
ca11y, (a) the crossing of z+ [613] and ~~+ [620],
and (b) the increased separation of both T —[750]
and &- ['l34] from ~+ [620]. These features indi-
cate that P, increases by 0.01-0.02 as we go from
' 'Cm to ' 'Cm. A second feature to emphasize is
that T —[750] is -300 keV above T+ [622]. From
Figs. 14 and 15, we see that this feature rules out
the possibility of either P4 or P, being more nega-
tive than -0.02 if the other of the two coefficients
is zero or negative; and it excludes positive val-
ues greater than +0.02 for either if the other is
zero or positive. A reasonable characterization of
the equilibrium deformation based on the single-
particle spectra is P, =0.24~0.01, P4=0.00+0.01,
and Pe= 0.01*0.01. As noted above, P, is larger
in "'Cm than in '"Cm. The calculations of Nils-
son et al. ' also indicate that P4 is small for the
Cm isotopes.

VI. CONCLUSION

The major result of this work is the experimen-
tal observation of many heretofore unobserved sin-
gle-particle states in the odd-mass Cm isotopes.
By removing pairing-force effects from the exper-
imental data, we have been able to compare exper-
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imental single-particle energies with the predic-
tions of single-particle models. To make these
comparisons, we have also carried out single-par-
ticle calculations with Y',(8, P), Y,'(8, P), and
Ye(8, p) deforrnations of a Woods-Saxon potential.
We found that the generalized deformed single-par-
ticle model with residual pairing forces gives a

satisfactory over-all description of our observa-
tions.
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