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Proton single-particle states have been studied in the isotopes 2 9Bk, Am, and 3 Pa.
The reaction (0.', t) was util. ized in the three studies. Additionally, the reaction ( He, d)
was used in the study of level. s in 24~Bk. Many new levels were observed and some could
be interpreted in terms of single-particle orbitals. Also several assignments previously
made on the basis of radioactive decay studies were confirmed by the orbital signatures
seen in the proton transfer spectra. Single-particle energies are extracted from the exper-
imental data. Deformations of the nucl. ear central potential are deduced for 24~Bk and

Am. By use of the parameters of the central field for Bk, the f~y2-fq(2 splitting is
deduced for mass 250 at zero deformation and estimated for mass 300.

NUCLEAR REACTIONS 248Cm(3He, d) 248Cm 240Pu 230Th(e t) E =29 MeV;
measured E (excitation), 0.; deduced orbitals, s.p. energies, deformations

in 248Bk 24k A~ 231Pa

I. INTRODUCTION

The knowledge of proton single-particle excita-
tions in the actinide region is quite limited. Most
of this information comes from radioactive decay
studies. The use of single-proton transfer reac-
tions affords an opportunity to increase this fund
of information considerably. The single-proton
transfer reaction is a powerful tool for the unam-
biguous identification of single-proton states,
particularly when the orbital of interest is popu-
lated in several of its rotational states. In this
work we present a study of proton states as deter-
mined by proton transfer reaction studies through-
out the actinide region. We have studied levels in
a nuclide representing the light actinides, "'Pa;
the mid-actinide region, ' 'Am; and the heavy
actinides, ' Bk. The reactions employed in our
study, (n, f) and ('He, d), provide information only
on particle states. Sufficient energy for the
(d, 'He) reaction leading to hole states is not avail-
able to us for high resolution studies at this time.

lt has been suggested" that the use of the ('He, d)
and (n, t) reactions facilitates the assignment of
l values to observed transitions. According to
distorted-wave-Born-approximation (DWBA) cal-
culations, the decrease in cross section with in-
creasing angular momentum is about twice as
steep in the ('He, d) reaction as it is in the (n, t)

reaction. By taking ratios of cross sections, one
should have a fairly sensitive method for deter-
mining the orbital. angular momentum of levels
populated in these studies. One of our purposes
is to test this approach.

In Sec. II, we give a brief discussion of the the-
oretical framework used in our analysis. We
present figures showing the energies of actinide
proton orbitals as a function of various deforma-
tion multipoles. We also give a table of wave
function component intensities, C, '. In Sec. III,
we present our experimental procedures and in
Sec. IV, our experimental results. In Sec. V,
we discuss the single-particle orbital assignment
of levels and relate them to the underlying single-
particle model. In this same section we also dis-
cuss the values of our absolute cross sections and

(n, t)/('He, d) cross-section ratios in terms of the-
oretical calculations. Preliminary results of this
study have been reported earlier. '-'

II. THEORETICAL ANALYSIS

The theoretical framework used for the analysis
of our single-proton transfer data is similar to
that used previously for our single-neutron trans-
fer data. ' To make the present discussion self-
contained, the major features will be sketched.
The basic approximation is that the differential
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DYVcross section can be factored into two parts: 0 ~
depending on the reaction mechanism and S~ de-
pending on the nuclear eigenstates. In the case of
an even-even target nucleus, this approximation is

10 I
I

248

J (~ t)g DWga'.

dn

where J is the total spin and n signifi. es the other
quantum numbers of the single-particle state being
populated. We computed the singl. e-particle trans-
fer cross section 6~D" for the (o!, t) and ('He, d) re-
actions using the DWBA code DWUCK. '" The spec-
troscopic factor 8& is calculated for the nuclear
Hamiltonian

O, I

+ sing1e particle + pairing

Each of the two terms in the nuclear Hamiltonian
affects the magnitude of the spectroscopic factor
S~. The single-particle wave functions in the de-
formed field are generated from JI.singfepartic]e The
deformed wave functions, written in terms of a
spherical basis, are
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FIG. 2. Calculated angular distributions for the
248Cm(3He, d)2+8k reaction to the ground state at 29-MeV
bombarding energy.

where 4~ is a spherical eigenfunction. The spec-
troscopic factor for the rotational level based on
the single-particle state g„and having spin J' is
proportional to the square of the expansion coef-
ficient (Cz )'. Pairing forces influence the spec-
troscopic factor in that they determine the occupa-
tion probabi'ity of the various single-particle
states in the initial and final systems. From the
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E. =29 MeV

sJ"= [2/(2 J + 1)j (c~ )' It —(N„(A—1))].
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single-particle and pairing terms in our Hami1to-
nian, we obtain the following expression for the
spectroscopic factor.
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FIG. 1. Calculated angular distributions for the
8Cm(n, t)2+9k reaction to the ground state at 29-MeV

bombarding energy.
FIG. 3. Energies of actinide proton orbitals as a func-

tion of P& (P4=0, P6=0).
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where (N„(/1 —1)) is the occupation probability of
the state y„ in the ground state of the nucleus hav-
ing mass A. —1. This spectroscopic factor is mod-
ified' when Coriolis mixing is important.

The DWBA calculations were carried out with
the computer code DWUCK .' The optical. -model
parameters used are those given by Elze and
Huizenga. ' The calculations assumed the zero-
range approxima, tion and no radial cutoff. Zero-
range normalization factors used were %=4.42
for ('He, d) reactions and %=46 for (o., t) reactions.
Computed angular distributions for / = 0 to 7 for
the reaction '4'Cm(n, t)'"Bk are shown in Fig. 1
and for the reaction '"Cm('He, tf)'"Bk in Fig. 2.

We have calculated deformed single-particle
wave function and their energies using a momen-
tum dependent Woods-Saxon potential. previously'
described. In Fig. 3, we display the dependence
of the single-particle energy on quadrupole de-
formations. In Fig. 4, we display the hexadeca-
pole deformation dependence of these energies and
in Fig. 5 the dependence on P, deformations. We
have varied these deformations over the ranges
expected to occur for actinide nuclides. The de-
formations are introduced into the potential
through the substitution
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FIG. 4. Energies of actinide proton orbitals as a func-
tion of P4 (P&-0.24, Pe —0).

y P,P,'(cos 0) + P,I", ( c9o)s]

We have fixed the magnitude of the spin-orbit po-
tential by making the orbitals ~ -[521] and —,'+ [633]
degenerate. The spacing between these orbitals is
quite insensitive to changes of P, , P„or @ over the
ranges shown in Figs. 3-5 and serves as a con-
venient way to fix the spin-orbit potential. In Ta-
ble I, we list the values of C~' for the actinide
proton orbitals. Note that the —,'+[651] labeling
is somewhat anomalous, but we have not changed
it to avoid confusion.

III. EXPERIMENTAL PROCEDURE

29-MeV beams of 'He and n particl. es from the
University of Minnesota model MP tandem Van de
Graaff accelerator were used in these experiments.
The reaction products were analyzed with an Enge
split-pole magnetic spectrograph. ' The solid an-
gle used was about 3.1 ms. Nuclear track plates
(Kodak type NTB 50 p, m) were used to record the
data that were later hand scanned. Foils of cellu-
lose triacetate were found necessary to eliminate
unwanted background tracks in bot.h the (o.', t) and
('He, d) spectra. The energy resolution width for
the spectra was 18-25 keV.

Two silicon monitor counters, located at +30
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FIG. 5. Energies of actinide proton orbitals as a func-
tion of P& (P2=0.24, P4=0).
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Deformed single-particle wave functions for the actinide proton orbitals. The
values of Cz and a which were calculated in a momentum-dependent Woods-Saxon potential
are given. The table was calculated with deformation parameters P& =0.24, P4 ——0.0, and

pa =0.0.

Orbital (S&+ &) C&y& C
&y& C5y& C&tt& C&&

& C f f f& C)3(& C))y&

0.55

0.05

0.94

0.017 0.005 0.972 0.000

0.019 0.964 0.015 0.001 0.000

0 110 0 013 0 693 0 091 0 093 0 000 0 000

0.000 0.049 0.005 0.938 0.000

0.051 0.028 0.896 0.024 0.001 0.000

0.002 0.001 0.089 0.005 0.895 0.000

0.11

0.19

0.034 0.290 0.001 0.432 0.124 0.120 0.000 0.000 -2.39

0.68

0.001 0.000 0.015 0.000 0.154 0.000 0.8190.57

1.00

of the Z component of the spin operator. (Sz+-) is the prob-
2

wave function. (Sz+ -') =-1 for pure spin-up states, and
states.

-+ [651] 0.65 0.044 0.0 83 0.156 O. 200 0.142 0.308 0.065 0.000 -0.99

—,'-[vvo]

—,-[505] 0.993 0.006 0.000 0.000

'-,'+ [615] O.95 0.003 0.993 0.000

—,'-[512] 0.016 0.876 0.055 0.053 0.000 0.000

--[521] 0.22 0.254 0.030 0.322 0.197 0.173 0.023 0.000 0.000 1.08

-',+ [624] 0.89

7-[514]
3—[521] 0.87

-+ [633] 0.83

—,'-[523]

&+ [642] 0.76

-+ [400] 0.98 0.682 0.183 0.113 0.017 0.005 0.000 0.000 0.000 0.58

&-[530] 0.80

[651] 0.000 0.008 0.001 0.128 0.003 0.851 0.000

-',+ [402] 0.04 O.8VV O.OV3 O.O46 O.OO4 O.OOO O.OOO O.OOO

-'+ [660]

[5o5] 0.991 0,000 0.001

3-[532] 0.29 0.011 0.145 0.028 0.786 0.028 0.001 0.000

~S& is the expectation value
ability of finding spin up in the
(S&+-) =0 for pure spin-down

with respect to the beam, were used to determine
the absolute differential cross section. . The spec-
trograph wa. s used to record a short exposure of
the beam elastically scattered from the target.
The elastic scattering cross section at 30' was
assumed to be pure Coulomb scattering, as indi-
cated by optiea, l-model calculations. The absolute
cross sections for the long reaction exposures
(10000 to 20000 gC) could then be calculated from
the ra. tio of the monitor counts during the long and
short. runs.

The (o.', t) exposures were taken at 80' observa-
tion angle since this was at a maximum in the an-
gular distribution. A few spectra were recorded
at 45', but these were of less value due to the
smaller cross sections at this angle. All ('He, d)
speet;ra were taken at 60' observation angle. The
spectra were analyzed with the automatic spec-
trum decomposition program AUTOFIT. ' In most

spectra the ground-state transition was not ob-
served. In these eases excitation energies were
found relative to assumed energies of levels pre-
viously known from decay scheme studies.

The targets for this study were prepared by J.
Lerner with the Argonne experimental isotope
separator. The isotopes in the bea, m from the
separator were deposited directly onto a self-
supporting carbon backing. The target material
(typically 50 to 100 p, g/cm' in thickness) was gen-
erally confined to a rectangular area 1(33 mm.
The line shape of the target reduced the background
in the spectra as well as the total amount of radio-
activity present on the target. The latter was use-
ful. for reasons of safety.

IV. EXPERIMENTAL RESULTS

The spectra obtained with the ('He, d) and (n, t)
reactions populating levels in "Bk are shown in
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Figs. 6 and 7. Spectra from the (n, ,n t reaction
d "'Pa are shown in Figs. 8leading to Am an

~ 0

and 9. Tables — iII-IV list the excitation energies,
measured abso u e il te differential cross sections,

i nments made to the levels (to be &s-and asslgnmen
'"Bk the crosscussed below). For the level in

do(o. t)/do('He, d) appears in Table
II as this quantity was used a,ed as an aid in ma in
some of the assignments.
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ments made from the present study as well as for
decay studies" is presented ux Flg. 10.

5
2+/633), 2 (52&j, «d 2 +(642J

Three rotational bands, built on the orbitals
]

—' —[521] and —;+[642] have been identi-++ [633], 2—, —; . ' enti-
f' d

' '"Bk from n-decay studies of s.
A l transfer cross section is expex ected forarge ex

trans itlons o't' to the I'=~ member of the —, —[ ]
We see this large cross-section transitionband. e see

at 83 keV as well as smaller cross sec ion

and 2 memberstrans itions to the I
of this rotational band. A large cross section is
also expected for the populahon of t.he I'= —", mem-
be. of the —', + [633] band at 155 keV. We see a
large cross sec eont' here. The transfer data are
in full agreement. with the assignments of the or-
bitals —,'+ [633] and —,

' —[521].
Since the p + i642] orbital is a hole state in '"Bk,

it is not strongly populated in. our transfer stu res.
Fur ther, the = —, ith I'= —" is the only member of the ro-
tational band with a large C, We see a weak
transition to a level at 599+ 4 keV which is con-

Th(o. , t) Pa
E =29 MeV

I
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~ 1GQ—
CU
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iA ~ (gOJ NC)tA~ (3CA t

Q vwLUE (Mev)
-15.0

at 80'. Leve s ml ' Pa are labeled by their ex-the 3 Th(&, t) ~Pa reaction observedI'IG. 9. Triton spectrum from t e
citation energy in keV.
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TABLE II. Energy levels in 98k, their excitation energies, their differential cross sec-
tions observed with the (e,t) and ( He, d) reactions, and their orbital assignments.

Level
No.

Excitation
energy
(ke V)

do(m, t)/dQ a do( He, d)/do ~

80' 60'
(p,b/sr) (p,b/sr)

Ratio=
do(n, t)

do(sHe, d)
Assignment of level

I Orbital Confidence b

9.8+1

43~ 3' 14.1~1.5

4.3 +0.7

5.1 + 0.7

2.3 ~ 0.44

2.8+ 0.49

p-[521]

-,'+[633]
5 s [521] A

6

12

17

20

22

25

26

28

30

t33

83 d

130+ 3

155+ 1

199+ 3

377+ 2

413+ 2

483+ 5

553+ 6

570+ 3

599~ 4

625+ 1

650 ~ 5'
682+ 6

709 + 5

719~ 4

750+ 1

769+ 5

794 + 5

829+ 3

84O+ 3

909+ 5

936+ 4

947 ~10

986~ 8

1134+ 8

1158~ 6

1186+ 8

1229+ 2

1311+ 5

1347+ 7

1390~ 6

70.7~4

53.3+ 3

4.4*1
10.7 + 0.8

4.7 ~ 0.7

&2

2.0+1

8.2+ 0.7

4.3 + 0.6

26.9 + 1.5
8.3+ 2

0.5 + 0.4

12.9 + 0.8

2.0 + 0.9

34.4 + 1.5
3.9 + 0.7

1.3 + 0.5

3.2 + 1.0
7.9 + 1.0

8.3 + 1.0
1.0+ 0.6

1.7
1.7

1.7
24 ~1.5
3.8+ 0.8

3.1 + 0.8

3.8 + 0.8

15.5 + 1.2
1.8+0.6
9.6 ~0.8

2.3 +0.8

2,9 +0.4

1.5 ~0.3

0.3 +0.2

1.0 +0.8

4.0 ~0.6

8.3 ~0.9

5.4 +0.6

1.0 +0.5

1.0 +0.6

6.0 + 1.5
10.0 +0.8

&0.8

0.9 +0.6

0.5 + 0.4

1.3+0.6

0.8+0.4

3.9

1.0+0.6
&0.5

&0.5

1.0
2.0

8.5+0.8
2.9 +0.7

2.5 + 0.6

2.4 +0.6

4 6*o 44

5.6+ 0.56

1.9 +0.79

3.7 + 0.58

3.1 ~0.77

2.0 +1.89

2.1+0.36

3.2 + 0.39

1.5 ~0.40

2.0 +3

3.4+ 0.31

1.1+0.85

6.4 + 5.50

6.1+2.92

2.1

1.0 + 0.85

1.0
0.9

2.8+0.32

1.3 ~ 0.42

1.2 + 0.42

1.6 ~0.52

-'-[521]
2 2

-', -[521]
3 7+[633]

s
f 521]

—,
'+ [4oo]

— — -+ [4oo]3 5 i
2'2 2

5+ [642]
i
2

s
2

-'+ [642]

-'-[523]
2 2

-[523]
2 2

7-[514]
2 2

-'-[514]
2 2

is 9+ [624]

A

A

A

C

~ The relative uncertainties are given in the table. These numbers taken as absolute dif-
ferential cross sections have an additional uncertainty of about 20%.

b Confidence levels A, 8, and C mean that the indicated assignments are well-established,
probable, and plausible, respectively.

Unresolved doublet.
Reference state whose excitation energy is assumed to be 83 keV.



ERSKINE, KYLE, CHASMAN, AND FBIEDMAN

TABLE III. Energy levels in 1Am, their excitation energies, their different cross sec-
tions observed with the (G. ,t) reaction, and their orbital assignments.

Level
No.

Excitation
energy
(ke V)

dCr(OI, t )/dQ ~

80 0

( pb/sr)
Assignment of level

Orbital Conf idence "

10

17

19

20

95c

158+ 2

235~ 5

272+2

323+4

380+1

475+4

504+ 3

549+ 1

625+ 3

653+4

682+3

732 4

822+4

884~4

1020+ 4

1064+ 4

1106+4

1132+5

1163+3

1227+ 3

2Q + 1.5
2.2 +0.3

1.0 +0.6

4.2+ 0.6

2.1 ~0.4

30.8+ 1.5
5.2 +0.7

6.6 +0.8

53.3 +2.5

7.4 ~0.8

6.0 +0.7

7.5 +0.8

2.4 +0.6

18.9 +2.0

2.7 + 0.6

3.4 +0.6

3.8 +0.6

8.5 *0.9

4.8 +1.0
12.8 + 1.0
8.9 +0.9

8
2

2

7

2

8
2

11
2

13
2

5

2

7

2

1
2

3 5

2 2

11
2

11
2

13
2

—,
'—[523]

-'-[523]
2

-+ [642]

—,'+[642]

—,
'+ [642]

2+ [642]

-' —[521]
2

——[521]
2

-+ [400]

-+ [400]

-'-[521]
2

—,
'+ [633]

2+ [633]

——[514]

A

B

The relative uncertainties are given in the table. These numbers taken as absolute dif-
ferential cross sections have an additional uncertainty of about 20%.

"The confidence levels A, B, and C mean that the indicated assignments are well-estab-
lished, probable, and plausible, respectively.' Reference state show excitation energy is assumed to be 95 keV.

sistent with the —'," level assigned at 598 keV in
the a-decay studies.

2. ~ f523/and 2 -1514)

The —,.
' —[523] state is known in other actinide

nuclei and should occur in ' 'Bk as a hole state at
an energy of about 500 keV. This state has a large
Coriolis interaction matrix element (1.3) with the
-~ —[514] particle state also expected near 500 keV
excitation. Their combined signatures calculated
with the inclusion of Coriolis mixing show strong
transitions to the I =~2 levels and weaker ones to
the I=',' levels. Levels 13—(625keV) and 15 (682
keV) fit the predicted signature of the I=a2 and —",

levels of the —' —[523] band and levels 18 (750 keV)
and 21 (829 keV) fit the signature of the I=-a2 and
—", levels of the ~2 —[514] band when band mixing is

taken into account. However, the Coriolis matrix
elements had to be reduced to about 30% of their
theoretical value. (See discussion to follow in
Sec. VD. ) Following the above assignment, the
rotational constants for these bands are 5.2 and
'7.2 keV with an average of 6.2 keV which is con-
sistent with the value for this band in '"Am and
"'Pa. The average rotational constant for the un-
mixed —,

' —[523] state is known to be 5.8 keV in
"'Am and 6.4 in "'Pa. The K=+ state is assigned
with degree of confidence C since its signature is
so largely perturbed by Coriolis mixing. The as-
signment of the K=+ state is even more question-
able. J

3. 2+f400j

Hoff et al."have studied the I3 decay of '""Cm
and identified several low spin states in '"Bk.
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TABLE IV. Energy levels in 3iPa, their excitation energies, their differential cross sec-
tions observed with the (e, t) reaction, and their orbital assignments.

Level
No.

Excitation
energy

(ke V)

dv(n, t)/dO ~

80'
(pb/sr)

Assignment of level
Orbital Confidence

10

14

17

21

23

24

12 +4

78+2

105 +3

117+4

134+5

172 +3

189 +1

214 +2

272 +1

287 +3

316 +4

340 +3

385~5

393 ~2

442 +2

455+ 2

507 +3

518 +3

575 +5

590 +5

604 +4

632 +3

676+2

700 +3

750 +2

801 +3

815~3

13.2 + 1.1
5.3 +1.0

19.6 ~1.2
5.4 +0.8

4.7 + 0.9

5.5 + 0.9

1.2 +0.6

5.7 + 2.1

41.8 ~4

10.0 +2.2

24.3 ~1.5

5.0 ~0.8

2.7 +0.7

2.8 + 0.8

1.0 ~0.5

7.5 ~ 2.0

4.8 +0.5

2.4 +0.5

1,9+0.4

0.8 ~0.4

2.0 ~0.5

2.0 +0.5

2,5 +0.7

3.0+ 0.8

25.2 +3.1

4.0 +1.6
1,7 +0.4

4.1 +0.5

4.7 +0.5

Pf 3
2' 2

ii

ii
2

i3
2

2

3 5

2 2

ii
2

ii
2

-'-[530]
2

-' —[530]
2

-' —[530]
2

-' —[530]
2

-'+ [651]

-', + [651]

-+ [651]

-'-[530]
2

-'+[6»]
2

-'-[523]
2

-,'-[523]
i+ [400]

-+ [400]

-'-[523]
2

-'+[642]

—',—[521]

-'-{521]
2

-', -[521]

--[521]
2

A

B

B

B

B

B

C

C

The relative uncertainties are given in the table. These numbers taken as absolute dif-
ferential cross sections have an additional uncertainty of 20Vo.

Confidence levels A, B, and C mean that the indicated assignments are well-established,
probable, and plausible, respectively.

One band they observed has positive parity; the
I= & level was 377.8 keV and I= —,

' level was at
421.4 keV. Our levels 7 (377 keV) and 6 (413 keV)
could be the I =- —, and 2 levels of the same band.
They also form a signature very similar to one
that we observe for the I=-, and —,

' levels of the
band in '"Am.

In order to identify the particular orbital in-
volved here, we have computed for the (n, t) re-
action the signa. tures of the three most likely can-
didates for this state, —, +[400], —,+ [660], and
—,'+[651]. These three computed signatures are
displayed in Fig. 11 together with the observed
signature. The single-particle transfer cross
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643.1 keV in '"Bk. We have observed levels at
553 a 6, 570 + 3, and at 650 a 5 keV having (n, f)/
('He, d) cross-section ratios consistent with low
l-value assignments, and hence consistent with

the & assignments of Boff et al.
It is difficult to make single-particle orbital as-

signments for either of these K"=—,
' rotational

bands; the 2 —[521] orbital is expected to be a
somewhat higher particle state and the —,

' —[530]
orbital is expected to be a deep hole state in the

Bk isotopes. From our study of "'Pa, we have
an experimental signature for the orbital —,

' —[530]
which consists of large cross sections to the I '

and ~2 members of the rotational band with

smaller cross sections to the I'=
& and —,

' mem-
bers. The signature of the —, —[521] orbital has
not been observed experimentally, but it is ex-
pected to consist of observable peaks to the I

and the I =~+, and a2 doublet (assuming the
calculated decoupling constant of + 1).

If our low /-value transitions are assigned to
members of either the 2 —[530] or —,

' —[521] rota-
tional. bands then we see no evidence for the ex-
pected transitions to the second rotational level

I IG. 10. Energy level diagram for ~ ~8k. Wherever
possible the levels have been assigned to rotational bands
whose asymptotic quantum numbers are given below each
band. The measured excitation energies (in keV) and as-
signed spins are given. The confidence level of each as-
signment is denoted by letters A (well-established), 8
(probable), and C (plausible). Dashed lines indicate
levels seen in other studies but not in present work.

sections were calculated with the wave functions
of Table I and the DWBA code described in Sec. II.
As can be seen in the figure, the —,'+ [400] assign-
ment is in far better agreement with the cross-
section data than either the —,+ [660] or —, + [651]
assignments.

There is a difficulty with this assignment, how-

ever, and that is that the measured ration of (n, t)
to ('He, tf) cross sections for the 377-keV level in-
dicates that the transferred orbital angular mo-
mentum E is 4+ 1, which is not consistent with a
2' assignment. As wil. l be discussed below in
Sec. VE we believe this discrepancy is most like-
ly due to some unknown peculiarity in the ratio
technique, rather than a misassignment. of the
—,'+ [400] orbital.
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Boff et al. ,
"on the basis of '"Cm P-decay data

report new E'=
& rotational bands at 569.3 and

FIG. 11. Signatures of = 2 states in Bk. Theo-
retical. signatures of the 2+ [4001, and 2+ [660], and
2+ [651] states for the ~ 8Cm(e, t)249Bk reaction are
shown for comparison with the observed signature of the
Q" = 2+ state at 377 keV.
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of each band (i.e., the I"=2 level of the ~ [530]
band or I"=~ or —,

' levels of the —,
' —[521] band).

While the signatures couM be changed by Coriolis
mixing of these bands, our calculations indicate
that band-mixing effects are not large.

Therefore, it appears that these E."=-„' bands
are not simply the —, - [521] and ~ - [530] states.
We have recently made measurements of the
'4'Cm(o. , I)"7Bk reaction which show very strong
similarities to spectra of the '4'Cm(o. ', t)' 'Bk re-
action between 0.5 and 1.0 MeV excitation. Final
analysis of these new data may lead to a more
complete understanding of the band structure in

this region. of excitation.

5. 2+/6241

The particle state a2+ [624] is expected to lie
near 1 MeV excitation on the basis of deformed
shell-model calculations. The theoretical signa-
ture of this state suggests that only the I"=—',." l.ev-
el of the band will be observed. The strongly ex-
cited level that we observe at 1229+ 2 keV has a
(o.', t)/('He, d) cross-section ratio of 2.8 which in-
dicates high spin. Therefore, we assign the 1229
level as the —',"member of the~2+ [624] rotational
band, with confidence level C.

B. Level assignments in Am

Many levels in this nucleus have been identified
in the studies of both the o. decay of '"Bk (Ref. 12)
and the electron capture decay of '"Cm by Porter
et al." We see transitions to many of these same
states and confirm these assignments. An energy
level diagram of '"Am which contains our present
assignments together with other assignments
made on the basis of decay data" is given in Fig.
12.

1200—

I IOO-

1000—

900-

1163- -9/2C

7/2- [5141

241~

1227-

1132———
1106—--——
1064——
1020—

884——

tively. Our levels 3 (235 keV), 4 (272 keV),
5 (323 keV), and 6 (380 keV) fit the energies of
the I=+~, +, ~2, and ~2 level. s of this band. How-
ever, the cross section for the population of these
levels has presumably been increased by the
Coriolis coupling with the ~2+ [633] orbital.

In addition to the Coriolis mixing there appears
to be an additional perturbation of the signature of
these states. Evidence for this effect is as fol-
lows: A study of Table I indicates that the values
f C, f b th theI=, a d —, le ls f J.lthep s-

itive parity X=6 bands are very small and there-
fore transitions to these levels should not be seen.
Furthermore, the magnitude of these transitions
will not be affected by Coriolis forces since the
value of C, ' is small for all states involved. How-

ever, the observed cross sections for populating
the I =-,' and —", levels are about 50%%ug of the cross
sections for populating the I=+ level in '~'Am,

The most likely explanation is that there are cou-
pling effects in the reaction channel, perhaps Cou-
lomb excitation in the target or residual nucleus,
which shift some of the total transition amplitudes
to other rotational states. Unfortunately, we have
not had a suitable coupled channel transfer code to
use in estimating the magnitude of this shift.

3. z-I.$27)
The I=&, —,', and ~2 levels of this band were iden-

tified in Refs. 12 and 13 as being at 472, 502, and

7. 2 (523)'

The I= —,', ~, and~ l.evels of this band were iden-
tified in Ref. 12 as being at 0, 41.1.7, and 93.4
keV which indicates a rotational constant of 5.85
keV for this band. This leads to a predicted ener-
gy of 157.8 keV for the I-—", level of the band
Levels 1 and 2 at 95 and 158+ 2 keV have the cor-
rect cross sections and energy spacing for the
I=+ and —", levels and are assigned to them. The
predicted cross sections for the transitions to the
I= —, and, levels are so small that we should not
see them.

2. z+(642)

652- ————-I/2
636- - ----3/2

I/2 -[530]x 600-
O

o 500-
X
LLI

400-
380 13/2

323-——
I I/2A

272- 9/2
235- 7/2
206-----.--5/2

5/2+[642]

300-

200-
158 —
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42-----—7/2

822— 13/2
B
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8
I 732——

I I/2
tt: 700- 7/2+ [633j
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STATES

682——
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C

653— 3/2, 5/2C

625——- I/2C

I/2 + [400]

549 7/2

504 —5/2A

475———3/2A

3/2- [52 I]

In Ref. 12 the I=-,', +, ~2, —", , and —", levels of this
band were identified in the u decay of '"Bk as be-
ing at 207, 234, 272, 322, and 380 keV, respec-

0- 0------5/2
5/2- [523]

FIG. 12. Energy level diagram for 24~Am. See caption
of I'ig. 10 for further description.



ERSKINE, KYLE, CHASMAN, AND FRIEDMAN

549 keV„respectively, and populated in the un-
hindered n decay of '"Bk. The energies of levels
7 (475 keV), 8 (504 keV), and 9 (549 keV) agree
with these energies and the cross sections for the
transitions fit the signature of this band. Level
12 at 682 keV has the energy expected for the ~2

member of this rotational. band.

4. a+(633j'

The predicted signature of this band is oot very
cleflnltlve, coxQposed only of R lRrg6 cross-sec-
tion transition to the I=—", level and a much small-
er one to the I=+ level. In studies of energy levels
of ' 'Am populated by the n decay of "78k and P
decay of '"Pu by Friedman et al." the ~2+ [633]
band was identified Rt an energy 380 keV above the
—;+[642]band. These two bands appear to be
strongly mixed by Coriolis forces and have an
average rotational cons tant of 5.8 keV. The
transitions to levels 13 (732 keV) and 14 (822 keV)
fit; the predicted signature of the I=—", and ~2 levels
of this —,'+[633] band provided that the same cou-
pling effects occur as for the —,'+ [642] band; this
assignment implies a rotational constant of 6.9
keV for this band and an average rotational con-
stant of 5.7 keV for the —,'+[642] and —,'+ [633] bands;
also it implies that the I=-,' state, not seen here,
would be at 590 keV or 380 kev above the —.,'+[642]
state. For these reasons we are assigning these
levels with confidence level C.

5. ~+Hooj

In Ref. 12 levels at 623 and 653 keV were identi-
fied as the I= —, and ~ levels of a K'=

& band. We
have observed levels at 625 and 653 keV excitation
which have cross sections similar to a pair of lev-
els in '"Bk which we have assigned as the —,+ [400]
orbital.

6. 2 (514)

We have assigned level 20 at, 1163 keV as the
I '=

—,
' member of the rotational band ~2 —[514].

Level 21 (1227 keV) is at roughly the right energy
to be the —", - member of this rotational band, but
the intensity is considerably greater than we ex-
pect from the calculated cross section based on
the experimental signature found in ' 9Bk. Be-
cause of this discrepancy we assign this orbital
with confidence level C.

C. Level assignments in 'Pa

Many levels in '"PR have been found in radioac-
tive decay studies. "'" The present reaction data
validate most of these previous assignments as
well as providing the basis for a number of new

assignments. An energy level diagram which sum-
marizes these results are given in Fig. 13.

The I=2, ~, —,', and —,
' levels of this band were

identified Rs being at 9.3, 0.0„77.8, and 58.5 keV„
respectively, by Browne and Asaro in studies of
the decay of "'Th and "'Np as quoted in Ref. 15.
Levels 0, 1, 2, and 3 are at these energies and
the cross sections for populating these states fit
the predicted signature for this band. The I = —",-

level of this band should be at 175 keV and level
7 Rt 172 keV is close to this energy. The cross
section for populating the I =—", level shouM be
about 4 of that for populahng the 1 =, level„and
the measured ratio of the cross sections of the
transition to state 7 to that of state 2 is 0.29.
Therefore, state 7 is assigned to the I =-'—,

' level.
of this band. The ~2 level. should have about the
same cross sect1on Rs the 2 leveL) but would be
obscured by the large peak at 189 keV.

2. 2+(65~1

1
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FIG. 13. Energy level diagram for ~Pa. See caption
of Fig, 10 for further description.

In Ref. 15 levels at 84.2, 102.2, 103, and 113
keV were assigned to the I=-2, 2, +, Rnd + levels,
respectively, of the ~+[651] band. The anomalous
energy of the I =

& level was ascribed to a shift in
the other rotational levels of the band due to strong
Coriolis forces, especially due to coupling with
the —,'+ [642] band at 183.4 keV and the other %=6
states. %6 have duplicated these Coriolis force
calculations and agree that the anomalous position
Gf the I= ~ state can be accounted for this way.
The calculations also predict that the transfer
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TABLE V. Parameters used to compute spectroscopic factors with the single-particle rotational model. Many of
these parameters were found with the search code BANDrn .

Level
No. Orbital

Ep A
(keV) (ke V)

"'Am
Eo

(ke V) (keV)
Eo

(keV)

23 1p

A
(keV)

10

~+ [624]

—,
'—[514]

-+ [633]
~—[521]

&+ [642]

—,
'—[523]

—[530]

-',+ [651]

—,
'+ [«0]
-+ [660]

1081 6.0

692 6.0

0 5.097

12 6.72

-389 5.015

—533 6.0
-569 6.0

-377 6.71 0.749

1109 6.0

587 6.393

473 6.821

—208 4.881

0 5.883

—652 6.0 —1.90

-650 6.0 6.68

602 5.802

143 4.70

174 6.139

8.3 6.717 —1.37

—104 5.488

rms deviation (keV)

Even parity

Odd parity

2.3

0.2 0.8

cross section to the I=—", state will be very large;
indeed equal to the sum of the strengths of the un-
mixed transitions to the I =—", levels of the —,'+ [651]
and —+ [642] bands. Level 8 at 18S keV has about
the correct energy for the I=—", level of the ~ + [651]
band and has about the predicted cross section for
the level. Consequently level 8 is assigned to this
band but with confidence level B since its assign-
ment is dependent on the accuracy of the Coriolis
mixing calculations.

3. z-/523)

In Ref. 15 the P decay of "'Th was seen to pop-
ulate a K= —,

' rotational band with the I= —,
' level. at

174.1 keV and I=+ level at 218.2 keV. This band
was assigned as being the —,

' —[523] state. This
assignment indicates a rotational constant of 6.3
keV for this band which leads to a prediction of
274 keV for the I =~2 level. Level 10 at 272 keV
has the correct cross section for the transition
to the I =+ level of this band. Levels 9 and 10
are therefore assigned as the I=+ and ~2 levels
of this band. Part of the peak at level 7 (172 keV)
may be due to the transition to the I = —,

' level but
this should have a low cross section and should
account for only a, part of the observed strength
of level 7. Level 13 at 340 keV has the correct
energy and cross section for the transition to the
I=—", J.evel and is assigned to it.

4, 2+/400)'

The energy separation and cross section of the

transitions to the levels at 287 and 316 keV resem-
ble the signatures observed in the other nuclei for
the state called —, + [400]. In addition, an analysis
of data by Freedman eI, al. ' on the decay of "'Th
shows that a, doublet at 318 and 320 keV in "'Pa
decays by y cascades which have relative inten-
sities consistent with the assignment of the 318-
and 320-keV states as I =-,"a,nd —, , respectively.
However, it must be noted that these are not the

only assignments which can satisfy the restrictions
set by these relative intensities. Browne and
Asaro"'" have identified the —,. [400] state at an

energy of 169 keV in '"Pa with a spacing of 32
keV between the I = —,

' and 2 states. Because of
this and the consistency with the decay scheme
data, we feel that these states can be assigned
with a B confidence level.

—,-f52JJ

This rotational band has been seen in '"Am and"Bk where it is identified in radioactive decay
studies. Itwas also observed by El.ze and Huizenga
in studies of proton transfer reactions to states in
'"Np. Levels 20, 21, and 22 fit the rotational
spacings and signatures for the I= —,', —,', a.nd ~2

levels, respectively, of this band and are as-
signed to those levels. However, we have only
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TABLE VI. Reduction factors for Coriolis matrix
elements.

Matrix-element
indices ' 249 Hk 241Am 231pa

0.30
0.30
0.38
0.80
0.88

0.25
0.55
0.84
0.41

0.75
0.60
0.81
0.56

These indices refer to orbitals named and numbered
in Table V.

given this assignment a confidence level of C
due to the nonspecificity of the signature of this
state.

D. Spectroscopic factors

A comparison of the observed differential cross
sections with differential cross sections predicted
by the single-particle rotational model was made
in terms of the spectroscopic factor. Observed
spectroscopic factors were extracted from the
data with the formula obtained by rearranging

Eq. (1), i.e. ,

S" = (dg "/dA)/(22+1)8

The single-particle transfer cross section 0J was
computed with a DWBA code as described in
Sec. II.

Theoretical spectroscopic factors were calcu-
lated with the assumption of the single-particle
rotational model including Coriolis mixing and
pairing effects. A search code chilled BANDFIT'9

was used to find many of the model parameters by
trying to fit the measured energies of the levels.
The orbital and spin assignments made in Secs.
IVA, IVB, and IV C were assumed.

The final parameters used in the calculations
are listed in Table V. Some of these parameters
were found by the search code when the data on
excitation energies were sufficient. The spectro-
scopic factors were computed with Eq. (4) cor-
rected for Coriolis mixing after a satisfactory
energy fit was found. Nilsson wave functions were
used instead of the more accurate deformed wave
functions shown in Table I. Coriolis matrix ele-
ments were also calculated from Nilsson wave
functions. Deformation parameter P, = 0.25 and
~=0.05 were used. For N 5 (5) orbits, the param-

TABLE VlI. Spectroscopic factors for levels in 249Bk.

Orbital

— [633] 9
2

11
2

13
2

15
2

Excitation energy
(keV)

Reaction Decay Fitted

43 + 3 ~ 41.80 42.67

93.70 94.88

155~1 155.80 156.65

229,30 228.03

Sz (expt)
(~,t) (3He, d)

0.20 + 0.02 0.12 + 0.02 "

0.58+ 0.04 0.22 +0.02

8& (theory)
With Without

mixing mixing

0.0044 0.0037

0 .080 0.068

3-[521]
2

—,
'+ [400]

—,'-[514}

—,+ [624]

11
2

13
2

13
2

7+3 8.8 9.73 0.12 + 0.02 0.076 +0.02

199+ 3 204.6 200.46

283.2 285.90

377+ 2 377.8

413 +2

750 +1

1229 + 2

0.05 + 0.02 0.05 + 0.02

0.48 + 0.04 0.11 + 0.02

0.15+0.02 0.050 + 0.01

1.30+0.1 0.48 ~0.03

0.34 + 0.03 0.15 + 0.02

43 + 3 ~ 39.6 40.38

82.6 81.68 0.55 + 0.03 0.18 + 0.02

130 + 3 137.7 138.34 &0.13 0.109 ~ 0.04

0.031 0.027

0.004 0.004

0 .127 0.111

0.011 0.009

0.010 0.00 7

0 .20 0.20

0.032 0.032

0.13

0.13

~ Unresolved doublet.
Assumption has been made that the contribution from the —level of 3-[521] band is

2 2
negligible.
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TABLE VIII. Spectroscopic factors for levels in 24aAm.

orbital

Excitation ener@r
{keV)

Reaction Decay Fitted
S& (expt)

(~,t)

S& (theory)
Without

xnlx ing rnixlng

—,'-[523]
9
2

aa
2

158 +2

41.17 40.90

93.40 93.57

157.91

o.66 + o.o5

0.027+ 0.004

0.098 0.092

0.0018 0.0019

-'"+ [642] 5

2

7

2

9
2

aa
7
a3
2

235 + 5 237

272 + 2 275

323 +4 324

380 +1 378

237.01

275.07

322.35

379.09

20 7.4 207.87

0.037 + 0.02

0.070 ~ 0.01

0.084 + 0.02

0.35 + 0.02

0.0001 0.0001

0.006 O.0O42

0.0007 0.0004

O.O74 O.O40

c3

2

5
2

475~4 471.81 471.62

504 + 3 504.45 504.82

548.84

0.11 j:0.05

0.14 + 0.05

0.60 + 0.05

0.039

0.0053

~+ [633]
2

732,09

821.92 0.24 +0.03

O.O01O O.OO14

0.081 0.116

TABLE IX. Spectroscopic factors for levels in ~aPa.

Orbital

Excitation ener gy
(ke V)

Reaction Decay Fitted
S~ (expt)

(o. , t )

Sz (theory)
With Without

TMXUlg lnixing

-'-[53o]
2

3
2

a
2

0

59+.1

78 ~2

172 +3

0,17 + 0.02

0.17 ~0.03

0.15 + 0.01

O.O85 ~ O.O2

0.063 + 0.02

0.066 0.063

0.015 0.015

0.0 80 0.064

0.0007 0.0005

0.008

3 7
2'2

9
2

aa
2

a3
2

134s5

189 +1

144.74

182.97

105+3 102.3, 101.4 102.7, 94.0

117= 4 111.6 112.65 0.072+ 0.02

0.040+ 0.02

0.43 ~0.04

0.019 0.008

0.0011 0.0003

0.15 0.05

—,,"-[523] 5
2

7
2

9

La
2

174.1

218.3

173.88

216.81

272.01

0.081 + 0.02

0.73 + 0.05

0.031 ~ 0.01

0.003 0.004

0.128 0.128

0.003

604 +1

632 +3

676 +2

6O2.47

632.9O

675.04 0.24 ~0.03 0.15
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eter JI = 0.70 (0.62) was used. To obtain a fit to
the energies, it was necessary to multiply the
Coriolis matrix elements by the reduction factors
shown i.n Table VI. The amount of the reduction
was obtained from a procedure suggested by
Casten et a/. '" Eshmated values of the pa1r1ng
emptiness factor U' were used„since more pre-
cise vab~es would affect the mixed spectroscopic
factor onj.y slightly.

The quality of the various fits is indicated by
the I ms deviations which are shown in Table V.
These range from 0.2 to 4.2 keV. The worst case
is the even parity levels of "'Pa. In this nucleus
the K = g and 2 bands are s trongly lnf luenc ed

by another band, possibly —,+ [660], since the ro-
tationa). parameters for the X=-- and —'; bands are
unusual. iy low. An estimated energy for the
;+ [660] was used and this may be responsible
for the poor fit;.

The mixed and unmixed spectroscopic factors
calculated wi. th the single-particle rotational mod-
el are listed in Tables VII-IX, together with the
spectroscopic factors extracted from the mea-
sured cross sections with Eq. (5). The agreement
between theory and experiment or between the
(n, t) and ('He, tf) experiment is not good. There
is a rough correlation between many of the theo-
retical and experimental spectroscopic factors
but in some cases there is strong disagreement.
We note that better consistency between the (n, t)
and ('He, d) results could have been obtained by

arbitrarily lncreas lug the (tl, f) normalization
fac tor Ã = 46 by a fac tor of 2 or 3.

The measured spectroscopic factors in most
cases are larger than the theoretical ones by a
factor of 2 to 10 or more. It i.s not clear how
significant this result is since the optical-model
parameters used in the DWBA calculations are
only estimated parameters. However, the dis-
crepancy in spectroscopic factors is similar to
that found" for sub-Coulomb neutron transfer re-
actions on ' "U and" Th. Here the most likely
explanah. on ls that the simple theory used to cal-
culate the form factor does not give the correct
radial tail to the bound state wave function. Pos-
sibly such an effect; occurs in the present case
with the (II, f) and ('He, d) reactions on actinide
targets.

The DWBA calculations were performed with a
code in which the zero-range approximation is
made. It would be interesting to do these same
calculations with an exact fini. te-range DWBA code
such as the ones developed by DeVries" and by
Tamura and Low. Perhaps some of the d isc rep-
ancies in absolute spectroscopic factors and the
probiems with the (n, t)!('He, d) cross section
ratios discussed below would be explained.

E. Cross section ratio do(o.,t}/do( He,d}

The l dependence of the cross section ratio
do(o.', t)/do('He, d) has been used previously to
make level assignment in the actinide region"'
and in the rare earth region. " %'e, therefore,
tried to analyze our data on '4'Bk with the help
of. this technique. The results are disappointing.

Jn Fig. 14 are plotted some of measured cross
section ratios from Table D together with theo-
retical ratios computed with the 0%HA code. A

strong dependence on the reaction g& value is ap-
parent in the computed curves. An arbitrary
normalization factor of N= 120 was used for the

(o., l) reaction to bring the calculated ratios into
better agreement with the data. The ('He, d)
normalization factor was kept at its theoretical
value of 4.42. In Fig. 14 the four solid circles
correspond to levels well identified in. the radio-
active decay studies. The known l values are
marked above each circle. The agreement be-
tween measured and computed ratio is not good.
The ratios for the 83- and 155-keV levels, known

to be l = 3 and 6, respectively, are not as different
as the computed curves indicate.

Open circles in Fig. 14 indicate levels assigned
in the present work. The circles corresponding
to l =1, 5, and 6 levels agree well with the theo-
retical ratios. Two experimental ratios at 37"|
and 413 keV are not labeled with l values. These
belong to those levels which we have assigned to
tile,'-+ [400) stRte Rlld oil the basis of tilts Rssign-
ment would have the values of l =0 and 2. The
measured ratio of 3.7~ 0.6 for the 377-keV level

I I ~ I I

0 05 I 0
EXC I TAT ION E NERGY (Me V)

FIG. 14. Cross section ratio do(e, t)/do(3He, d), The
curves were computed with OAV theory under the condj. --

tions given hl Sec. II.
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FIG. 15. Bandhead energies of single-proton excited states in odd-proton actinide nuclei. Somewhat arbitrary dis-
placements have been introduced to bring all energies onto a common scale. Each state is labeled according to its
asymptotic numbers.

is in serious disagreement with a computed ratio
of 2.1. However, this discrepancy should not be
taken seriously since the l =3 and l = 4 points are
also not in good agreement. We do not understand
the source of these disagreements.

F. Systematics of the observed single-particle energies

Saxon potential discussed in Sec, II. The magni. -
tudes of the P„P,, and j3, deformations are given
above ea,ch calculated spectrum.

The agreement between the energy spectra cal-
culated with our potential and the energy spectra
extracted from the experimental data is remark-

The experimentally observed bandhead energies
of the single-particle states in ' 9Bk, ' 'Am, and
'3'Pa are displayed in Fig. 15 together with most
of the known bandhead energies for single-proton
states in other actinide nuclei. Arbitrary dis-
placements have been introduced between nuclei
of differing Z to bring all energies onto a common
scale of excitation energy. The ground states are
indicated by solid circles. The successive filling
of orbitals as the proton number is increased is
readily apparent.

CALC.

p~=0.Z5

p~ =p~& Q.ol 5

I.6—
I /2=—

I
2L-9/2-

7/2

249

CALC,

p2=6.26

P~ =G.Q I5

Pq= G.O

EXTRACTED
FROM
DATA

———--9/2 + [624j

.————7/2 —[6 l 4]

G. Extracted proton single-particle energies

In Figs. 16-18, we present the proton single-
particle spectra extracted from the experimental
data on '4'Bk, '"Am, and "'Pa. The extracted
spectra, are calculated assuming a pairing force
residual interaction, with a strength

~ -OA—
I—

&c -08—
LL1

9/2 7/2~
7/2+~' 9/2~

,7/2+ [692j.9/2- [62 I]

~l/2+ [400]
=6/2 + [642j
'~6/2 —[62zj

and 30 doubly degenerate levels in the system be-
ing considexed. The calculations are done using
previously described methods. " In these same
figures we also present single-particle energies
calculated with the momentum dependent Vfoods-

-I 6—
L.

FIG. 16. Proton single-particle spectra extracted from
the data on 2498k and compared to calculated spectra. As
discussed in the text, the extraction procedure removes
the pairing effects.
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CALC.

P2= 0.24

Ie =P =-O.OI56' 7/2=-

-I.2 —W2 —=——

~7/2 + [635]

W2- [52Ij

orbitals in the extracted spectra of "'Am and
"9Bk fix the magnitudes of p„ II„and P, ra&er
vrell for these bvo nucbdes. It is significant that
the deformations we deduce from the proton spec-
tra are quite similar to the deformations that we
have deduced previously from our studies of a
neutro~ single-particle spectra' in neighboring
Due 161.

We have not included the &
—levels tentatively

identified in '"Bk at energies of 500 and 650 keV.
Clearly, as noted above, these levels cannot be
simply identified with the orbitals —, —[521] and
—,- [530]. With a pairing force interaction, we
calculate that both of these pure configurations
should be at -j.109 keV in 2 98k. However, we
note that these orbitals are of the [k, + (0+1)]
type" that, are expected to have fair1.y large 0'
particle-particle residual interaction D][atrix
elements. There are fewer such orbital com-
binations for the actinide protons than there are
for the actinide neutrons. Our most reasonable
estimate of the matrix elements associated with
these couples is

FIG. 17. Proto~ single-particle spectra extracted
from the data on 24~Am and compared to calculated
spectra.

l.2-

CA LC,

P =0.20
P~=-0.02

P~ =G.O

25 I

Pa
CALC.

/~= 0.I 5
P~=-O.02
ps= 0.0

EXTRACTED
FROM
DATA

- 5/2= ——
08 5/2-- ———

OA—
IX
hl

hd

W2+~ Z/2'
0 )//2~ tt2

-
~//2', f400] , [66oj

9 -o.e—i/z' — ~[«o]
wr wr

—-o.e-3/2 ——
X
Lab

I~oo]

g5/2 + [642]
+a/2 - [523]

~i/z - [ceo]

3/a + [65 I]———i/z+ [coo]

FIG. I8. Proton single-particle spectra extracted
from the data on ~3~Pa and compared to calculated
spectra.

ably good for ' Bk and '"Am, but rather poor for
"'Pa. Certain. spacings in the ca1culated spectra
are quite sensitive to the magnitudes of the differ-
ent poten. tial deformation multipoles. This is par-
ticularly true for the three orbitals &+ [642],
—,
' —[523], and 2+[400]. The positions of these

Using a recently developed method, 27 we have cal-
cu|ated the sing1.e-particle excitation energy of
the mixed ~1 —orbita1 including these 0' matrix
eILeQlents. %e find that the. energy of one p —con-
figuration is lowered to 900 keV. However, this
energy is extremely sensitive to the value of the

average matrix element used. If we increase this
matrix element to O. V 6, i.e., by 24 keV, the en-
ergy of this state is lowered to 640 keV. . This
suggests that the anomalously low energy of one

band could be accounted for by effects due to

the nonpairing 0' pa, rticle-particle residual inter-
actions. Gareev et a/."have calculated energy
levels in '"Bk and find that y-vibrational and octu-
pole-vibrational effects are also important in low-

ering the energies of the —™configurations in
'"Bk. The two calculations are not directly com-
parable; however, it is clear that ere learn very
little directly about the single particle energy of
the pure orbital 2 —[521] in '"Bk.

One reason that the —,
' —[521] single-particle en-

ergy is interesting is the fact that the major spher-
ical component of the orbital ~-[521] is f,/~.
From this single-particle energy, we can deduce
the f», -f5/, splitting in the spherical proton single-
particle spectrum. It is this splitting that has
been postulated to give rise to shell effects at
Z= 13.4. In view of the fact that our potential gives
such a good over-a11 fit to the remaining levels in
"Bk, we feel that one can have considerable con-
fidence in an estimate of this splitting at mass
250 by simply setting a11 deformations equal to
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zero in our potential. We have carried out such
a calculation and find the f„,-f„, splitting is 2.3
MeV when calculated in this way. Extrapolating
to heavier masses this gives an expected splitting
of -2.0 MeV for f,&, f„,-in the mass 300 region.
This estimate is quite similar to one obtained by
extrapolating from hole states the ' Pb region.
The advantage here is that we are now extrapolat-
ing over a mass interval that is one-half as large
and this should be mol e 1 ellable.

As we have noted above, we are not able to find
single-particle potential parameters that give a
good fit to the extracted spectrum of "'Pa. Never-
theless, the potential does give good level order-
ings. The apparent P, deformation is quite small
here —slightly less than 0.20. The indications con-
cerning the P, and P, deformations are somewhat

contradictory. The near degeneracy of the orbitals
—,'+ [642] and ~ —[523] argues for a P, of - —0.02
as in the figure. On the other hand, the measured
decoupling parameter of -1.4 for the orbital
2 —[530] argues for P~ of ——0.04 or for P~ of
- —0.02. The effect of either of such changes is
to further increase the spacing between the —,'+ [642]
and the —,

' —[530] orbitals. A more complete cal-
culation involving additional terms in the residual
interaction appears to be in order here.
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