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The single proton transfer reactions ' U('Ike, d) ' Np and ' U(cx, t) Np have been measured with

28.5-MeV He and a particles, respectively. The experimental cross sections are compared with

theoretical cross sections in order to determine t values and to construct a level scheme of '"Np. The

configurations 5/2'[642 t], 5/2 [523$], 1/2 [530], and 3/2 [521 4 ] are identified. Levels of the

four additional rotational bands 1/2'[400], 3/2'[6515 ], 7/2'[6334], and 7, 2 [514$] are assigned

tentatively. A level scheme of "Np containing y rays following the P decay of "U is presented also.

NUCLEAR REACTIONS 38U( He, d), 238U(a. , t), E =28.5 MeV; measured a(0),
deduced / values, Nilsson configurations, and level scheme of 239Np.

I. INTRODUCTION

Models for deformed nuclei, in particular the
Nilsson model, can be tested by studying the sin-
gle-particle structure of the actinides. ' This is
important for the extrapolation of these models to
superheavy nuclei. Recent publications" have
shown that the structure of odd-proton actinides
can be elucidated by studying the ('He, d) and (a, f)
reactions. The combination of such experiments
with results from u and P decay allows one to
identify rotational bands and to determine spectro-
scopic factors.

The level scheme of "Np has been studied previ-
ously by P decay' ' and Q. decay. ' " These mea-
surements led to the identification of two rotational
bands; namely, the ground state —,"[642k] band
and the —,

' [5234] band. The latter band is the fa-
vored band in n decay from '"Am. The level
scheme of '"Np is very similar to that of "'Np
where more rotational bands are confirmed. "

In the present paper we report measurements on
the "'U('He, d)"'Np and "'U(o., f)'"Np reactions in-
order to complement the level scheme data from
the radioactivity measurements.

II. EXPERIMENT

The experiments were performed with the Uni-
versity of Rochester Emperor tandem accelerator.
The experimental technique has been described
previously. " A natural uranium target (thickness
=50 gg/cm' on 20-pg/cm' carbon backing) was

bombarded with 28.5-MeV 'He and n particles for
the ('He, d) and (n, t) reactions, respectively. The
deuterons and tritons were recorded on photo-
graphic plates with an Enge split-pole spectro-
graph and the plates were scanned with a micro-
scope. The ('He, d) and (n, t) spectra measured at
60' are shown in Fig. 1. These spectra were eval-
ua, ted by computer with fit programs. The ('He, d)
reaction was measured at laboratory angles of 20',
35', 60' (three separate experiments), and 90',
and the (a, t) reaction at a laboratory angle of 60'.
Elastically scattered 'He and e particles, respec-
tively, were counted simultaneously to obtain ab-
solute cross sections. Lines from light element
impurities in the target are easily identified be-
cause of their broader linewidth.

Energies and differential cross sections of the
observed lines below 1200-keV excitation energy
are listed in Table I. The ratio A=do(o. , f)/
do('He, d) (60') is also given in this table. From a
comparison of this ratio 8 and of the angular dis-
tribution with distorted -wave Born-approximation
(DWBA) calculations a, probable f value was de-
duced. The DWBA cross sections will be discussed
in Sec. III. A detailed angular distribution was not
measured because, in the present case, this does
not yield much additional information on the l value
over that obtained from the four ('He, d) angles and
the gil ratios.

The experimental energies in Table I were ob-
tained by the following procedure: The positions
in the photographic plate were converted into ex-
citation energies by a relativistic kinematic calcu-
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lation using the reaction Q values" and the dis-
persion function of the spectrograph. These exci-
tation energies were slightly shifted in such a way
that the strong 521.2-keV line had the same posi-
tion in all spectra. Then, the energies were aver-
aged [weighted with 1/(b. E)2j. The averaged ener-
gies were adjusted with a linear function so that
10 lines (27.9; 70.0; 117.8; 173.7; 449.8; 895.4;
823.4; 992.9; and 1049.0 keV) corresponded best
to the energies obtained in the y-decay scheme
(see Fig. 3 and Sec. IV). It is not known if all 10
levels correspond to the levels in the decay
scheme, but there is a large probability that at
least the majority of lines are correctly assigned.
The energy errors include the statistical error and
the error of the calibration.

ues in each reaction and to a good approximation
independent of the angle. Therefore, these effects
are incorporated into the normalization constant
N of each reaction.

&- ODWBA

The DWBA cross section (JD~~A depends on the

Q value, the I value, the angle 6, and on the type
of the reaction. All values of the DWBA cross
section were calculated with the computer code
DWUcK and optical parameters from the litera-
ture. ""Cross sections were computed for exci-
tation energies of 0 keV and 1000 keV, and for
other energies the cross sections were obtained by
a linear interpolation.

III. THEORETICAL CALCULATIONS OF THE
CROSS SECTIONS AND SINGLE-PARTKLE ENERGIES

The theoretical differential cross sections of the
('He, d) and (n, t) reactions are calculated with the
following formula' ":

(do/d(u), = 2C, , 'U2Ncr 0~2~ (I, 8, Q) .

In the case of Coriolis mixing the factor 8, ,
=2C, ,

'U' has to be replaced by S, , =2(Q; a;C. I .U, )2

(see Ref. 19). The quantity S,I/(2j+1) corresponds
to the spectroscopic factor. Nonlocality effects of
the present reactions are negligible and not in-
cluded in the DWBA cross sections. The finite
range effects are essentially constant for all / val-

The C, , values were calculated with a computer
program by Nilsson" with the parameters"

e, =0.225, e, = -0.040, /(. =0.0577, JLL, =0.650.

C. U

The pairing emptiness U was estimated from
single-particle energies according to the simple
pairing formula":

I 2 [( y)2 ~g2]l/2

The pairing gap parameter 6 will be discussed be-
low. In the cases where the rotational bands were
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FIG. 1. Measured spectra for the (3He, d) and (+,t) reactions at a laboratory angle of 60 .
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TABLE I. Excitation energies and differential cross sections for the ( He, n) and (n, t) reacti. ons.

Energy
(kev) 20' 35' 60'

do/d~ (3He, d)
(pb/sr)

90'
dG'/dCc& (Q, t )
60 (pb/sr)

do. (O. , t )R= —-—

do (3He, d) Probable
60"- l value

Suggested
assignment

3.3*3.1
27.9+3.1
70.0 + 1.2

117.8 + 1.6
173.7 + 1.2
180.0 + 1.2
220.2 ~ 1.2
239.4 + 2.1

258.3 + 1.3
270.9 + 1.4

0.9+0.3

1.2+ 0.4

3.6+ 0.4 0.6+ 0.4 8.9 ~ 0.6

1.1 + 0.3 2.3+0.6
8.9 + 1.2 27.9 + 9.0

1.9 + 0,9 5.5 & 1.1 4.7 + 0.7

&1.0

10.8 + 1.1
2.7 + 0.6

10.6 + 1.1
4.3 + 0.8

J
5.8 + 1.0

6.1+1.3 13.3 + 3.0 3 2.1 + 0.5[3.2 + 1.0

2.5+ 0.3

2.1 + 0.8

3.1 + 1.1
5.8 + 1.9
2.3 +0.5

& 2.7

1.8 + 0.4

1.3+0.5

0

0-4

0-3

I"[642tj

~'[642 tj

—', '[642 t]+—,'-[523 ~]

'—2"[642 t]+-,' [523 ~j

[523 &]

~3'[642 t]
2

2
—''[4oo] v

'2' [523&]

—,
' [530]+-2' '[400] &

—', [53o]

315.5 ~ 1.1 3.6 ~1 ~ 2 6.7 ~1.3 4.5 ~ 0.4 1.7+ 0.5 14.5 ~ 2.0

324.4+ 4.0

346.8+ 1.4
420.6+ 2.2

436.5 + 2.7

449.8 + 1.1
482.6 + 1.1

1.9 ~0.9 0.7 ~0.4

2.9 + 1.0 4.9 + 0.8

4.7 + 0.8

0.8 + 0.4

1.2+ 0.4

3.1+0.4 1.1 + 0.5

3.2+ 0.4 1.6 + 0.5

2.4+ 1.7
2.9+0.4

0.3+0.2
1.1+0.4

3.2 + 0.7

9.9+0.9

547.0 + 2.3

581.0 + 2.2

&0.5

&0.5

1.3 +0,4

1.2 + 0.3

521.2 + 1.1 16.3 +3.1 24.7 & 0.8 18.6 + 0.8 6.6 + 1.0 40.0+ 1.2

3.2+0.6

3.6 + 1.9
0.3+0.2

1.0+ 0.3

3.1+0.5
2.2 + 0.2

&2.6

&2.4

(3)4

(3)4, 5

—,
' [53oj

—,
' [530]&

—,'+[651t ] r

~2+[651t] ~

2
—' [521t]

—,
' [521t]

—,
' [521t]
'-" [651t] ~
2

[521 t]

600.4+ 2.6

616.3 + 2.5

637.2+ 1.8
657.3 +3 ~ 1

695.4 + 1.1
723 .7 + 2.2

741.6 + 2.1

778.6+ 1.3
823.4 + 1.7
864.9 + 1.2

890.6 + 1.2
917.1 + 1.1
951.5+ 1.3
992.9+1.2

1019.9+1.2
1p49.0 ~= 1.2
1077.2 + 1.4

1.0 +0.4

0.7 + 0.4

3.2+ 0.8

1.9 + 0.5

1.7 + 0.5

1.8- 0.5

2,0 -L 0.6

1.2+ 0.5

3.0 + 0.7

1.9 +0.6

3.0 + 1.6
6.0 + 2.0

9.1 + 1.8
2.9 + 0.8

0.9+ 0.4

1.1 ~ 0.4 2.1+0.6

jL.1+0.4

1.0 + 0.4

0.8+ 0.4

0.8 +0.4

2.7+ 0.4 1.1+0.5 4.9 ~ 0.5

0.8+ 0.4 0.8 ~ 0.4 1.5 ~ 0.6

1,0+ 0.4

1.4+0,4

1.2+ 0.4

2.1+0.4

3.0+ 1.2
2.3 j= 0.5

0.6+ 0.4

4.4 +0.5

1.6 + 0.4

2,6 +0.4
3.8 +0.5
4,4~0.5

0,8 +0.4 0.9 +0.5 2,6 +0.4
2.6 + 0.4 0.9+0.5

4.5 + 0.4 2.0 + 0.6

2.9 + 0.5

9.8+ 0.8

8.3 + 0.6 2.5 + 0.7 11.9 + 1.0
2.8 +1.2

0.9+0.6

0.7+ 0.5

1.8 +0.3

1.9+1.2
3.0+ 1.7
1.6 + 0.6

0.5+ 0.4

2.3. + 0.5

2,4 + 0.7

1.7 + 0.4

3.3 + 1.7
1.1+ 0.3

2.2 + 0.3

1.4 +0.2
1.6 + 0.8

0—3

0—4

0, 1, 2

4, 5, 6

4, 5, 6

3, 4, 5

4, 5, 6

2, 3, 4

[52] tip
2

—''[633 t] &
2

[514&] 'P

L'+ [633 t]?
2

[53.4 &] 'P
2
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(Continued)

Energy
(KeV) 20' 60'35'

do/d~ (3He, d)
(pb/sr)

90'

da(a, t)
do/d~ (n, t) do(3He, d) Probable
60' (pb/sr) 60 l value

Suggested
assignment

1117.8 + 1.3
1141.1+1.7
1155.3 + 1.9
1182.5 + 1.4

3.3+0.8 2.3 + 0.5

2.6+ 0.5

2.5 + 0.4

1.1+0.3

3.4 ~ 0.8 2.5 ~ 0.4 3.5 + 0.6

5.2+ 0.9 2.1+0.4 1.4 + 0.5 1.9+ 0.4

1.1+ 0.3

0.4 + 0.2

0.9+ 0.3

1.4 + 0.4

3, 4, 5

0—3

2, 3, 4

4, 5, 6

~T' [514&]?

identified, the experimental single-particle ener-
gies defined by (e -A. ) were taken, otherwise the
theoretical values of this quantity were used (see
Table II and discussion below).

D. Normalization factor N

The normalization factor N was determined by
comparison of experimental and theoretical cross
sections. Although the reaction cross sections
may be fragmented by mixing of levels, the sum of
the theoretical intensities has to be the same as
the sum of the experimental intensities indepen-
dent of the theoretical assumptions on the mixing.
The origin of this sum rule is due to the following
relations'

g C.. = I, and P 8, , , =2U, '
jl js

for each Nilsson state. The S&'s may be frag-

mented by single-particle mixing due to Coriolis
interaction, mixing of single-particle states with
vibrational states, etc. , but the sum over all com-
ponents in all involved levels has to be 2 U . Since
the number of nucleons must be conserved, one
finds:

2 Q V, '=Z or 2 Q U =(2n —Z),

where Z =92 for the target nucleus U and n is
the number of Nilsson states under consideration.
The quantity n is taken so large that U,.' =1 for
i & n. In the present analysis we consider only the
12 ¹lsson states from i = 40(~"[660] ) to
i = 51(—,

' [5144] ). The ground state of 23'Np has
i =O'I( —,

' [6420] ). These states have excitation en-
ergies below 1200 keV (see Fig. 2) and are not ex-
pected to mix strongly with the other states which
have excitation energies above 1400 keV. Then

TABLE II. Properties of the rotational bands.

Rotational
band

Eo exp

(keV)
8 qp p Single-par tie le energy (keV)

(keV) (6—A) exp C&hepI (6—A) &hepl' U
Decoupling parameter

I /2 exp i /2 theor

[514&]

~'[633 &]

—,'-[521~]

[523 4]

—,'+[642 &]

-' [53o]
2

—,'+[651&]

~ +[4oo]

[532 &]

3 +[402 &]

~ [505&]

-''[66o]
2

(890.6 + 1.2) 1,047

(706.6 —2.0) 863

422.6 + 0.9

7 7+10b
-40.7 +1.2 "

253.O ~O.8 b

451

39

256

(142.2+ 2.5) ' 171

(222.6 + 1.0)

1662 40 840 1640 0.94

1451 40 259 1291 0 93

941 40 076 876 0.86

332 39 581

72 39 263

381 0.68

295 0 54

38 587 —613 0.19 —1.38 + 0.03

—500 38463 —505 0.24

—602 38 307 —661 0.20 1.08

38 264 —936 0.13

38 095 —873 0.14

38 027 —1173 0.09

37991 —977 0.12

0.51

6.62

A, =39200 keV (negative parity).
Obtained from Coriolis calculation.

A, =38 968 keV (positive parity).
~ Value from 23~Np.
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one obtains: (3) yields:

QS;, ;=2+ U, =10. (2)
i =40 jl i =40

If one prefers to sum over cross sections do/d~
instead of over S, , 's, one has to make the assump-
tion that the adopted o n„„~ of each pure (not mixed)
level is the same as the average OD„,„ofall levels
which are mixed with the pure level. This is
justified because strong mixing occurs mainly for
levels separated by a small energy difference
where o»~„ is nearly constant.

The above sum rule in terms of cross sections
can be written in our case:
5l

g (der/d~), ,„... =total cross section below
4 =40 jl 1200 keV excitation energy .
The normalization factor %was calculated with
this formula to be

N('He, d)=9.4 and N(o. , t) =160.

These values differ by a factor of about 2.2 from
lj.terature values24'2:

N('He, d) = 4.42 and N(n, t) = /1 .

(
](z„,, ;+~..)' —a']'~')

s =4o i =4o qp, f + oe

(4)

The quasiparticle energies of the unidentified bands
[5324], [4024], [5054], and [660] were estimated
from the Nilsson model. The use of Eq. (4) results
in 6 = 860 keV. With this value of 4 and with Eq.
(3), the (e; -]].),„, values listed in Table II were
calculated.

F. Single-particle energies

The Nilsson wave function computer program
for the C&,

's" also yields single-particle energies
These values are given in Table II. In order

to compare these energies with the experimental
values one has to know the Fermi energy A, . This
quantity A. is obtained from the experimental ener-
gies (e, -X)„„,by the relation A, =e,„„,—(e,. -X)„„~.
The result of this calculation is that A. has two dif-
ferent values, one value for positive parity bands
and a slightly different value for negative parity
bands. This difference may be caused by special

E. Pairing gap parameter 6

The pairing gap parameter 4 was estimated
with the simple pairing model from the measured
quasiparticle excitation energies E„p and from the
measured odd-even mass differences 4E„,. The
experimental E„p values were obtained from the
parameters in the rotational formula: EI =E,
+A[I(I+I)+5+,&,(—1) "~'a,

&,(I+-,')] where E, =E~
—2AK' (A=6.4 keV, see Sec. VI). The odd-even
mass difference was calculated with the masses"
and the formula":

AE., =M("'Np)- [—', M ("'U) +—', M("'Pu)- —', M (' Cm)]

2000-

1500-

5/2-(512 t]—
9/2'{624 & ]

1/2 [521 Jl

Band head energies in Np

1/2 [541 J]

9/2 (514&]

= 824 keV.

The quasiparticle excitation energy is related to
the single-particle energy" e by

Q]
C

7/2 (514J]
1000-

Q

O
C
U

CQ

7/2' [633&]

------ (7/2-5«J])

(7/2' [633) ])
/

/

Z„,. = [(e,. -X)'+ ~2]'~2 —[(e -~)„,„„„„„„,'+ ~2]'~2

and the odd-even mass difference is related to
the ground state single-particle energy by"

~Z..= [(e -Z) „,„,„,„.„„'+~']'~'.

500-
3/2-[521 t ]

1/2' [400] — —1/2 [530]
1/2 (530] -- ——-- (1/2'[400])—3/2+[651 t ] —-——--- (3/2+ (651 g ])

11/2 [505&]
3/2-[532 J]

3/2-(521 t ] ~~ 1/2 [6601
3/2'[402 J ]

(e; - X),„, =+ [(E„,+ t].E )' —a']'~' (3)

and then the combination of the Eqs. (1), (2), and

By combining these last two equations one obtains,
5/2 523J]
5/2' [642t ]0-

theoretical energies
particle hole
states states

calculated with:

c2 =0.225, F4 =-0.04

and with simple pairing

experimental

energies

5/2 [523J)
5/2' [642 t ]

FIG. 2. Theoretical and experimental bandhead ener-
gies in '39Np.
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features of the theoretical calculations or by spe-
cial mixing of the bands. In all future calculations
we then assume that A, = 38 968 keV for positive
parity bands and A. =39 200 keV for negative parity
bands. With these Fermi energies one obtains the
values of (e: —)i. ),h„„as given in Table H and the
theoretical bandhead energies shown in Fig. 2. It
has to be pointed out that all these pairing calcula-
tions are only approximate. Por example, 4 may
have different values foI different configurations.

IV. LEVEL SCHEME OF Np FROM y RAYS
FOLLOWIBG THE DECAY OF U

Cline and Tripp" recently measured y rays in
"'Np from the decay of "U. These authors added
a note to their level scheme in Ngclegr aging Sheets
indicating that all levels above 0.4 MeV should be
considered as tentative. Based on their data' v e
constructed a level scheme which is consistent
with Q. -decay measurements, energy combinations,
and the present reaction results. This level
scheme is shown in Fig. 3. The level energies and
errors were obtained from a least squares fit to

the transition energies. Most of the stronger p-
ray transitions are included in this level scheme.
The levels at 220.52 and 333.13 keV are not weD
established. All levels in our level scheme seem
to correspond to levels observed in the ('He, d)
and (o.', f) reaction except the levels at 518.00,
662.24, 844.98, and 964.23 keV which may be vi-
brational excitations. Only the levels at 220.52,
333.13, 824.83, and 865.92 keV in our level scheme
are not shown in the level scheme of Cline and

Tripp. ' The 662.24-keV level in our level scheme
is probably the same as the 666-keV level of
I.ederer et al. ' and might be identified as a vibra-
tional state.

V. ROTATIONAL BANDS

The identified rotational bands and the levels ex-
cited by the ('He, d) and (n, f) reactions are shown
on the left side of Fig. 3. Experimental and theo-
retical energies and experimental and theoretical
cross sections of the individual levels of the rota-
tional bands are given in Table III.

1100-

900-
LLj

800-
g

700-
~(11/2)

LiJ

600- 9/2

level excited by ( He, d)

level excited by (a, , t) ~ 1183~ 1155~ 'f141

1049

(7/2)
13/ 1020~ 993

[5144]? ~ 952
w 917~ 891

$9/Q 86'
[633&]? ~~ 823~ 779

~ 742~ 724
~-~ 695~ 637~ 616~ 600

(13/2)

~~WEDCKQ
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&nw
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SGQ- r~a/2
"-3'2" 450[S2«)
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~11/2
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~7/2

GL ~ 0
[642 0)

(9/2}

(11/2)

( 3/2)
32Q ~ 3

5/2 (333)

271
L. s17~ 258

~11/

~5/2
[5234)

(~11/2 ~ 421
unassigned
levels

[651t)?

(3/2)

~(1/Q2

[4oo]?
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assignments
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FIG 3 Level Scheme of Np
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~. 2 [6424] ground state band

The ground state band is well established. " All
levels up to —", are observed in the (n, t) reaction.
This band has a, very narrow spacing (4 =4.4 keV)
and one expects strong Coriolis mixing with the
—,"[6514]band. The other candidate for strong
Coriolis coupling, the,—'"I 6334] band, is predicted
to be at a higher excitation energy (see Fig. 2). A
difficulty in the determination of the reaction cross
sections of the levels in this band is the fact that
the,—, —",, and —", levels are very close to the 2,
—,', and 9 levels, respectively, of the [5234] band.
Taking this into consideration, the cross sections
are in reasonable agreement with the theory.

8. —,'-[SZ3g]
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This band is favored in the + decay from '4'Am.
The four lowest levels of this band are seen in the

(n, f) reaction, but three of them are not resolved
from levels of the [6420] band. The cross section
of the '

—,
' member is larger than expected from

theory. The other cross sections are in good
agreement with the theoretical values. The rota-
tional parameter of A =6.1 keV for this band indi-
cates weak Coriolis mixing.

C. =[S30]

This configuration is the ground state in the Pa
isotopes. ' Baranov, Kulakov, and Shatinsky" and
Lederer et al." interpreted the 267-keV level to
be the —,

' member of this band by analogy with "'Np.
The decoupling parameter predicts that the 2 and

2 levels (-260 keV) are close in energy as are the
—,
' and-,' levels (-320 keV). According to our level
scheme the —,

' and —,
' levels of the 2'[400] band are

expected also around 260 keV. Therefore, only
unresolved groups are seen in the reaction spec-
tra and in the O. -decay spectra. From the y decay
of the 260.81-keV level and the 333.13-keV level,
we conclude that these levels are the —,

' and —,
' mem-

bers of the [530] band. The —, member is predicted
to have the largest reaction cross section. Both
the reaction cross section and the l value of the
315.5-keV level are in agreement with the —,

' [530]
assignment. The experimental cross section of
the 258.3-keV level is in agreement with the sum
of the theoretical cross sections for the —,

' [530],
—,"[400], and —,"[400] levels. In view of these
arguments we consider this band as well estab-
lished. The rotational parameter A = 5.97 keV and
the decoupling parameter a,&,

———1.42 (calculated
without correcting .or Coriolis coupling).

D. 2 [S211]

The level in "'Np which has the largest theoret-
ical cross section is the —,

' member of the [5214]
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TABLE IV. Coriolis interaction paraxneters. F. 2 [651']

[660] -[402&l
[660] -[651&]
[400] -[402&]
[400] -[651&]
[402&] —[642&]
[651~]-[642 t]

[642 ~l -[633~l

[530] -[532&]
[530] -[521']
[»»] -[523'
[»»] —[523'
[»»] -[514&]

—23.0 + 0.3
—3.8 + 5.7

, -2.9 +2.2

-6.3 +1.9

Hotational bands AE pzp

-1.9
—41.8

—4.5
—3.4
—2,4

—39.5
—35.3
—5.5

—17.5
23 2
—3.9

—23.7

0.29
6.62
0.70
0.53
0.41
6.50
6.21
0.86
3.76
4.39
0.61
3.94

As pointed out in the discussion of the [6420]
band, this band is expected to mix by Coriolis
coupling with the [651k] band. The Coriolis ma-
trix element is rather large (Table IV). The theo-
retical bandhead energy of the [651k] band is near
1'70 keV. In order to identify the ~~2 member of
this band, we looked for a l =6 transition to a level
of energy around 500 keV. Candidates for the —,','
—,', and '

—,
' states of this band are the observed

levels at 346.8, 436.5, and 547.0 keV. Although
these levels are in agreement with both the ener-
gies and the matrix element of the Coriolis calcu-
lation (Sec. VI), this assignment is very tentative.

band. The largest experimental cross section pop-
ulates the level at 521.2 keV. The experimental l
value and the theoretical bandhead energy (Fig. 2)
support a —,

' [521k] assignment for the 521.2-keV
level. The level at 448.18 keV mas observed with
the reaction cross section and y-ray branching
ratios expected for the bandhead —,'-[521k]. The
482.6-keV level (Table I) may be a doublet and is
tentatively assigned as the —,

' rnernber. The —and
the '

—,
' members are also seen in the reaction spec-

trum. The rotational parameter A calculated with
the energies of the —,

' and —,
' levels is 6.09 keV. The

[521k ] band is the ground state band of the '4'Bk,
' 'Bk, and ' 'Bk isotopes. ' The experimental cross
section of the —,

' member is smaller than the theo-
retical value and may be the result of mixing with
vibrational states. " The 695-keV level has a simi-
lar experimental I value as the —,

' [52lt] level. It
may be a-,' member of a vibrational state mixed
with the [5214] band.

E. 2 [400]

In "'Np the [400] bandhead was observed at 332
keV. The theoretical bandhead energy (Fig. 2) of
this level is just above the & [530] level. The
220.2-keV level is a likely choice for this band-
head. The observed reaction cross section is
somewhat smaller than the theoretical value. This
level is also seen in the a spectrum"" of ' 'Am9
but was considered an impurity. The n intensity
of this line is the same as that of the 2+[400] level
in "Np. ' By comparison" with "'Np, the —,

' and
—,
' members are at 39 and 36 keV, respectively,
above the bandhead. The level group at 258.3 keV
has the theoretically expected cross section (see
—', [530]). The 220.2-keV 2'[400] level can decay
only to the ground state. Hence, the 220.52-keV
transition is tentatively placed between the 220.2-
keV level and the ground state because there is no
other y line with the appropriate energy. The iden-
tification of the [400] band is probable.

G. —,
' [633~]»d-,' [5&4~]

There are two strong lines in the reaction spec-
tra above 1.0 MeV with /= 5 or 6 and / = 4 or 5,
respectively. On the basis of the theoretical ener-
gies and cross sections one might identify the
1019.9-keV level as the ~~~'[633$] state and the
1049.0-keV level as the; [5144] state. The 992.9-
(992.18-) and 1117.8-keV levels are possibly the

,—' and '
—,
' members of the [5144] band. If the 864.9-

keV level is the 2 member of the [6330] band, it is
not identical with the 865.92-keV level in the y-
decay scheme. Fragmentation of the single-parti-
cle strength by mixing with vibrational states may
explain why the reaction cross sections of the
'
—,'+[6330] and 2 [5144] levels are smaller than pre-
dicted by theory. At present we see no alternatives
to these identifications, and we consider them both
as probable.

VI. DISCUSSION

A. Coriolis interaction

With the coefficients of the wave functions C, ,
and the pairing emptiness U', one can calculate
theoretical Coriolis matrix elements (K~ j —

~
K+ I)

and theoretical Coriolis interaction parameters"
A~. These values listed in Table IV show which
bands are likely to mix strongly by Coriolis inter-
action. Experimental Coriolis interaction param-
eters mere obtained with a computer program ' by
fitting the level energies calculated with the inter-
action parameters A~, the band energies E„and
the decoupling parameter a,&, to the experimental
level energies. Calculations were performed for
three positive parity bands, [6420], [651k], and
[633k] and for three negative parity bands, [5234],
[530], and [521k]. The rotational parameter A was
assumed to be 6.4 keV for all bands. Since addi-
tional rotational bands may contribute to the
Coriolis mixing and hN =2 mixing mas neglected,
these three band mixing calculations are only ap-
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proximate.
The fitted values of A~,„are given in Table IV.

They have the same sign and are smaller than the
theoretical values in most cases. Because of the
above mentioned uncertainties, a more detailed
comparison is not meaningful.

The fitted E0 energies and the decoupling param-
eter a are listed in Table II (marked with b). The
fitted level energies are given in Table III as
E„„( mrak ewdith b). The agreement between
fitted and measured level energies is good and in-
dicates that the level identification is consistent.

The Coriolis calculation also yieMs cross sec-
tions for the ('He, d) and (a, t) reactions (see Table
III). There are only a, few cases where one
observes a significant change in the cross section
by the Coriolis mixing. These changes are, in
most eases, of the same order of magnitude a.s the
experimental error.

B. Single-particle energies

Experimental energies (e —A.),„~ have been calcu-
lated as described in Sec. III. These energies are
listed in Table II and agree very well with the the-
oretical energies (6 —

A)(h~~~ . The average differ-
ence between experimental and theoretical quasi-

particle energies E„, is 41 keV. This good agree-
ment is shown in Fig. 2 for the bandhead energies.
In Fig. 4 is shown the experimental quasiparti. cle
excitation energies E„,.as a function of the the-
oretical single -particle energies. The curves
represent the theoretical quasiparticle excitation
energies calculated from the single-particle ener-
gies. One sees that bands with different parity
correspond to different Fermi energies A. .

C. Uniclen'tlfiec1 10tRtiolMl bRnds

Figure 2 demonstrates that in"'Np there is a
very large density of rotational bands below j. MeV.
This makes the identification of all bands very
difficult. Four expected bands were not found:
-,'-'-[402~], ;"[660], -„'. -[532~], and '

—,'-[505~]. They
have smaller theoretical cross sections because
they are hole states. From. these bands, the
2+[40241 level is expected to have the largest cross
section. There is no good candidate for thi. s line
with the predicted cross section and the predicted
l val.ue. The fact that this bne was not observed
may be due to its being obscured by another line,
its intensity shifted by Coriolis mixing to the

[400] band, or its V' being smaller than calculated.
Most of the other levels have cross sections
which are too small to be observed (see Table IH).
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