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Thirty-four levels in Tb" have been observed up to an excitation energy of 1166 keV utiliz-
ing 12-MeV deuterons and the reaction Tb ~(d, t)Tb' . The ground-state Q value was deter-
mined to be -1870 + 15 keV. The spectrum has been interpreted in terms of the coupling of
the [411$] Nilsson proton orbital with the neutron orbitals prominent in the (d, t) spectrum of
Gd~5~. This interpretation has resulted in the determination of relative energies due to the
residual neutron-proton interaction for eight different configurations. The observed singlet-
triplet splitting energies for the [521&], [402&], and [400&] neutron orbitals coupled to the
[411)] proton orbital were measured to be+132, -111, and+136 keV, respectively. Theo-
retical calculations of these energies made for a zero-range spin-dependent central potential
gave values of +174, -186, and+136 keV, respectively.

INTRODUCTION

The energy spectrum of the odd-odd deformed
nucleus Tb'" can be successfully interpreted as
consisting of rotational bands superimposed upon
intrinsic two-quasiparticle states in which the in-
dividual orbits of the odd proton and odd neutron
are described by the Nilsson model. ' For each
pair of proton and neutron orbits there are two
states which can be formed in the odd-odd nucle-
us —the so-called singlet and triplet states. These
states are not degenerate but are split both by the
rotational Hamiltonian and by the residual interac-
tion between the odd particles. The rotational con-
tribution can be subtracted to yield experimental
residual-interaction singlet-triplet splitting ener-
gies, which can be used to evaluate calculations
made for a particular choice for the two-body po-
tential. In this paper we report the results of cal-
culations of these energies for Tb'" utilizing a
zero-range spin-dependent central potential and
single-particle wave functions calculated in a mod-
ified' Nilsson model which employs a more realis-
tic Woods-Saxon potential, rather than a harmonic-
oscillator potential.

The energy levels of Tb'" have been studied by
means of the reaction Tb'"(d, t)Tb'58. This reac-
tion selectively populates states in which the pro-
ton orbital is the same as that of the odd proton in
the Tb'" target. Furthermore, neutron orbitals
which are below the Fermi surface in the target
are more likely to be populated. Even with these
restrictions the level density is high, and very
few of the levels were completely resolved with
the resolution [ll to 18 keV full width at half max-
imum (FWHM)] we obtained. Our interpretation
of the energy levels of Tb'" is based on the estab-
lished systematic behavior of Nilsson states in de-
formed riuclei. By relating the Hamiltonian of Tb'"
with that of Gd'", the energy of each band head in

Tb'" was estimated from the known energy of the
related state in Gd'". The portion of the spectrum
of Tb'" near this energy was then searched for a
well-characterized rotational band with the appro-
priate intensity pattern or "fingerprint, "which is
characteristic of the angular momenta involved in
the reaction and the Nilsson state of the trans-
ferred neutron. By requiring the relative energies
to fit the rotational formula, and the relative in-
tensities to fit the fingerprint, almost all assign-
ments of spins and parities can be made unambig-
uously.

EXPERIMENTAL METHOD AND RESULTS

Terbium targets with thicknesses of approxi-
mately 200 p, g/cm' were bombarded with 12-MeV
deuterons produced by the Florida State University
tandem Van de Graaff accelerator. Tritons from
the Tb"9(d, t)Tb'" res.ction were recorded by East-
man Kodak nuclear-emulsion plates which were
spring-fitted to the focal plane of a broad-range
magnetic spectrograph, which is a scaled-up (6: 6)
copy of one built by Browne and Buechner. '

The results of four exposures are displayed in
Figs. 1 and 2. These plots are of the usual type
made for magnetic-spectrograph data (counts per
~-mm strip versus plate distance) except that the
horizontal scales have been adjusted so that triton
peaks corresponding to the same Q value are
aligned. The horizontal scale is thus used to in-
dicate the excitation energy relative to the ground
state, whose Q value was determined to be -1870
keV. From an analysis of inherent errors in this
experiment, an error of *15keV can be placed on
this value. '

The observed average excitation energies and
relative intensities are listed in Table I. The ex-
citation-energy errors were estimated from the
spread in values obtained in the different expo-
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sures. The experimental intensities are normal-
ized to the total theoretical cross section in pb/sr
of all observed levels resulting from the coupling
of the [411k] proton orbital with the t 5214 ] neu-
tron orbita1. The accuracy of the experimental rel-
ative intensities is believed to vary from about
+15% for the strongest levels to perhaps a. factor
of 2 for those near the lower limit of observation.

THEORY

This paper is one of a series on odd-odd de-
formed nuclei. The first of the series, ' which
deals with the levels of Lu'", goes into more de-
tail on the theory of the spectra of odd-odd de-
formed nuclei. In this article, therefore, we pre-
sent only those general features of the theory
which are essential for an understanding of the re-
sults we have obtained.

For the low-energy part of the spectrum where
core excitations and collective vibrations can be
ignored, the Hamiltonian can be assumed to be

H =T ao+rH p(P) +H p(n) +HiNr~

where T„or is the rotational kinetic energy, H, z(p)
and H, z(n) are the Nilsson single-particle Hamil- (Hr n~) =A + (-1)'H5 +, , (2)

tonians for the proton and neutron, respectively,
and H»z is the residual interaction between the
odd particles. In order to obtain information on
the energy resulting from B&N&, the contributions
from the first three terms of Eq. (1) must be
known.

Since the proton orbital is the same for all the
states we observe in the (d, t) reaction, the effect
of H, (pP) is simply to shift the origin of the excita, —

tion-energy scale and can thus be ignored. The
contributions from T „or and H, z(n) can be obtained
from a Nilsson calculation, but these energies may
be in error by 100 keV or more. A much more ac-
curate procedure is to use the experimental ener-
gies of the odd-A isotone of the odd-odd nucleus
which has the odd proton removed. Since these
energies result from TRor and H, ~(n) alone, esti-
mates of the contribution from these terms in Eq.
(1) can be made. These estimates should be ac-
curate within 20 keV, or so, provided vibrational
mixing does not greatly affect the odd-A excitation
energy.

The expectation value of any residual interaction
H&„z can be written in the form'
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where all of the I dependence is written explicitly.
This form results from the symmetry of the odd-
odd wave function. A and B can be calculated from
the particular type of interaction chosen and the
Nilsson single-particle wave functions of the odd

proton and odd neutron.
The angular momentum coupling scheme for odd-

odd deformed nuclei is shown in Fig. 3. The pro-
jectionn

of the total angular momentum on the sym-
metry axis is

Since both the projections O~ and Q„can be either
positive or negative, two states occur —one with
a K value of

(4)

and the other with a K value of

In the band with K=K„Q~ and Q„have opposite
signs. In the band with K =K„ the two projections
have the same sign.

If we call the member of a band with I=K the
band head, then, except possibly for K=O, the
band head will have the lowest energy. Using the

expression for the total energy, it can be shown'

that the energy of one band head relative to the
other is, for nonzero Ky,

E(K,) E(K—,) = —(K, —K,) +A(K, ) —A(K, ), (6)

where 5'/28 is called the moment of inertia in this

paper. For K, =0, the odd-even shift also contrib-
utes to E(K,) -E(K,). Thus the rotational term
tends to cause the state with the smaller value of
K to lie lower in energy. However, the term aris-
ing from the residual interaction is usually larger
and thus determines which state will have the low-

er energy. This can be predicted with remarkable
accuracy using the Gallagher-Moszkowski coupling
rule. ' If we define the total spin projection by

z=lz, +z„l,
where Z~ and Z„are the properly signed projec-
tions of the spins of the proton and neutron, re-
spectively, then this rule simply states that the

lower-energy state is the one which has Z =1. We

call this the triplet state. The other member of

the Gallagher-Moszkowski pair is then the singlet
state, since it has Z =0.

The value of A(K, ) -A(K, ) in Eq. (6) can be deter-
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H, „r = V(~ rp —r„~)(1—a+o.'v~ ~ v ),
and for simplicity we take

V( ~
rp- r„~ ) = -4mg5(r~ —r„),

(8)

where g is the interaction parameter, e deter-
mines the amount of spin-spin force in II»T, and

TABLE I. Relative energies and intensities observed
in the Tb ~(d, t)Tb reaction.

Peak
number

Energy Error
(keV) (keV)

Angle in degrees
68 75 85 90

0
1
2
3

5
.6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
80
31
32
33
34

0
80

114
130
168
180
209
219
299
323
362
386
408
420
447
487
507
540
593
641
678
702
744
767
795
819
864
878
898
925
949
988

1072
1112
1166

~ ~ ~

1
1
1
2
2

3
8
2
4
3
8
3
3
3
3
3
2
3
3
3
8
3

3
4

4
4

4
4
4

107 80 68 64
42 47 44 40
44 42 88 85
21 16 16 19
34 38 38 35
34 39 40 88
43 52 88 50
25 12 18 18
43 49 58 44
22 14 16 19
14 23 26 21
29 84 54 45
64 35 40 55
52 77 60 75
29 84 43 41
61 60 ~ 84
76 78 113 83
22 24 37 34

185 110 112 128
424 331 357 835
103 87 111 120
181 182 185 210
116 129 122 133
175 179 184 196
66 80 80 73
38 70 76 66

58 50 67
70 67 75 57
51 42 44 37
47 41 30 45
63 66 73 59
29 18 24 25
32 36 33 25
38 33 41 29
83 30 22 50

mined accurately from a knowledge of just the ex-
citation energies in the odd-odd nucleus. In this
paper we refer to this value as the singlet-triplet
splitting energy. The theoretical values of the sin-
glet-triplet splitting energies for two-quasiparticle
states in Tb'" have been calculated for a zero-
range spin-dependent central potential and com-
pared with the observed energies.

The form chosen for the two-body potential is

cr~ and o„are the proton and neutron spin opera-
tors. The calculations were performed using the
equations developed by Pyatov. '

The parameter g does not have the dimensions
of energy, and it is customary to consider instead
the parameter

w =g(2v'/7r)' ' (10)

TABLE II. Interpretation (see Ref. 18) of intrinsic
states in Gd"'.

3
2

+5

2

fi
2

57
+3

2

12'
3
2

Band head
energy
(keV)

426

475

686

700

704

809

1391

Character

ground state

hole

hole

particle

hole

hole

hole

particle

hole

particle

Configuration

521~

505~

402~

400'

532~

521~

530~

512~

where v is a quantity which appears in the expres-
sions for the radial wave functions. The splitting
energy depends only on the product of the parame-
ters a and 5'. We have made a least-squares fit
of all values of splitting energy for deformed odd-
odd nuclei in the rare-earth nuclei including the
assignments for Tb'". The 20 experimental split-
ting energies obtained ean be fitted with a standard
deviation of 40 keV. The value obtained for eW'is
0.85 MeV. This compares with the value of Pyatov
of 0.24 MeV made using the same formalism but
with much less complete data.

Theoretical cross sections for states in Tb'"
were calculated from the equations developed by
Satchler' using Rost' wave functions for improved
accuracy. The intrinsic single-particle cross sec-
tions were calculated in the distorted-wave Born-
approximation (DWBA)'o'" using the code DWUCK

on the Florida State University CDC 6400 computer.
The normalization used was that suggested by Bas-
sel." The optical-potential parameters used were
those which best fit the measured angular distribu-
tion of tritone from the Gd'"(d, t)Gd'59 reaction and
were taken from the work of Jaskola et al."

Obscured or partly obscured by the C 3(d, t)C im-
purity peak or plate edge.

1825 hole 404~
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FIG. 3. Angular momentum coupling scheme for odd-
odd deformed nuclei. The symmetry axis of the nucleus
is labeled Z'. The other axis shown is the space-fixed
Z axis ~

ANALYSIS

Predicted Spectrum

The Nilsson diagram' shows that for a deforma-
tion of P =0.3, the 65th proton is expected to occu-
py the [4114] Nilsson state in the ground-state con-
figuration. Since the neighboring odd-A isotopes
of Tb'" have ground-state spins of &+, ' the pro-
ton assignment for all the two-quasiparticle states
that we observe in Tb'" with the (d, t) reaction is
[411&]. The neighboring odd-& isotones of Tb'"
are Gd'" and Dy'", both of which have ground-
state spins of 2-. '4 The Nilsson diagram shows
that this spin results from the [5214] neutron or-
bital. The ground state of Tb'" may therefore
reasonably be expected to be formed from the cou-
pling of the [4114] proton orbital to the [5214]
neutron orbital.

The coupling of these orbitals produces a triplet
state with K=3 and a singlet state with K=O. The
Gallagher-Moszkowski coupling rule predicts that
the K = 3 band is the ground state with the K =0
band a low excited state. An M3 isomeric transi-
tion of 110 keV has been observed in Tb'" which
can be interpreted as the transition from the 0-, 0
state to the 3-, 3 state. "'" This interpretation im-
plies that there are no low-spin excited states be-
low 110 keV to which the 0-, 0 level can decay. In

TABLE III. Theoretical cross sections in pb/sr of levels in Tb at 75 deg. Cross sections do not include the occupa-
tion probability. States with cross sections less than 1 pb/sr are omitted. The quantity Eo is the observed or estimated
band-head excitation energy.

Nils son
neutron
orbital

g
(keV)

Total angular momentum in units of 8
1 2 3 4 5 6 7

521~
521'
521~
521~
523i
523~
642~
642&

505&
505)
402)
402 )
651'
651&
400&
400~
660$
660&

532)
532&
530~
530'

2-
1-

0-
4
1-
4+
1+
7~

8+
0+
8+
0+
2+
1+
2+
1+

0-
2-
1-

700
700

0
110
435
435

64
64

426
426
598
420
500
500
641
767
700
700
700
700
678
720

40

0.004

148

144

305

0.4

26

2
468
130

1
2

202 30 37 17 2 ' ~

63 33 29 11 1 ~ ~ ~

190 89 91 5 2
71 88 58 17 2 ~ ~ ~

38 21 13 1
17 17 14 6 1 ~ ~ ~

4 14 18 5
1 10 14 10 6 3

34
26 7 1 ~ ~ ~

17 2 ~ ~ ~ ~ ~ ~

87 24 3 ~ ~ ~ ~ ~ ~ ~ ~ ~

2 7 14 12 3
7 12 10 5 2

52 14 1 ~ ~ ~ ~ ~ ~

26 ~ ~ ~ ~ ~ ~ ~ ~ ~

4 9 2
5 11 2

55 46 ~ ~ ~

36 27 14 ~ ~ ~

99 104 29 1
94 56 24 ~ ~ ~
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particular, this implies that the 1- member of the
K=0 band is above the 0- member.

Neutron orbitals which give rise to prominent
states in Tb'" should be the same orbitals which
are prominent in the odd-A isotone Gd'". This nu-
cleus has been studied extensively and interpreta-
tion has been made in terms of the Nilsson mod-
el."'" The band-head energies and interpretation
of intrinsic states in Gd'" are listed in Table II.
Table III lists the unmixed theoretical cross sec-
tions of levels resulting from all orbitals which
may be important for Tb'". The particle-hole or
quasiparticle nature of each of the configurations
is taken into account with the appropriate values
and use of V', the "occupancy" parameter, in cal-
culating the (d, t) cross sections.

Discussion of the Level Scheme

Levels Resulting from the [5214] Orbital

As mentioned previously, the ground state of Tb'"
is predicted to be the triplet (K = 3) band head re-
sulting from the coupling of the [4114] proton and
the [5214] neutron. In Gd'", the observed mo-
ment-of-inertia parameter for this orbital is 11.0
keV." Using this value, the second member of the
K=3 band should be near 88 keV with an intensity
at 75'which is about half that of the ground state.
The level at 80 keV has an intensity relative to
that of the ground state which varies from 0.4 at
68 to 0.6 at 90'. The 80-keV level is therefore
assigned as the 4- member of the ground-state
rotational band.

As shown by Table III, the third member of the
ground-state rotational band is also expected to be
about half as strong as the ground state. The mo-
ment-of-inertia parameter derived from the ener-
gies of the first two members of the ground-state
rotational band is 10.00+ 0.14 keV. Using this val-
ue in the rotational formula, we expect the energy
of the 5-, 3 level to be 180+3 keV. The triton
group in the experimental spectrum centered at
about 175 keV is an obvious doublet. A least-
squares fit to the data yields energy levels with
roughly equal intensities at 168*2 and 180+ 3 keV.
The intensities of each of these levels relative to
that of the ground state varies from 0.3 at 68' to
0.6 at 90'. Since the 180-keV level is much closer
to the expected energy, it is assigned as the 5-, 3
state.

The expected energy of the 6-, 3 state is 300 + 4
keV, but its intensity should be only about 4p that
of the ground state. Since there is a strong level
at 299 keV, it is impossible to directly observe
the weak 6-, 3 level. Higher members of this band
have even smaller cross sections and are not ex-
pected to be observed.

As mentioned previously, the M3 isomeric tran-
sition observed in Tb'" places the 0-, 0 level at
an energy of 110 keV. As shown in Table III, the
intensity of this level relative to that of the ground
state should be about 0.2. There is a level ob-
served in the (d, i) reaction spectrum at 114+1
keV. Since the energy of this level is a little high-
er than that of the 0-, 0 level and since its intensi-
ty is 2 to 3 times as great as the expected intensi-
ty of the 0-, 0 level alone, it is proposed that there
is another level with an energy slightly greater
than that of the 0-, 0 level which is responsible for
most of the observed intensity. The amount of in-
tensity to be accounted for at 75' is 0.37, relative
to the intensity of the ground state. As mentioned
previously, the only levels expected in this energy
region are those resulting from the [5214] and
[6424] Nilsson orbitals Al.l strong levels in the
K=3 [5214] band have already been accounted for,
and all of the [6424] levels are expected to have
intensities which are less than 0.1, relative to that
of the ground state. They are thus too weak to ac-
count for the intensity of the 114-keV level. The
only remaining alternative which is consistent with
previous assignments is to assume that the odd-ev-
en shift lowers the odd I levels in the K=O [5210]
band so that the 1-,0 level is at 114 keV. The ex-
pected intensity of the 1-,0 level relative to that
of the ground state at 75' is 0.37, which can be
seen from Table GI. Since this is exactly the inten-
sity we need to account for, the assignment of the
114-keV level as containing both the 0-, 0 and 1-, 0
levels is probably correct.

Using the moment-of-inertia parameter found
for the K =3 band, the 2-, 0 level is expected at an
energy of 170 keV. The intensity of this level is
expected to be about 0.4 relative to that of the
ground state. The unassigned level at 168 keV is
very close to the expected energy and has an in-
tensity relative to that of the ground state which
varies from 0.3 at 68' to 0.5 at 90'. The 168-keV
level is therefore assigned as the 2-, 0 level. The
energy of this level implies a moment-of-inertia
parameter of 9.67+0.37 keV for the K=O band.
The odd-even shift strength B is then determined
to be 8+2 keV.

Using the moment-of-inertia parameter of 9.67
keV and taking account of the odd-even shift, the
3-, 0 level is expected at an energy of 211+4 keV.
As shown in Table III, its intensity relative to that
of the ground state should be about 0.44 at 75'.
The triton group centered at about 213 keV appears
to be a doublet. A least-squares fit to the data
yields energy levels at 209 and 219 keV. The 209-
keV level has the larger intensity. Since it is also
closer to the expected energy, it is the most likely
candidate for the 3-, 0 state. The total intensity
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of the two levels relative to that of the ground state
varies from 0.6 at 68' to 1.0 at 90'. Since the in-
tensity is much greater at 90 than 68', a sizable
part of the intensity could be due to one of the lev-
els resulting from the [642k] orbital. The strength
of these levels comes primarily from the single-
particle cross section for /=6. The relative mag-
nitude of this single-particle cross section to the
ones which contribute most of the strength of the
[5210] levels (l =1 and l =3) increases by roughly
a factor of 2 from 68 to 90'. It is thus proposed
that the 209-keV level is the 3-, 0 state and the
219-keV level is one of the stronger levels result-
ing from the [6424 ] orbital.

The expected energy of the 4-, 0 level is 303 + 7
keV, and its intensity relative to that of the ground
state should be about 0.3. The intensity of the ex-
perimental level very near this energy varies from
0.4 at 68' to 0.7 at 90'. Since the relative intensity
of this level increases sharply from 68 to 90, it
is possible that some of the intensity is due to one
of the levels resulting from the [6420] orbital. It
is thus proposed that the 4-, 0 level is at 299 keV
and accounts for most of the observed intensity of
that level. It should be remembered that the 6—
member of the ground-state band also occurs near
300 keV, and thus accounts for part of the observed
intensity.

The 5-, 0 level is expected at an energy of 385
+ 11 keV, but its expected intensity is less than yp

that of the ground state. The experimental level
at 386 keV is several times stronger than the 5-, 0
level should be. Consequently, the 386-keV level
is not assigned as the 5-, 0 level, but a small part
of the observed intensity of the 386-keV level
should be due to the 5-, 0 level.

Levels Resulting from the [642& ] Orbital

The only remaining unassigned levels below 300
keV are at 130 and 219 keV. As mentioned earlier,
these levels probably result from the [6424] orbi-
tal. This orbital has a large Coriolis mixing coef-
ficient connecting it with the [6334] orbital. This
mixing is expected to cause the apparent moment-
of-inertia parameter for bands resulting from the
[6424] orbital to be smaller than those for other
rotational bands. In Gd'", the apparent moment-
of-inertia parameter of the [6424] band is t.5 keV."
If we assume that the 130- and 219-keV levels are
adjacent members of the same rotational band and
that the moment-of-inertia parameter is 7.5 keV,
then the 130-keV level should have an angular mo-
mentum of 5 and the 219-keV level should have an
angular momentum of 6. The intensities of these
levels are consistent with those of the 5+ and 6+
members of the K=4 band resulting from the

[6424] orbital. Since this band is the triplet state,
it is expected at a lower energy than the K = 1 band,
which is the singlet state. These assignments then
are quite reasonable. The moment-of-inertia pa-
rameter derived from the energies is then 7.42
+0.26 keV. Using this value, the K=4+ band head
is expected at an energy of 56 + 3 keV, and it is ex-
pected to be extremely weak. Although there are
a few triton tracks near this energy, experimental
evidence for the 4+, 4 state is not conclusive.

The 7+ member of this band is expected at an
energy of 323+9 keV. Its intensity should be rough-
ly —,

' that of the 5+, 4 level at 130 keV. The level
observed at 323 keV is at the expected energy but
is considerably stronger than the 7+, 4 level alone
should be. Consequently, the 7+, 4 state has not
been assigned.

The K=1 band resulting from the [6424] orbital
is expected at a higher energy than the K = 4 band,
since it is the singlet state. As Table III shows,
there are four possibly observable members of
this band with roughly equal intensities. There are
a number of weak unassigned states between 300
and 500 keV. However, they are all much stronger
than the members of the K=1 band should be. Con-
sequently, no assignments have been proposed for
the K=I band resulting from the [6424] orbital.

Levels Resulting from the [4024]
and [400&] Orbitals

These orbitals have been observed in several
odd-A. nuclei but usually with cross sections which
are much less than would be expected for the pure
[4024] and [4000] orbitals. " Part of the high (d, t)
reaction cross section of the [402k] and [4000]
states is transferred to the [6514] and [6604]
states, respectively, so that four strong hole
states are usually seen in the spectra of odd-A nu-

clei rather than just two. This has been observed
in several odd-A nuclei with neutron numbers be-
tween 91 and 97."

In Gd'", the intensity of the [4004] orbital is
very high and essentially equal to the theoretical
intensity. " This is in contrast to the situation in
most nuclei, where this orbital is not as strong
as theory predicts. The [4024] orbita, l, on the
other hand, is only about 60% a.s strong as the pure
[4024] orbital is expected to be." In view of these
observations, the levels resulting from the [4000 ]
orbital in Tb'" should be essentially as strong as
the theoretical prediction, but the intensities of
the levels resulting from the [4024] orbital should
be roughly 60% of the theoretical prediction. Of
course, these predictions will be true only if the
relative order of the levels which are mixed by the
AN =2 matrix elements is the same in Tb'" as in
Gd'". When the relative order of the energy levels
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being mixed by any perturbation is reversed, the
signs of the mixing amplitudes (which determine
the mixed reduced widths) a.re reversed. This re-
versal of signs causes the "flow of intensity" from
one level to the other to reverse direction. In
view of the fact that the residual-interaction ener-
gy can cause such a reversal, it is even possible
that one of the two bands resulting from a given
orbital could be made weaker by the mixing while
the other band is not. These possibilities must be
remembered when attempting to assign the levels
resulting from the N =4 orbitals.

The two rotational bands resulting from the
[4004] orbital have K=2 and K=1. Since the K=2
band is the triplet state, it is expected to have the
lower energy. Since the occupation probability of
the [400k] orbital is approximately 0.92, the K=2
band head should have a relative intensity of about
430 il,b/sr at 75'. The intensity of the level at the
641-keV level is much greater than any others in
the experimental spectrum. The intensity is 331
il, b/sr at f5' and 424 pb/sr at 68'. Since no other
level is expected to be this strong, the assignment
of the 641-keV level as the 2+, 2 state is consid-
ered certain. The observed intensity indicates that
4N= 2 mixing does not reduce the intensity of the
2+, 2 level, just as the intensity of the &+, 2 level
in Gd'" is not reduced by the mixing. The second
member of the K= 2 band should be roughly 60
keV above the 641-keV level. The level. observed
at 702 keV is over three times as strong as the

3+, 2 level should be. Clearly, the 3+, 2 state can-
not account for all of the intensity of the 702-keV
level. The same is also true of the other nearby
levels at 678 and 744 keV, which are other possi-
ble candidates for the 3+, 2 state. Since the 702-
keV level corresponds to a more reasonable mo-
ment-of-inertia parameter, we tentatively assign
the 3+, 2 state an energy of 702 keV and note the
probability that there is another stronger level
which is also near that energy. Higher members
of the K=2 band have much lower theoretical
cross sections and are not expected to be observed,

Since the K = 1 band resulting from the [400& ] or-
bital is the singlet state, it is expected at a higher
energy than the K = 2 band. As shown in Table III,
the intensity of the K=1 band head should be near
300 pb/sr. Since there a.re no unassigned levels
with intensities over 200 p.b/sr, the AN =2 mixing
probably reduces the intensity of the K=1 band
head. If this mixing affects the first two members
of the K = 1 band the same way, then the K= 1 band
should appear a.s a strong level (the 1+, 1 state)
with one which is a little more than —,

' as strong
approximately 40 keV higher in energy. Since the
strongest remaining unassigned level has just
these characteristics and occurs at a higher ener-

gy than the K = 2 band head, it is assigned as the
K=1 band head. Thus the 767-keV level is as-
signed as the 1+, 1 state. Accordingly, the level
at 795 keV is assigned as the 2+, 1 state. These
assignments are obviously not as certain as that
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braic signs are the signs of the projections of the particle angular momenta.
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of the K = 2 band head.
The two rotational bands resulting from the

[402&] orbita. l have K=8 and K=O. Since the K=O
band is the triplet state, it is expected at the lower
energy. Since the [4024] orbita. l is about 200 keV
lower than the [400k] orbital in Gd'", it is expect-
ed that the K =0 band, at least, should occur below
the levels resulting from the [4004] orbital. Thus
the strongest levels below 641 keV should result
from the [4024] orbital. However, since the in-
tensity of the [4024] orbital is reduced by the nN
=2 mixing in Gd'", the [4024] levels may not be
especially strong. If this mixing reduces the in-
tensity by 40%, as it does in Gd'", then the inten-
sity of the K =0 band head (I=0) should be about
42 pb/sr. The strong una. ssigned levels below the
2+, 2 state a,re at -414 (a douMet), 487, 50'I, and
593 keV. Since we expect four strong levels in the
two bands resulting from the [4024] orbital, we

propose tentative assignments for these levels in

terms of this orbital. The logical assumption is
that the three lowest of these levels are the 0-,
1-, and 2- members of the K=0 band. The inten-
sities of these levels are reasonably close to the
expected values. The 2- level should be approxi-
mately 60 keV higher than the 0- level. Because
of the odd-even shift, the relative energy of the
1- level cannot be predicted. The triton group
centered near 414 keV is an obvious doublet. A
least-squares fit to the data yields levels at 408
and 420 keV with the 420-keV level the stronger of
the two. Since one of the other strong levels oc-
curs 67 keV higher in energy than the 420-keV lev-
el, we tentatively assign the 420-keV level as the
0-, 0 state and the 487-keV level as the 2-, 0 state.
The level at 507 keV is then the obvious choice for
the 1-, 0 level.

The remaining unassigned level below the 2+, 2
state is at 593 keV and is much stronger than any
of the levels assigned to the K=O band. The ob-
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vious conclusion is that the 593-keV level is the
3+, 3 state, since it is expected to contain essen-
tially all of the strength of the K=3 band and
should be higher in energy than the K=O band. Al-
though the intensity is somewhat less than expect-
ed, this could be due to the AN=2 mixing and is
not a serious objection to this assignment.

With the exception of the assignment of the 641-
keV level, all of the assignments in terms of the

[4004] and [4024] orbitals are considered tenta-
tive.

Leoels Resulting from the (530k ] Orbital

Since some of the levels resulting from this or-
bital are expected to have high intensities, it is
proposed that the strongest remaining unassigned
levels result from this orbital. As shown by Table
III, the K =2 band resulting from the I 530k ] orbit-
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al should contain the two strongest levels, mhich
both have intensities of about 100 pb jsr and should
be separated by approximately 60 keV. The tmo
strongest remaining unassigned levels are sepa-
rated by 66 keV, and both have intensities slightly
greater than 100 pb/sr. Since these levels are at
excitation energies comparable to that observed
for the [530k] orbital in Gd'", this interpretation
is quite reasonable. The levels at 678 and 744 keV
are therefore assigned as the 2-, 2 and 3-, 2 levels
resulting from the coupling of the [411kj proton
orbital with the [530' j neutron orbital. In view of
the fact that this band can mix via the Coriolis in-
teraction with at least three bands which may be
near in energy, these assignments must be con-
sidered tentative.

SUMMARY

Assignments which have been proposed for levels
in Tb'" are shown in the level scheme in Fig. 4.
Tentative assignments are enclosed in parentheses.
Figure 5 shoms the relationship between the exci-
tation energies of band heads in Tb'" and in Gd'".
The lines in the center Tb'" scheme represent the
odd-odd excitation energies calculated assuming
no residual neutron-proton interaction. The differ-
ence then between these levels and the correspond-
ing observed levels is due to the residual interac-
tion and second-order mixing effects. The resid-
ual-interaction energies are summarized in Table
IV. Figure 6 shows the experimental and theoreti-
cal unmixed cross sections for all levels which
have been assigned. Theoretical cross sections
include the occupation probability mhich mas esti-
mated from the observed excitation energies in
Gd'". The values used mere 0.5, 0.75, 0.90, 0.92,
and 0.94 for the [521k], [642k j, [402&], [400k],
and [530t ] orbitals, respectively.

From Table IV, it can be seen that the singlet-
triplet splitting energies for the [521k], [402k],
and [400k ] neutron orbitals have experimental
values of +132, -111, and +136 keV, respectively.
We calculated the corresponding theoretical ener-
gies for the two-body potential of Eq. (8) and ob-
tained values of +174, -186, and+136, respective-
ly.

CONCLUSIONS

The energy levels of Tb'" have been observed
by means of the (d, f) reaction. Using data on the

energy levels of Qd'" and the expected systematic
behavior of energy levels in deformed nuclei, it

TABLE IV. Experimental relative residual-interac-
tion energies for Tb~~a.

Configuration
Proton Neutron Km

Relative
residual-

interaction
energy
(keV)

411~
411~
411~
411~
411~
411~
411~
411~

521$
521~
642~
402)
402~
400~
400~
530&

1

0- 0
4+ 1
0+ 1
3+ 0
2+ 1
1+ 0
2- 1

0
1828
-8

7bsC

118

92
-119

~The odd-even shift is 8 = 8 keV.
b The odd-even shift is 8 = -32 keV.
cAssignments for these states are uncertain,
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has been possible to interpret the energy levels of
Tb'" below about 1 MeV as resulting from the cou-
pling of the [411k] proton Ni1sson orbital with the
neutron orbitals prominent in the low-energy (d, t)
spectrum of Gd'". This interpretation has result-
ed in the determination of relative energies due to
the residual neutron-proton interaction for all of
the assigned tmo-quasiparticle states.

The three singlet-triplet splitting energies ob-
served were compared with theoretical calcula-
tions for a simple zero-range spin-dependent cen-
tral potential. These calculations predict that the
triplet state has the lower residual-interaction en-
ergy in each case, in accordance mith both the ex-
perimental results and the Gallagher-Moszkomski
coupling rule. It thus appears that the spin-spin
interaction can account for most of the singlet-
triplet splitting energy.
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Fission-fragment angular correlations and fission probabilities have been measured for a
series of odd-A. uranium and plutonium isotopes excited by (d, p), (t, d), and (t, p) reactions. The
following fissioning nuclei have been studied: (1) 3 U from (d, pf)., (t, pf); (2) 3 U from (d, pf),
(t, df ) (t, Pf ); (3) 3~U from (d Pf ) (4) ~pu from (d, Pf ) (t,df) (t Pf ) and (5) 3pu from
(d, Pf), (t, df). Fission probabilities and angular-correlation coefficients for each case are
compared with previously reported (n, f) results. The direct-reaction experiments show fission
thresholds at excitation energies equal to or less than threshold energies observed in (n, f) ex-
periments. Some qualitative characteristics of the transition-state spectrum for the nuclei
studied are determined from comparisons of the direct-reaction and (n, f ) results.

INTRODUCTION

Since the concept of transition states was first
introduced by Bohr, ' there have been several at-
tempts to try to deduce the spectra of low-lying
transition states for various Th, U, and Pu iso-
topes from an analysis of cross sections and an-
gular distributions for (n, f) reactions on even-
even targets. Some aspects of the transition state
spectra for several nuclei were determined by
Lamphere" from a qualitative analysis of the
structure apparent in (n, f ) cross sections and an-
gular anisotropies. More recently, attempts have
been made to obtain information on the low-lying
transition states for several nuclei from a simul-
taneous quantitative fit to (n, f) cross sections and
fragment angular distributions. ' '

In addition to the (n, f) reaction, it is also possi-
ble to excite these same nuclei to energies above
the fission barrier using various direct reactions.

Results have previously been reported' for the an-
gular distributions of fission fragments from the"U(d, pf) reaction, A quantitative interpretation
of direct-reaction results is difficult because of
the uncertainties in the characteristics of the di-
rect-reaction process. However, for excitation
energies near the neutron binding energy, the di-
rect-reaction and neutron-capture processes ex-
cite a different distribution of angular momentum
values. This can create qualitative differences in
the fission probabilities and the angular distribu-
tions of the fragments for nuclei excited by neutron
capture or direct reactions. For example, a low-
lying transition-state band of high spin may be ob-
served in the direct-reaction fission experiment,
but may not be apparent in neutron-fission results
because the neutron-capture reaction is unable to
excite states of the appropriate angular momenta.

In this paper results are reported on the fission
probabilities and angular correlations for (d, pf),


