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The coupling of the solutions to the random phase approximation pairing vibration and the collective quadrupole

oscillation, obtained from a boson expansion approach, is used to describe simultaneously many properties of the
even-even isotopes of Ge. Low. lying energies, EO and E2 transitions, two nucleon transfer amplitudes, and

quadrupole moments are calculated and fairly good agreement is obtained compared to experiment. In particular the

behavior of the 02+ state energy as a function of mass is accurately described including the prediction of its being the

lowest energy excited state of "Ge, The shape of the nucleus is concluded to be in a transitional region between

prolate and oblate,

NUCLEAR STRUCTURE Ge boson expansion and RPA calculations. Quad-
rupole moments, B (E2); (p, t ) and (t, p) spectroscopic amplitudes and Eo

transitions.

I. INTRODUCTION

The Ge nuclei (Z = 32, N =36-44) are extremely
interesting from both experimental and theoretical
viewpoints. Because of the spin-orbit interaction
the g, ~, neutron orbit is pushed down in the shell
model, such that the Py]2 and g9(2 configurations
compete at the M=40 shell closure. This results
in turn in a competition between the (rather
ubiquitous) quadrupole-type collective motion
with other modes of excitation, in particular the
pairing vibrational mode. The most conspicuous
consequence of this competition is the strong
dependence one (mass number) of the energy
of the first excited 0' (0;) state. "Ge is one of
very few even-even nuclei, which have the 0,' state
as the first excited state.

Recently' ' we have successfully applied a boson
expansion procedure' to microscopically describe
the collective quadrupole behavior for even-even
nuclei between closed shells and with mass rang-
ing fromm =100 to 200. As a first attempt at
extending our formalism to describe more com-
plicated shell model configurations, we have
chosen the RPA (random phase approximation)
formalism for the pairing vibration problem and
intend to describe the Ge region using a coupled
representation of both the quadrupole and pairing
vibrations.

Previous theoretical descriptions of the Ge
region utilized the Hartree-Fock-Bogoliubov
(HFB) method, coupling of vibrator to deformed
rotor, ' the dynamic deformation theory of Kumar, '
shell model calculations of varying complexity, '
the generator coordinate method, " coupling of the
pairing vibration, and the 0' two phonon state. "

This last approach is the most similar in spirit
to our own as will be made clear in the next
section. As emphasized by Vergnes, "who re-
views all these methods, the various methods
described above meet with varying successes
but more importantly vary in their description of
the 0,' state in "Ge, some describing it mainly
as a proton excitation while others as a neutron
excitation. In our approach we will find that the
collective quadrupole behavior of this state is
dominantly proton in character (for "Ge) and this
is mixed almost equally with the neutron pairing
vibration.

II. FORMULATION

The fermion Hamiltonian consisting of single
particle, monopole, and quadrupole pairing, and
quadrupole particle hole terms is given by' '

This is written in terms of quasiparticles by the
Bogoliubov transformation. We consider &',

H' =H, +B (2)

1"t g (+(n)1 t + y&n&1"

with

at +~-vs
m&0

Defining further

(4)

and look for solutions to the equation of motion" "
[8', 1't] =~„1~.

Here
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1
C) ~ + jm+gm ~

fig

we have that

[I'), I'q~, ] =5)p (1 —2CJ/j),

[C,', rt ]= 21 t6„,/j .

In these equations, n&~ creates a quasiparticle
in the orbit j with j,=m, while j=(2j+1)' '. If
we restrict our attention to just the lowest excita-
tion, the approximation [I'„,1~~]=5„~, i.e. , the
RPA, is justified. The non-Hermitian matrix
to be solved is

(6)

(ag"'l (&pa &pa) fag''i

i-B,, -&„)ib, j
Q

A J~ = (2' —2G,uq'vq')5~» 'j—k—(uq'v~'+u, 'vq'), (9a)

(9b)

and && is the quasiparticle energy, u& and vj are
the BCS amplitudes, and Go is the strength of the
monopole interaction.

The lowest energy solution of this method and
their characteristics have been discussed pre-
viously. ' '" We will denote the wave function as
I'„»10) with energy Esp„, and will drop the
superscripts on the a& and b& amplitudes.

As regards the remainder of the Hamiltonian,
we replace the quadrupole fermion operators by
expansions in terms of quadrupole bosons. The
solutions to the boson expanded collective
Hamiltonian are linear combinations of the basis
wave functions ~NvyI) with energies E,». The
N is the number of quadrupole bosons (which

physically correspond to a coherent-linear super-
position of quadrupole particle-hole excitations),

v is the boson seniority, y is an additional quantum
number, and I is the angular momentum. " Be-
cause of the weak collectivity in this region we
have restricted N to be less than 11 phonons in
order to avoid mixing in spurious states. '

In our approximate method of solution of the
fermion Hamiltonian, we truncate the Hamiltonian
to the part which depends only on the quadrupole
modes and obtain the lowest energy eigenfunctions
using the boson expansion technique (BET).'~
The BPA monopole solutions are found in the
proton and neutron spaces separately. The proton
solution lies at an energy of approximately 2.7
MeV for all isotopes in this study. It couples
very weakly to the other modes and henceforth
when we speak of the BPA solution we will always
be referring to the neutron solution. Since we
are including the collective monopole excitation
we must retain that part of (1) which couples the
monopole and quadrupole degrees of freedom.
The coupling Ham'iltonian (H„„,), the collective
quadrupole boson, and the monopole pairing parts
of the Hamiltonian are then diagonalized, in the
space of states I' t» ~0) and ~ 0,",",,), where

~ 0;,"„')
=Z~„„ZP„„'I1Nvy, I =0) and ZP„'„are the coefficients
of the quadrupole collective phonon solutions. - We
have assumed [I'&, (n~ot~), „]=0 and hence that the
ground state of the RPA solution is the same as
the ground state of the quadrupole boson calcula-
tion. This approximation which simplifies the
calculations enormously is at the root of the few
difficulties which remain in our description of
the Ge nuclei. We shall come back to this later.

There are three sources for coupling between
the two modes. The first (and the most important
for the strong coupling seen in "Ge) is from the
Q-Q force (keeping only terms quadratic in dt)

H~,„=-v2)t, g q,r& & P& & D~„. 'OI' t~„a+H.c.)(dtd)~'(a»b)+»[I't~„(dd), +H.c.]
x [(a» b»)gg+-a»Q' -b»g'J+ [I'st»(cVd'), +H. c.]
x [(a, bu)tf Q +a»g b (10)

where the notation q„r& &, D& &, and g& &
(the Tamm-Dancoff amplitudes) were defined in Ref. 1, )t, is

as usual'~ the Q-Q strength found from fitting the first 2' energy in the boson expansion calculations, d~

(in Ref. 1 it was denoted a. t) is the correlafed quadrupole boson operator and e, g, and p are constants
calculated as in Ref. 1 (they have roughly the values z = 1.2, g = 1.02, &P

= 0.2) and,

a» =—a& /J +ai /~ b„=—b~ ]~, +b~ /y .

The coupling from the monopole pairing term is

Q jD~,q, 'gjq„'u~, v), (u~' v~')(a~ -b )(I'at»-+H. c.) [$'+g)dtd+QQd~d~+H. c.)]
H' P'

(12)

Thi s term originated from the Buffs part of Ho

pygmy

which is dropped" '"in the RPA procedure . The
coupling of the quadrupole pairing is fairly weak and is given by
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ff' &"-= —2W2G, (1'„'~„+H c.)(.d'd)o[(Q R„+Q""R»)(g'+p') —(Q""R +Q""R2&j(2(p)]
—2 G(I' a~„(ddt) o+H c ).[$.Q(Q""R +Q""R„)+('(Q""R —Q""R ) —0 (Q""R —Q R )]
—2G, (I't „(dtd~), +H. c.)[gg(Q""R„+Q""R„)+P'(Q""R, -Q""R, ) —g'(Q R „—Q""R „)],

where

R","= Q g) ) D) ) Q) ) u) v) a) g

1 2

and similarly for R, , R, , R",", R",", etc.
The single particle basis used is given in Table I and is fixed for all the Ge isotopes. We take G',"' =0.252

MeV and G+'=0.34 MeV. In the process of solving for the collective quadrupole solutions using BET, the
Q-Q particle-hole and Q-Q pairing strengths are chosen so as to reproduce the first 2' energy. We
write' '

X, =f,}t, and G, g,y,", where )(,
"=2404 '~' MeV. The values of f, and g, which were required

were f, =0.57,0.64, 0.95, 0.80, 0.84 and g, =0.53, 0.62, 0.72, 0.67, 0.67 for "~'Ge, respectively.
The B(Z2) operator, for transitions between collective quadrupole states, was given previously. ' For

transitions from an RPA 0' state to a collective state, we have (only the terms which have the largest
matrix elements are shown)

Q = —v2 Q y gj ~ D) ) [(ga —Qb )(I't p„d +H. c)+(p a —gb, )(d I'~p +H. c.)]. (15)

We utilize the concept of effective charge in the same way as previously. ' 4 The values used here are
(1.0, 1.1,1.1,1.2, 1.1)e for "~'Ge, respectively.

For two particles coupled to angular momentum zero we have the spectroscopic operator (dropping
higher order terms)

1 2 2 g 2 + 2 j~ [a~a~], ~ (u~ a, +v, b,)I'»„—(u, b, +v, ay)1'»g ~2 uyv,

+W2u, v,j g ". " [(g'+p')(d'd), +pp(d'd'+dd) +5y'j. (16)

For two particles coupled to angular momentum two we have

D& &
'[a&t a&t ], "dt[v»h, »hu, ]+-d[v»h, -u»h, ] —5P»[(g'+0')[dtdj, +gg([dtdt], +H. c.)], (17)

where

P»=(u, v, +u, v, ) g g, ,g» W(j, j,22;2j)

xD,D, D, ,

u~2 =u) ug if)~ g

b, '=
P +s (E,(2$' + 5/'P) +F,(P'Q + 6Q ) -6$F,),

b, = g+7s(E, +F,)PP'.

I

operator for EO transitions between an RPA state
and the ground state is given in lowest order by

Q, = Q u~v)j (Nq + 2) 2(b) -a))(I'atp„+ H. c.),
(18)

where N& is the principal oscillator quantum
number for orbit j. The operator for transitions
between collective states was given in Ref. 2.

III. COMPARISON WITH EXPERIMENT

Here, ' s = ——,', while E„E„and E, are the
products of geometrical factors and the Tamm-
Dancoff amplitudes (g& &

). These operator rep-
1 2

resentations have been used to calculate the two
neutron transfer spectroscopic amplitudes, to be
used in calculating form factors. Finally the

In Table II, we summarize our predicted
energies for "~'Ge. We find that most of the
positive parity states with energies below 3 MeV
are predicted fairly well, with the main discrep-
ancy being that the predicted energy of the first
3' state for all the isotopes and the 2,' state for
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TABLE I. Valence shells used in the calculation and
relative single particie energies in units of 41/A / MeV

E{oq)

f7/2
f5/2
Ps/2
P i/2
g S/2

-0.66
-0.218
-0.175

0.0
0.218

f7/2
P3/2
fs/2
P j/2
g'9/2

-0.63
—0.213
-0.111

0.0
0.183
0.64

" 'Ge are not predicted as low as experiment. The
excellent predictions for the 0,' state are evident
with the only drawback being the slightly too low
energy for "Ge. This is seen more clearly in
Fig. 1 where the pairing vibration (RPA), boson
expansion predictions (BET), and 24~ are plotted
as a function of ¹ By comparing the RPA and
BET-RPA predicted energies, we note that the
coupling is fairly strong for "Ge, whereas it is
much weaker for the other isotopes. The mass
trends of a few low lying states are shown with
the corresponding experimental trends in Fig. 2.
The agreement for the 0, states is another indica-
tion that the coupling of the two modes is valid.

Regarding the coupling terms one can see im-
mediately from Eg. (12), (recalling the smallness
of P and the two phonon nature of the BET 0;
state) that HD,"~ „ is not very effective in coupling
the two modes. H' '„,"reduces somewhat the
coupling but is not very important compared to
H„. The strong coupling for "Ge as opposed
to the other isotopes, originates from H~,„@. In
that nucleus, the neutron Fermi surface lies
between the p, /, and g, /2 orbits. The Tamm-
Dancoff amplitudes, g, ~„,~„P,~„,g„and P,j...g,
are all significant in "Ge. In "Ge, the P, ~,„~,
amplitude is a factor of 4 smaller than in "Ge,
whereas for '4Ge the g, ~,„~, and g, ~, ,~, are

I I I I I

68 70 72 74
MASS NUMBER A

PIG. l. Energies of the BET first excited 0+ state
(BET), the RPA neutron pairing vibration 0+ state tRPA),
twice the neutron gap (2A~), the coupled first excited 0+

state g3ET-HPA), and experiment for + 78oe.

76

reduced. The coefficient rJ, &
in (12) goes as

u&,u&. -v& v~ and is significant for all three of92
the above components in "Ge. Because of the
lower (higher) Fermi surface in "Ge ("Ge) the

r~g2 Sg2 (rgg2 9g2) factor is less. Thus 'the position
of the Fermi surface between the p, /2 and g, /2
orbits for "Ge allows g&, rj &

a» to add coherently
~1~2 ~1~2

for several neutron orbits as well as contributing
to the strong pairing vibration which is spread
among the (f5(2)o q (P~g~)0 ~

and (g9(2)0 configura-
tions.

TABLE II. Comparison of theoretical (BET coupled to RPA) and experimental Refs. 18-24
energies for Ge in units of keV.

02

03
04

2f
22
23
3$

5I
6g

2022
2341
3128

928
1973
3310
3157
2090
3262
4611
3483

Exp

1753
2617

1017
1779
2942
2429
2269
2834

Th

1271
2052
2830

905
1854
2957
2909
2023
3034
4210
3344

Exp

1212
2311
2891
1037
1708
2160
2452
2155
2806

Th

473
2191
2419

809
1604
2655
2572
1851
2717
3842
3123

Exp

690
2029
2756
833

1467
2406
2062
1725
2466

1510
2440
2831

615
1459
2499
2417
1411
2423
3548
2375

Exp

1485
2228
2755

598
1203
2198
1700
1464
2165

1665
2932
3521

543
1628
2538
2629
1277
2593
3834
2193

Exp

1912
2908

563
1107
2506
1540
1409
2739
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FIG. 2. Comparison of theoretical and experimental
energy trends for the 21, 02, 41, and 03+ states.

In Table III, we present calculated B(E2)'s,
and compare them with experiment, although
available data are yet very much limited. It is
seen that the B(E2;4, - 2, ) in "Ge, which reveals
in it a sli'ghtly reduced two-phonon nature, is
well accounted for by the calculation. In both
"Ge and "Ge, the smallness of the crossover
B(E2;2, -0,) is well explained, but the theory
predicts a similarly small B(E2) in "Ge, whereas
the experimental B(E2) is somewhat larger. As
for the B(E2;2, - 2, ) in "Ge, the discrepancy seen
in Table III might only be apparent, because the
experimental B(E2) given there may include a
sizable mixture of B(M1).

The transitions in which the largest discrepancy
is encountered between theory and experiment
are those originating from the 0, state. In both
"Ge and "Ge, the experimental B(E2;0,-2,)
reveals in it a strong collectivity and, although
the theory predicts fairly large (but still too
small by a factor of 4) B(E2) for this transition
in "Ge, the corresponding value in "Ge is far

I

68
-0.4

7670 72 74
MASS NUIVIBER A

FIG. 3. Comparison of the theoretical and experi-
mental Q (21+). For the latter, those of Ref. 29, assuming
p3 & 0 throughout, are plotted.

too small. As for the B(E2;0, -2,), the theory
predicts in "Ge a sufficiently small value, but
fails to predict the large experimental value seen
in "Ge. Overall, the theory is doing rather poorly
for "Ge, although the extremely peculiar behavior
of the 0, state should be kept in mind. Compared
with this, the situation in "Ge is much better,
although there still remains large room for
improvement.

Table III also includes the static quadrupole
moments Q(2, ) of the 2, states. They are also
presented in Fig. 3 and are compared with recent
data obtained by the Montreal group. " The data
for "~'Ge shows that a transition from oblate
to prolate shapes takes place within these iso-
topes, "and the theory reproduces this very
nicely. It is interesting to note further that the
theory predicts a prolate nature for "Ge, although
no data is available; "Ge is unstable. It appears

TABLE III. Same as Table II except for B(E2; I& I&) in units of e fm and Q2+ in units of eb. Experiment is taken
from Refs. 18, 21, and 25—31. The + or —superscript on experimental (theoretical) Q2+ refers to assumed (calculated)
P3&0 or P3&0, respectively.

I] If Th

68Ge "Ge
Th

~2Ge

Th
'4oe

Th
"Ge

21

41
61

22

22

31
02

02

Q2',

01

21
41
21
01-

22

21
22

41

2.57
3.84
4.30
3.76
0.033
3.19
2.03
1.09
2.12

-0.11'

2.45(82)
1.80(49)
1.97(49)

3.61
5.23
5.67
5.09
0.022
4.11
0.26
0.22
2.73
0.115

3.58(6)
5.5

5.0(1.9)
0.044

6.0(1.5)
3.08

0.03(6)'
0.09(6)

4.40
6.36
6.87
6.75
0.032
5.21
3.00

10 5

3.61
-0.002

4.16(6)
6.40(67)

11.4(1.3)
0.035(9)

13.0(2.5)
0.05 (2)

-0.13(6)'
-0.05(6)

5.94
8.97

10.47
7.98
0.030
7.21
3.94
1.10
4.51

-0.18'

6.10(6)
6.67(64)

10(2)
0.13(2)

&4.0

-0.25 (6)'
—0.05(6)

6.00
8.91

10.11
5.20
0.16
5.86
2.67
4.23
3.12

-0.34'

5.56(6)
7.3(1.3)

7.4(9)
0.17(3)

&1.7

—0.19(6)+
—0.03 (6)
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TABLE IV. Same as Table III except for relative
B{E2)'sfor Ge. Experiment is taken from Ref. 25.

l.4

Th Exp l.2- X ( p, t)

3i 22

4(
21

23 22

02

21

01

4)
22

21

100
44.5
0.69

100
152

0.4
8.3

100
94
0.72

100
35
0.74

100
17
]4
0.2

100
46
0.16

l,O-

0.8-
cr (0+, )

0.6-

l.4- (t, p)

0 EXP.
x THEO.

that the 38 neutrons in "Ge are close enough to
the N =40 shell, exerting a strong tendency for
an oblate shape. However, this tendency is weaker
in "Ge, having 36 neutrons, and cannot overcome
the prolate favoring tendency of protons. For
"Ge and "Ge, the g, ~2 neutrons enhance the
prolate tendency. We note that our calculated
sign of the interference term" P, (=M» M, , M»,11 12 12
where M» is the reduced matrix elementO121

between the ground 0' state and the first 2' state)
is (+, —,—,+, +) for ""Ge, respectively. In
Table III we see that these choices for experiment
agree better with our results than if one assumes
P, & 0 for all the nuclei as was done in Fig. 3.

In Table IV, we compare the predicted branching
ratios w'ith experiment for "Qe, and it is seen
that the agreement is good, particularly for the

31 and 42 states indicating that they retain col-
lectivity to a large extent, in spite of their rather
high energies which might make them feel the
effects of noncollective states nearby.

We have also calculated the p(EO;0, -0,). This
transition is unusually strong in this mass region,
but we have successfully reproduced it. The
theoretical (experimental) p values" are 0.04
(0.085) (Ref. 33) and 0.18 (0.10) (Ref. 34) for "Ge
and "Ge, respectively.

In the course of the above calculations of the
energies and the electromagnetic properties,
spectroscopic amplitudes for two-nucleon transfer
reactions were also calculated by using the method
of Bayman and Kallio." These amplitudes were
then used to obtain the form factors to be used
for zero-range distorted wave Born approxima-
tion (DWBA) calculations, and the ratio of the
square of these form factors at the nuclear
surface were compared with the ratios of experi-
mental cross sections.

It is seen in Fig. 4, that our prediction of the
0, cross section is very good, reproducing nicely
the dips seen for the "Ge( p, t)"Ge and

l,O-

68 70 72 74 76

"Ge(t,p)"Ge reactions. The dips certainly
reflect the fact that the low-lying 0, state in
"Ge has had mixed into it a significant fraction
of the pairing correlation, which is normally
concentrated in the 0, state.

We then expect that o(0,)/o(0, ) will peak when
"Ge appears as the residual nucleus, both for
(P, t) and (t,P) reactions. As is seen in Fig. 5,
this expectation is fulfilled theoretically for the
(p, t) reaction; indeed the predicted A dependence
of the above ratio agrees very nicely with that
of experiment. For the (t,p) reaction, however,
the above expectation is not realized experimental-
ly, and thus the theoretical prediction is in some-
what poor agreement with the data.

The information about the ratio o(2„)/o(2, ) is
given in Fig. 6, for n =2 and 3. For n =3 theory
reproduces rather nicely the experimentalA
dependence, for both (p, t) and (t, p) reactions,
although the predicted values are too small by
a factor of several. The n=2 results for the (t,p)
reaction are in nearly perfect agreement with
experiment. However, the agreement is rather
poor in the (p, t) reaction.

IV. DISCUSSION OF RESULTS

In Table V we give a summary of the structure
of our 0,' state. We see that the BPA neutron

MASS OF RESIDUAL NUCLEUS A

FIG. 4. Comparison of the theoretical and experimental
{Refs. 36-40) {p,t) and {t,p) ground to ground cross sec-
tionsnormalizedtothe ~ Ge{p, t)~ Ge and 7 Ge{t,p)'4Ge
reactions.
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I,O

O.I—

TABLE V. The first two rows give the % composition
of the first 0' excited state from the BET and the neu-
tron RPA excited state, in the coupled first excited 0'
state (02). The last two rows give the strengths of the
neutron and proton contributions to the collective
quadrupole oscillation.

+
O

O.OI—

+ OJ0
b OI

x THEO,
02 BET

0RPA

Co„

68

30

1.7

70

14

1.37

1.33

31

0.50

2.08

92

1.3
1.6

99

1.56

1.44

O,OI—
(t,p)

1.0

(p, t)
(n=3)

O.I—

0.01—

+-
OJ

~ 0.001—b

+C
N

b
0.1—

r &+ IX

X~ X I~
/ II

~x~ C'
1'

I
I

X I
X

~ EXP.
x THEO,

(t,p)

0.01—

0.001—
I

68 70 72 74 76
MASS OF RESIDUAL NUCLEUS A

FIG. 6. Comparison of the theoretical and experiment-
al (Refs. 36-40) (p, t) and (t,p) ground to 2„' (n=2 or 3
cross sections relative to the ground to 2~+ cross sec-
tion.

I I I I I

68 70 72 74 76
MASS QF RESIDUAL NUCLEUS A

FIG. 5. Comparison of the theoretical and experiment-
al (Refs. 36-40) (p, t) and (t,p) ground to 02 state cross
sections relative to the ground to ground cross section.

pair state is a significant component except for
""'Ge. Our collective 0, BET state is roughly
80%%uo of two phonon nature (only 65%%u& for "Ge be-
cause of the increasing quadrupole deformation).
The quantity q, (=q,„+q, ) is a measure of the
quadrupole collectivity strength for the nucleus.
We find it is relatively constant and almost split
equally between proton and neutron components,
except. for "Ge. Concentrating on 0,' for "Ge
(since it is the most interesting) we find that it
is a mixture of mainly a pair of proton dominated
quadrupole collective excitations coupled to zero
and the neutron pairing vibration.

The coupling which produced this mixing came
mainly from the Q-Q particle-hole force which
is five times bigger for "Ge than for either "Ge
or "Ge. The coupling from the other interactions
helped produce some cancellations but the final
results for 8 "Ge would not have changed sig-
nificantly had they been ignored. We note that
we used the same X, and G, strengths in the cou-
pling Hamiltonian as were fixed from the BET
calculation. Had we decreased X, in "Ge and
increased it for "'"Ge in the coupling Hamiltonian
by roughly 10-20%%uz, thereby changing the mixing,
we could have fit the 0, and 0, energies extremely
accurately and at the same time improved the
B(E2;0;-2;) for "Ge (cross section ratios would
have been changed negligibly).

An important part of the analysis was the
neutron p, ~,-g, ~, energy separation (roughly 1.8
MeV). If this energy separation is different, the
major predicted characteristics of the 0, state
can still be reproduced by choosing a new Go'.
However, whether or not "Ge has a strongly col-
lective neutron pairing vibration when the same
G,"' strength is used as for "Ge requires that this
gap not become too small. A further point is that
the results were insensitive to reasonable varia-
tions of the proton single particle energy spectrum
as well as the other neutron single particle ener-
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gies. It is important to note (regarding Fig. 1)
that, though one could reduce E„~„in "Ge to the
experimental value by reducing Go (l.e. q making
&-0.3 MeV) one would find that the cross sections
to this state would be equal to the cross sections
to the ground state. Thus we know that the pure
RPA state is not the solution to the 0, state in
"Ge, especially when we know that the coupling
with the collective quadrupole branch is fairly
large for "Ge.

Finally the result that the coupling is very weak
for cases other than where a pairing vibrational
state is present justifies the explicit neglect of
both the coupling and the excited 0' pair states
in our previous calculations'~ where no pairing
vibrational features were believed to be very
important at lorn energies.

The present method has relied on the coupling
of the pairing and quadrupole vibrational modes
to successfully describe many features of the
Ge region. As pointed out above, we in effect
ignored the nonzero difference in the commutator
of the RPA and quadrupole collective excitations.
The best way to improve the calculations especial-
ly B(E2)'s is to calculate the entire problem in
a boson expansion framework and thereby avoid
the RPA. The commutation relations between
the two modes can then be more accurately pre-
served. Encoux'aged by the success found here
using the RPA monopole mode coupled to the
boson expanded quadrupole node we are planning
more accurate treatments.

The calculations of Kumar' were perhaps the
most successful of those reviewed by Vergnes. "
Better agreement with experiment mas obtained
for some of the B(E2)'s for which we encountered
difficulty. It appears, however, that the 0,' state
of Kumar is basically a P-vibrational state. It
is possible this leads to some difficulties in fitting
some of the two-nucleon transfer reactions.
Another point is that the predicted Q(2;) is positive
for 4 ='10-74 (with an approximate value of 0.2
eb) which is in disagreement with a recent ex-
periment. "

Phenomenological calculations of Gneuss and
Greiner ' using a quadrupole phonon collective
model correctly predicted the 0' energy behavior

for ' '"Ge. Their 0' state is basically a P-vibra-
tional state and thus there might be trouble xe-
conciling this with the two neutron transfer data.
It is of interest to note that the Hamiltonian used
in this analysis has the same general form as the
pure quadrupole Hamiltonian which we derive
from the microscopic fermion Hamiltonian (I)
through the BET. We have found, however, that
if we start with (I) and assume that the single
particle levels closest to the Fermi surface axe
those in Table I, then even if unreasonable choices
of single particle energy positions are made, the
boson Hamiltonian which is derived through BET
does not lead to the prediction of a low lying 0'
state. Previously, '~ we had found that our micro-
scopically derived boson Hamiltonian produced
xesults which were qualitatively as good, in re-
producing experiment, as those obtained through
a Gneuss-Greiner calculation. Qf course for
some fine details the phenomenological calcula-
tion is much better. "Ge is the first case where
the BET derived quadrupole boson Hamiltonian
cannot reproduce a significant low energy feature
of experiment which the phenomenological quad-
xupole boson Hamiltonian can. This indicates
that it is possible to xeproduce some of the effects
of modes other than the quadrupole by renoxmal-
ization of the collective quadrupole boson coef-
ficients. This renormalization is intr oduced in
the process of finding the collective quadrupole
boson symmetry which best fits the data. In a
calculation which begins with a fermion Hamilto-
nian, the only recourse is to extend the calcula-
tions to include more configurations. As far as
our BET procedure is concerned, the present
work is our first attempt to do so.

de Lima et al." compared the results of an
interacting boson approximation (IBA) calculation
to the spectra of "Ge. The parameters were
determined through a least squares search and

excellent agreement with experiment was obtained.
It mould be of interest to see this procedure
extended to " 'Ge.

The authors are indebted to Dr. T. Takemasa
for his invaluable help and generosity in allowing
us to use his zero-range DNBA form factor
px'ogram.

*Present address: Department of Physics and Astron-
omy, LSU, Baton.Bouge, Louisiana 70803.

~T. Kishimoto and T. Tamura, Nucl. Phys. A270, 317
(1976).

2T. Tamura, K. J. Weeks, and T. Kishimoto, Phys. Bev.
C 20, 307 (1979).

3K. J. Weeks and T. Tamura, Phys. Bev. C 22, 888
(1980).

4E. J. Weeks and'T, Tamura, Phys. Bev. C 22, 1323
(1980).

5T. Kishimoto and T. Tamura, Nucl. Phys. AI92, 264
(1972); K. J. Weeks and T. Tamura, Phys, Bev, C 21,
2632 (1980); T. Tamura, K. J. Weeks, and V. G. Ped-
rocchi ibid. 23, 1297 (1981); K. J. Weeks, dissertation,
University of Texas at Austin, 1978 (unpublished).

D. Ardcuin, B.Tamisier, G. Berrier, J. Kalifa,



COUPLING OF COLLKCYIVE QUADRUPOLE AND MONOPOLE. . . 7I I

G. Rotbard, and M. Vergnes, Phys. Bev. C 11, 1649
(1975); M. Girod and B.Grammaticos, Structure of
Medium and Heavy Nuclei 2979, edited by Demokritis
Tandem Accelerator Group (Institute of Physics, Bris-
tol, 1979).

~K. V. C. Stewart and B.Castel, Lett. Nuovo Cimento
13, 589 (1970).

8K. Kumar, J. Phys. G 4, 849 (1978).
9C. Dedes and J. Irvine, J. Phys. 6 2, L21 (1976); H. F.

DeVries and P. J, Brussard, Z. Phys. A 286, I
(1978).

~~M. Didong, H. Muther, K. Goeke, and A. Faessler,
Phys. Rev. C 14, 1189 (1976).

Iwasak1y T~ Marumorl~ F ~ Sakatas
in Proceedings of the International Conference on Col-
lectivity in Medium and Heavy Nuclei, Tokyo, 1976,
p. 106, 445; Prog. Theor. Phys. 56, 1140 (1976);
F, Sakata, S. Iwasaki, T. Marumori, and K. Takada,
Z. Phys. A 286, 195 (1978).

~2M. Vergnes, Structure of Medium Heavy Nuclei 1979,
edited by Demokritis Tandem Accelerator Group (In-
stitute of Physics, Bristol, 1979), p. 25.

3J. Hogaasen-Feldman, Nucl. Phys. 28, 258 (1961).
~4D. Bes and R. Broglia, Nucl. Phys. 80, 289 (1966);

R. A. Broglia, Ann. Phys. (N.Y.) 80, 60 (1973) and
references therein.

~SD. J. Rowe, Rev. Mod. Phys. 40, 153 (1968).
D. J. Howe, Collective Motion in Nuclei (Methuen,
London, 1970),

~~T. Kishimoto and T. Tamura, Nucl. Phys. A163, 100
(1971).

~8M. Kregar and B.Elbek, Nucl. Phys. A93, 49 (1967).
~SE. Browne et al. , Tables of IsotoPes, edited by C. M.

Lederer and V. S. Shirley PViley, New York, 1978).
A. C. Rester, A. V. Ramayya, J. H. Hamilton,
D. Krmpotic, and P. Vennugopala, Nucl. Phys. A162,
461 (1971).

2~D. C. Kocher, Nucl. Data Sheets 17, 519 (1976).
22K. R. Alvar, Nucl, Data Sheets Il, 121 (1974).

K. R. Alvar and S. Baman, Nucl. Data Sheets B8, I
(1972).

24D. C. Camp, Nucl. Phys. A121, 561 (1968).
+A. C. Rester, J. H. Hamilton, A. V. Bamayya, and

N. B.Johnson, Nucl. Phys. A162, 481 (1971).
26P. F. Hindrichsen, D. M. van Patter, and M. H, Sha-

piro, Nucl. Phys. A123, 250 {1969).
+J.J.Simpson, D. %ard, and G. T. Ewan, Nucl. Phys.

A185, 553 (1972).
28B. C. Haight, Phys. Bev. C 5, 1984 (1972).

R. Lecomte, M. Irshad, S. Landsberger, P. Paradis,
and S. Monoro, Phys. Bev. C 22, 1530 (1980).

308. Lecomte, M. Irshad, S. Landsberger, G. Kajrys,
P. Paradis, and S. Monaro, Phys. Hev. C 22, 2420
(1980).

3~A. P. de Lima, .A. V. Hamayya, J. H. Hamilton, B. van
Nooijen, B. M. Booningen, H. Kawakami, H. B. Pier-
cey, E. de Lima, H. L. Robinson, H. J. Kim„L. K.
Peker, F. A. Hickey, H. Popli, A. Caffrey, and J. C.
Wells, Phys. Hev. C 23, 213 (1981).

32E. L. Church and J. Weneser, Phys. Rev. C 103, 1035
(1956).

330. E. Alburger, Phys. Hev. 109, 1222 (1958).
+E. Eichler, P. H. Stelson, and J. K. Dickens, Nucl.

Phys. A120, 622 (1968).
3~B. F. Bayman and A. Kallio, Phys. Bev. 156, 1121

(1967).
36C. Lebrun, F. Guilbault, D. Ardouin, E. H. Flynn,

D. L. Hanson, S. D. Orbeson, B.Botbard, and N. M.
Vergnes, Phys. Hev. C19, 1224 (1979).

378. Mordecai, H. T. Fortune, H. Middleton, and
G. Stephans, Phys. Hev. C 18, 2498 (1978); 19, 1733
(1979).

38D. Ardouin, B.Bemaud, K. Kumar, F. Guilbault,
vl gnon ~ B~ Seltz ~ M Vergnes s and G Hotbar

Phys. Bev. C 18, 2739 (1978).
3~F. Guilbault, D. Ardouin, J. Uzureaus, P.

,
Avignon,

H. Tamisier, G. Hotbard, M. Vergnes, Y. Deschamps,
G. Berrier, and H. Seltz, Phys. Hev. C 16, 1840
(1977).
F. Guilbault, D. Ardouin, H. Tamisier, P. Avignon,
M. Vergnes, G. Botbard, G. Berrier, and H. Seltz,
Phys. Hev. C 15, 894 (1977).

4~6. Gneuss and %. Greiner, Nucl. Phys. A171, 449
(1971).
T. Tamura and K. J. %eeks -(unpublished).


