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Elastic and inelastic scattering of 15-MeV protons, accelerated by the 90-in. cyclotron
at Lawrence Radiation Laboratory, Livermore, from isotopically enriched targets of

Mo were studied with an over-all resolution of 50 keV (fuQ width at half maximum).
The experimental angular distributions were analyzed using a coupled-channel calculation.
The collective vibrational model was employed to describe the states of the nucleus. Fifty
angular distributions of scattered particles were measured and all but three were fitted with
theoretical curves. The results for ~2Mo, which has a closed neutron shell associated with
the magic number N = 50, are discussed separately. All the inelastic scattering to levels in
~2Mo were fitted with single-step processes. The other even-mass isotopes of molyMenum
were analyzed first by considering the main quadrupole and octupole vibrational states and
then considering the states that can be described as possible mixtures of one- and two-quad-
rupole phonons. A high degree of single-phonon admixture was found to be present. Finally
the weaker states were considered with the simple 0+-I~ coupling scheme. Electromagnetic
transition rates were inferred from the deformabilities deduced in the present experiment.
The results are compared with other experiments.

I. INTRODUCTION

The even-mass isotopes of molybdenum that we

study with inelastic proton scattering range from
the nucleus "Mo, which can be adequately de-
scribed by the spherical shell model with a few ac-
tive orbits, to '"Mo, which has an appreciable
quadrupole moment and has not been described
successfully with the shell model. As an example
of the difference between these isotopes, the pres-
ent experiment shows that the integrated cross
section for exciting the first quadrupole state is
only 7.2 mb in "Mo and a sizable 40.0 mb in
'"Mo.

This paper is the fourth in a series of proton
scattering studies that make use of a nuclear vi-
brational model'' to describe the excited states of
the nuclei and employ the coupled-channel calcula-
tion' in the form of Tamura's'' computer code to
analyze the experimental data. We have reported
previously similar experiments on the even-mass
isotopes of cadmium, ' titanium, ' and germanium. '

The coupled-channel calculation can treat both
single-step and multiple-step processes. This is
especially important for considering the excitation
of levels whose description may be in terms of
two or more phonons. The computer code that we
use includes spin-orbit distortion, complex form
factor, and Coulomb excitation. The strength pa-
rameters that enter the calculation can be varied
and need not be those assigned by the vibrational
model. It is also possible to describe states as
mixtures of one- and two-phonon states.

A number of shell-model calculations have been
performed' " in the A =90 region. The shell-

model description of "Mo assumes an inert core
of "Sr with the valence protons filling the 2P, ~,
and 1g, y2 single-particle orbitals. " Lanford" has
shown that seniority is good for identical nucleons
in j = ~ orbitals. He has derived a residual inter-
action that correctly interprets the 2', 4', 6', 8'
spectrum seen in 'Mo. Beyond N= 50 the neu-
trons that appear in the calculation when the heavi-
er isotopes of molybdenum are considered enter
the 2d, ~, shell. Vervier" has made shell-model
calculations for the energy levels of molybdenum
with neutron number X between 50 and 56. The
heaviest isotope of molybdenum that we consider,
'"Mo, has 8 neutrons outside the closed shell at
N= 50.

Previous work on inelastic scattering has em-
phasized "Mo. Dickens et al."investigated the
level structure with 10-MeV protons and Martens
and Bernstein" studied it with 31-MeV n-particle
scattering. The levels of 'Mo were studied by in-
beam y-ray spectroscopy performed by Jaklevic,
Lederer, and Hollander" and Lieb, Hausmann,
and Kent" have studied the "Mo(P, P'y) reaction
via isobaric analog resonances.

Information on the other isotopes of molybdenum
has come mainly from decay experiments. The
nucleus "Mo has been studied with the ('He, d) re-
action by Cates, Ball, and Newman" and the decay
of ' Tc by Aras, Eichler, and Chilosi" and Bar-
rette, Boutard, and Munaro. " For "Mo Eichler"
has studied the circular polarization of y rays af-
ter the capture of thermal neutrons, and Antman et
al." have performed an internal-conversion study.
The reaction "Mo(p, p'e) via isobaric resonances
has been studied by Courtney and Moore. '6 Infor-
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at% ~2Mo ~4Mo
Target
"Mo "Mo '"Mo

TABLE I. Isotopic compositions of Mo targets used
in the present experiment.

TAB LE II. Optical-model parameters and deformation
parameters for first quadrupole and octupole states.
Parameters common to all isotopes: ro ——1.25 fm, r,
=1.25 fm, 8'=0.0 MeV, a=0.65 fm, V, =5.0 MeV, a
=0.47 fm.

92
94
95
96
97
98

100

97.6
0.73
0.46
0.33
0.16
0.48
0.23

0.87
93.9
2.85
1.04
0.40
0.75
0.22

0.18
0.18
0.94

96.8
0 .96
0.82
0.1P

0.31
0.23
0.49
0.61
0.77

97.0
0.59

0.60
0.23
0.40
0.81
0.36
1.69

95.9

mation about the levels of "Mo has also been ob-
tained by Evans and Ajzenberg-Selove" using the
"Mo(d, P)"Mo reaction and by Hubenthal, Monnand,

and Moussa" who studied the radioactive decay of
"Nb isomers.

The work of the University of Kentucky
groups" "who studied the Mo(n, n'y) reactions for
the stable, even-mass isotopes of molybdenum
with low-energy neutrons ha. s been very helpful for
the present work. Where possible we have used
their energy level assignments, made with Ge(Li)
detectors, to label the groups we see in the proton
inelastic scattering at 15 MeV.

II. EXPERIMENTAL METHOD

The experimental techniques used in the present
experiment were similar to those described previ-
ously in this series. ' ' Protons were accelerated
to 15 MeV by the Livermore variable energy cyclo-
tron. The beam was momentum-analyzed by a 90'
bending magnet with a 76.2-cm radius of curvature
and focused to a spot at the center of a 60.9-cm-
diam scattering chamber. The beam was moni-
tored by a Faraday-cup and current digitizer.

The isotopic composition of each of the self-sup-
porting targets, which were supplied by the iso-
topes division of Oak Ridge National Laboratory is

V WD F„ po I (EM)
Isotope (MeV) (Me V) (keV) I~ Po& (Ref. 33)

9~Mo

'4Mo

~6Mo

'OOMo

51.5 13.4

52.0 13.8

52.5 14.3

52.9 14.6

53.4 15.0

1510 2+ 0 .105
28 50 3 0.174

8 71 2+ 0.160
2533 3 0.163

777 2+ 0.175
2230 3 0.185

788 2+ 0.168
2024 3 0.195

534 2+ 0.226
1910 3 0.210

0.116

0.169

0.175

0.168

0.253

given in Table I. Each of the targets had an areal
density of approximately 500 p, gcm ' but were ex-
tremely nonuniform. We found it necessary to nor-
malize the cross sections to the forward angle
elastic scattering predictions made with the opti-
cal-model parameters listed in Table II.

A single lithium-drifted silicon detector 2000
p.m thick, operated at 300-V reverse bias and sub-
tending 2.5x 10 4 sr, was used to observe the scat-
tered protons. Thermoelectric coolers were used
to cool the detectors to -25'C to minimize leakage
currents. The over-all resolution of the present
experiment was 50 keV (full width at half maxi-
mum).

III. EXPERIMENTAL RESULTS AND
COUPLED-CHANNEL ANALYSIS

A. Experimental Results

As previously noted, because the targets were
nonuniform we found it necessary to normalize the
results to the forward angle elastic scattering pre-
diction given by the optical model. The strengths

TABLE III. Energies, spins, parities, and integrated cross sections of levels seen in this work.

~2Mo

Ex 0]
(keV) I~ (mb)

'4Mo

&x
(kev) I' (mb)

~6Mo

&x
(keV) I~ (mb)

~8Mo

&x
(ke V) I" (mb)

Mo

&x
(kev) I (mb)

g.s. 0+

1510 2+ 7.2
2283 4+ 3.1
2527 5 3.1
2613 6' 1.2
2850 3 11.1
3110 (2+ ) 3.1

gs 0+

8 71 2+ 17.9
1573 4+ 4 9
1864 2+ 1.8
2066 (0+ ) 1.9
2421 (2+) 1.8
2533 3- 9.9
2580 (5 ) 1.8
2830 (4+ ) 1.8
2930 (2+) 1.6
3090 (2 ) 1.9

g s 0+

777 2+

1147 (0+)
1495 2+

1624 4+

1865 4+

2230 3
2616 (4+)
2732 (6+)
2810 ?
2990 (4+)

23.6
0.7
2.3
3.1
3.6

11.9
1.1
1.3
1.5
2.0

g.s. p+

736 0+

788 2+

1433 2+

1510 4+

1760 2+

2024 3
2208 (4+)
2343 ?
2450 (4+)
2500 (3 )

1.2
20.8
2.3
1.9
0.8

13.3
2.1
3.2
1.1
2.0

g.s. 0+

534 2+ 40.0
694 (0+ ) 1.9
800 (2+) 0.9

1063 2+ 4 7
1140 (4+ ) 2.3
1463 (2+) 0.8
1500 ? 0.5
1768 ? 0.5
1910 3 ]6 p
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of the real and imaginary parts of the optical-mod-
el potential shown in Table II were determined
from the equations

X —Z Z
V = 45.5+ 27.5 + 0.4

tV =11.5+ 22

These a,re the same equations that gave adequate
agreement for the cadmium isotopic sequence that
we studied' previously. The dependence on neu-
tron excess is in reasonable agreement with the
results of Satchler" and Kossanyi-Demay and de
Swiniar ski."

The levels seen in the present experiment are
listed in Table III. This table contains the ener-
gies, spins, parities, and integrated cross sec-
tions. The integrated cross sections were ob-
tained by fitting the experimental data with a sum
of Legendre polynomials.

Figure 1 shows the position of the first quadru-
pole and octupole states in the even-mass isotopes
of molybdenum. The length of the line that denotes
the excitation energy is proportional to the en-
hancement of the transition over its single-parti-
cle estimate. This figure illustrates how the mo-
lybdenum isotopes become more collective as the
neutron excess increases. The decrease in excita-
tion energy and increase in deformability is more
abrupt for the quadrupole states than it is for the
octupole states. The experimental data and theo-

retical fits for the levels of each of the isotopes
are displayed in Figs. 2-6. The errors displayed
in the figures are statistical. All the cross sec-
tions in any one isotope have, of course, been nor-
malized by the same factor determined by the for-
ward angle elastic scattering. The theoretical fits
to the data were determined by varying the values
of the deformabilities and visually inspecting the
results. The calculated cross sections are roughly
proportional to the squares of the deformabilities
or the P(EI.) one would deduce from these values.
In our previous work' we estimated that the uncer-
tainties in the P(EL), due mainly to ambiguities in
the combination of P and WD, are about 15% for
single-phonon and 30% for the two-phonon calcula-
tions.

B. Analysis of Results for Mo

Since "Mo is such a good example of a spherical
nucleus the coupling schemes used to analyze the
data did not include the two-phonon type of calcu-
lation. Indeed, the analysis is equivalent to the
ordinary distorted-wave-Born approximation
(DWBA). It is more convenient to discuss the re-
sults for "Mo separately than to try to include it
in the discussions of the other isotopes. The ex-
perimental angular distributions and theoretical
fits are gathered in Fig. 2. The quality of the fits
to the data is quite good. In Table IV we summa-
rize the information obtained from these fits. It
should be noted that the 2527-keV level has a

3000—

8

~ 2000-

8
C

LLI

C0u 1000-0
U
X

LQ

2+

2+

0—
0 20 40 0 20 400 20 400 20 400 20 40

Mo Mo Mo Mo Mo

FIG. 1. The positions of the first quadrupole and octupole states in each isotope studied in the present experiment.
The length of each line that indicates the energy of excitation is proportional to the value of BQI) expressed in single
particle units. For +Mo G(2) is 8.6 while for Mo G(2) is 40.1.



PROTON INELASTIC SCATTERING. . . 937

TABLE IV. Deformation parameters for ~~Mo deduced
in the present experiment and comparison with the n-
particle scattering results of Martens and Bernstein. '8

&x
(keV)

P p
(present) (o )

P x {1.62/1.25)
(O')

1510
2283
2527
2613
2850
3110

2+

4+

5
6+

3
(2')

0.105
0.066
0.05
0.07
0.174
0.07

0.080
0.041
0.053

Not
0.115
0.044

0.104
0.053
0.069

resolved
0.149
0.057

neighbor at 2519 keV that we do not resolve. The
fit to the known 5 level was sufficiently good that
we have assumed the other level to be only weakly
excited. Vervier" predicts an excited 0' state be-

tween the known 4' and 5 levels. If this is the
2519-keV state we would expect it to be very weak-
ly excited in the present experiment. It could,
however, be excited rather strongly in the low-en-
ergy experiments of the University of Kentucky
group"'" where compound-nucleus processes
should dominate.

Several calculations for two-step processes
were performed. The 4' level at 2283 keV was as-
sumed to be a two-quadrupole-phonon state and
the 5 level at 2527 keV a quadrupole-octupole-
two-phonon state. The calculated cross sections
were too low by 2 orders of magnitude. The 0'
—5 excitation should be interpreted as a 2Py/p to
1g9~, proton excitation. A calculation for a 0' ex-
cited state interpreted as a two-quadrupole-phon-
on state occurring at 2500 keV gave a maximum

10000;-

1000:-

'
t

t

2283 keV

100 ~

10 &

L

EA

JD
E

~ I a ~ I a I
1

v ~

2527 k eV

~ a ~ I a ~ ~ I ~ a ~ I a ~ 01~ %J

2613 keV 2850 keV

C)

C3
IJJ
CQ

CC

4J
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LLJ
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t
I a ~ I ~ a a I a ~ a I ~ a

0 '$0 80 120 160' 0 '10 80 120 160

3110 keV
c.m. ANGLE (deg)
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FIG. 2. Experimental angular distribution and theoretical fits for the inelastic scattering of 15-MeV protons from 9 Mo.
3hown in this figure are examples of the quality of fits to a 2+ (1510-keV), 3 (2850-keV), 4+ (2283-keV), 5 (2527-keV),
and 6+ (2613-keV) level.
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cross section of 15 p.b sr ' at 35', which is too
small to be seen in the present experiment.

In the same region of excitation energy Jaklevic,
Lederer, and Hollander" observe a level that we
do not see and, conversely, we see a level that
they do not. The apparent discrepancies are, how-
ever, entirely understandable when one considers
the selectivity of the reactions used in each exper-
iment. Jaklevic, Lederer, and Hollander" stud-
ied the y rays following the reaction "Zr(n, 2n)-
"Mo. They see a level with I'=8' at 2761 keV,
which we do not see because of limitations on an-
gular momentum transfer associated with the pro-
jectile and the direct excitation mechanism. On
the other hand, we see an I"=3 level at 2850 keV
that they do not see. The negative-parity states

in their experiment start with an 11 level at 4487-
keV excitation energy and are populated by succes-
sive E2 de-excitations. In "Mo the 3 level oc-
curs between the 7 and 5, so the y-ray cascade
proceeds from the 5 level at 2527 keV to the 4'
level at 2283 keV by an E1 transition.

For purposes of comparison we have included in
Table IV some of the results of Martens and Bern-
stein" who employed 31-MeV n particles to study
"Mo. When the different optical-model radii are
taken into account the two experiments agree to
within 20%%uc, except for the 5 level at 2527 keV,
which the n-particle experiment did not resolve
from the 6' level at 2613 keV. Neither experiment
excited the 8' level at 2761 keV. This indicates
that the limitations on angular momentum transfer

100000 .

10000 i.

1000 r

10. ~ I I I f

871 keV 1573 keV

100 F

10 r

I ~ s I I a ~ I s I
~ 4

~ ~ 'f ~ I 1 ~ 1
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FIG. 3. Experimental results and theoretical fits for scattering to levels in ~4Mo.
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is contained in the direct scattering mechanism
and not necessarily in the momentum of the projec-
tile.

In Fig. 2 we see examples of fits to states with
I'=2', 3, 4', 5, 6'. The spins and parities are
all well known. The quality is such that we can ap-
ply the analysis to the other isotopes and extract
information with some degree of confidence.

C. Results for 0{)Zg 31 Coupling Scheme Applied

to Mo M Mo, and Mo

The cross sections for exciting the first quadru-
pole and octupole states of each isotope were cal-
culated using a 0,-2+,-3, coupling scheme where

the subscripts indicate the number of vibrational
phonons. The deformabilities deduced for these
states are listed in Table II, which also contains
for purposes of comparison the deformability de-
termined by electromagnetic means and listed in

the compilation of Stelson and Grodzins. " The val-
ues for the quadrupole deformabilities agree to
within 1(P~ except for the case of ' Mo where the
deviation is about 12%%ut;. The good quality of the
theoretical fits to the elastic scattering and inelas-
tic scattering to the first quadrupole and octupole
states together with the reasonable agreement with

the quadrupole deformation parameters deter-
mined by electromagnetic means indicates that
our set of optical-model parameters and the nor-

100000-
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~ ~ ~ ~
s ~ ~ ( s s s

~
~ s
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FEG. 4. Experimental results and theoretical fits for Mo. No satisfactory fit was obtained for the scattering tp the
level at 2810 keV.
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malization procedure for the experimental data
are valid.

D. Results for 00-2 1-01 2-21 2
"

1 2 Coupling Scheme

Applied to Mo, Mo, Mo, and Mo

In each of the isotopes studied with the exception
of "Mo, there are states with I'= 0', 2', 4' that
we have analyzed within the 00-2', -0', ,-2', ,-4~
coupling scheme where, again, the subscripts in-
dicate the number of phonons and the subscript 1, 2

indicates a mixture of one- and two-phonon states.
This coupling scheme provides us with a frame-
work for analysis and is not meant to imply that
we are treating a two-quadrupole-phonon triplet
in the sense of the collective vibrational model.
The second 2' and first 4' states in these isotopes

have an excitation energy about double the excita-
tion energy of the first quadrupole state as one ex-
pects from the collective vibrational model. The
position of the 0' excited state is not well behaved.
In fact for "Mo it actually falls below the first
quadrupole state at 788 keV and is the first ex-
cited state of the nucleus. For "Mo the ('He, d)
study of Cates, Ball, and Newman" indicated that
the 2066-keV level of ' Mo is a positive-parity lev-
el with a spin of either 0 or 4. Our attempt to fit
the inelastic scattering angular distribution as an
I"=4' level gave a rather poor fit so we have as-
signed the level an I'= 0'.

The information deduced from the 00 2y 01
2', ,-4', , coupling scheme is presented in Table
V. In all cases the fits to the second 2' and first
4' states were improved by adding significant
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10000,

1000 r

I\ I \a
.S. 736 keY
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100 r

10r
~ 01 .-

1
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~ ~ 1.
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.01 =

.001
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'$0 80 120 160

c.m. ANGLE (deg)
FIG. 5. Experimental results and theoretical fits for 9 Mo. The first excited state at 736 keV has I"=p+.
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amounts of single-phonon contributions. The f02
parameter is the coupling of the ground state to
the one-quadrupole-phonon 2' state determined
previously in the Op 2y 3y coupling scheme, and
the parameters P20, P», P,4 are the strengths be-
tween the one- and two-phonon states. These coup-
ling strengths arise from operators that are linear
in n, where o. is the coefficient of an expansion of
the nuclear radius in spherical harmonics. In ad-
dition there are transitions from the ground state
to the two-phonon states that are quadratic in n
and denoted by the single-primed quantities Poo,

P02 Pp@ The double -primed quantitie s P,"„p,"„
P,"4 are linear in n and represent the coupling
strengths between the ground state and the one-
phonon admixtures. A measure of the one-phonon

contribution can be taken from

(Pff )2

Po2 "Par + ~Pal ~

This quantity, expressed as a percentage, is en-
tered in the last column of Table V. We see that
with the exceptions of the 0' state in ' Mo, "Mo,
and ' Mo and the 4' state in ' Mo the single-step
process allowed by the one-phonon admixture
makes a larger contribution to the calculated
cross section than does the two-step process that
proceeds through the one-quadrupole-phonon state.

E. Results for 00-I
&

Coupling Scheme Applied

to Mo, Mo, Mo, and Mo

A number of generally weaker states were ana-
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3

10000 F 10 .-
Q3Q keV 69k keV

1000 r

100 v
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f ~ ~ L ~ ~ f I f f ~ I ~ f ~
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FIG. 6. Experimental angular distributions and theoretical fits for OMo. No satisfactory fits were obtained for the
levels at 1500 and 1768 keV.
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TABLE V. Parameters of fits to state analyzed within the 0+o-2+&-0+& &-2+& &-4& & coupling scheme.

Isotope
Ex

(kev) Po2

POI P21
two phonon

P'or

one phonon Po2 xPu

% of nep-

h onon
contributions

'4Mo

+Mo

"Mo

ooMo

2066
1864
1573

1147
1495
1624

736
1433
1510

694
1063
1140

p+

2+

4+

p+

2+

4+

0+
2+

4+

0+
2+

4+

0.160

0.175

0.168

0.226

0.160
0.160
0.160

0.175
0.175
0.150

0.168
0.168
0.100

0.226
0.226
0.170

0.160
0.160
0.160

0.175
0.175
0.150

0.168
0.168
0.100

0.226
0.226
0.170

0.03
—0.03

0 .08

0.0
0.04
0.04

0.0
0.04
0.03

0.0
0.06
0.02

0.0256
0.0256
0.0256

0.0306
0.0306
0.0263

0.0282
0.0282
0.0168

0.0511
0.0511
0.0384

58
58
91

0
63
70

0
67
76

0
58
21

TABLE VI. Deformation parameters obtained from
0 -I~ coupling schemes in Mo, 6Mo, Mo, and Mo.

Nucleus

'4Mo

Ex
(keV)

2421
2580
2830
2930
3090

2+

5
4+
2+

2+

Por

0.04
0.07
0.06
0.04
0.05

lyzed in terms of the simple O', -I,"coupling
schemes, which correspond to the usual DWBA
analysis. In no case did these states possess de-
formabilities that equalled the coupling strengths
for the collective quadrupole or octupole vibra-
tions. The information derived for these states is
listed in Table VI. Most of the states listed in this
table are positive-parity states. We do see a 5

level in "Mo at 2580 keV, which corresponds to
the 2527-keV level in "Mo and should be interpret-
ed as 2py/2 to 1g», proton excitation. That we do
not see the excitation of 5 levels in the other iso-
topes of molybdenum is probably due to the in-
creasing number of levels in the region of excita-
tion studied and the limited resolution of the pres-
ent experiment. In "Mo we see the only example

of a second octupole state in the present experi-
ment. It occurs at 2500 keV.

We were unable to obtain satisfactory fits to
three angular distributions. These were the 2810-
keV level of "Mo and the 1500- and 1768-keV lev-
els of "Mo.

F. Electromagnetic Transitions Rates Inferred
from Deformabili ties

The deformabilities that we have deduced in the
inelastic proton scattering analysis may be used
to infer electromagnetic transition rates. The ex-
pression based on a uniform charge distribution is

B(EL,0- L) =[(—,'w)ZeR P,,j',
fm.

When the more realistic Fermi charge distribution
is employed Owen and Satchler have shown the
necessity of a correction factor that is dependent
on the multipole order. For the molybdenum iso-
topes we have followed Martens and Bernstein"
and used 1.03, 1.13, 1.34, and 1.71 for L = 2, 3,
4, and 5. We also have the well-known relation"

I EM g tCP

"Mo

ssMo

ooMo

1865
2616
2732
2990

1760
2208
2343
2450
2500

800
1463

4+
4+

6+

4+

2+

2+

6+

4+

3

2+

2+

0.06
0.05
0.08
0.07

0.03
0.06
0.11
0.04
0.06

0.03
0.03

between the P deduced in the charged-particle ex-
periment and that deduced in the purely electro-
magnetic interaction. If we express the transition
rate in single-particle units given by

B(EL, O-L), =
4 2

(&EM)' e'2I. +1 3
47t 3+ L

and apply the corrections discussed above we ob-
tain the prescription

K(L)(1.25/1. 20)'(2 + L)'
4w(2L+ 1)
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IV. SUMMARY

We have measured the elastic and inelastic scat-
tering of 15-MeV protons from 6 ' Mo. A

total of 50 angular distributions were obtained and

all but 3 of these mere fitted with theoretical cal-
culations made with a coupled-channel computer
code. The experimental data were normalized by
setting the forward angle elastic scattering equal
to the optical-model predictions using parameters
that we employed previously. ' The good quality of
the fits and the reasonable agreement with the

quadrupole deformation parameters listed by Stel-
son and Grodzins" indicated that the normalization
procedure was valid. For "Mo all the transitions
were analyzed as single-step excitations. Some
apparent discrepancies between the present exper-
iment of Jaklevic, Lederer, and Hollander" were
discussed and reconciled. By comparing our re-
sults mith the e-particle scattering results of
Martens and Bernstein" and showing that neither
experiment excited the I'= 8' levels we showed
that the momentum of the incident projectile is not
necessarily the limiting factor. One must a1.so
consider the limitations determined by the direct
scattering mechanism. In the even-mass isotopes
of molybdenum other than "Mo there were states
that were analyzed in terms of the two-quadrupole-
phonon triplet with admixtures of single-phonon
states. A high degree of single-phonon admixture
was found. A state with I'= 5 and probably corre-
sponding to the 2py/z to 1g9/z proton excitation was
seen in "Mo and ' Mo. The deformabilities that
were deduced in the present experiment were used
to infer electromagnetic transition rates.

TABLE VII. Inferred electromagnetic transition rates
expressed in single-particle units.

Isotope
Ex

(ke V)

~~Mo

'4Mo

~8Mo

'o'Mo

1510
2283
2527
2850
3110

871
2421
2533
2580
2830
2930
3090

777
1865
2230
2616
2990

788
1760
2024
2208
2450
2500

534
1463
1910

2+

2+

5
4+

2+

2+

2+

2+

3
4+

4+

2+

2+

3

0.11
0.07
0.05
0.17
0.07

0.16
0.04
0.16
0.07
0.06
0.04
0.0 5

0.18
0.06
0.19
0.05
0.07

0.17
0.03
0.20
0.06
0.04
0.06

0.23
0.03
0.21

8.6
4.4

12.3
26.8
3.4

20.1
1.3

23.5
6.4
3.7
1,3
2.0

24 .0
3.7

30.3
2.6
5.0

22.1
0.7

3' 7

3.7
1.6
3.2

40.1
0.7

39.0

G(L) is the value of B(EL) expressed in single-
particle units. The values for G(L) are listed in
Table VII.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.
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Our improved approach combining the renormalized Fermi-gas model (RGM) with the use of
an average collective potential energy surface (PES) has been used to estimate the energy re-
lease in prompt fission phenomena from fission of excited nuclei. The role of excess excita-
tion AUI on top of the fission barrier, under several assumed constraints, is discussed. The
partition of EUI into the conjugate prompt fragments has been calculated from a simple RGM
saturation condition. The practical limits of ~UI have been discussed from the viewpoint of
the statistical model of nuclear reactions. The number of evaporated neutrons from the
prompt fragments vz has been estimated from LeCouteur and Lang's approximation using
Wing and Varley's neutron binding-energy tables. Fairly satisfactory agreement for the num-
ber v+ has been obtained with the experimental work on fission of Th by 25.7- and 29.5-
MeV He ions and of 2 Ra by 13.0-MeV protons. A linear relationship of the average number
of prompt neutrons v with EUI is predicted from our model.

1. INTRODUCTION

Our preliminary work" on the fission energy
kinetics at the saddle-scission point combined two
interdependent models of nuclear structure —the
renormalized Fermi-gas model' ' (RGM) and Mo-
sel and Greiner's formulation' in terms of an aver-
age collective potential energy surface (PES). A
concept similar to our RGM was applied by Igna-
tyuk' to fission at about the same time (1966-69).

The HGM treats the static nuclear structural
energies in a unfilled shell system at a ground-
state deformation p as an energy correction B~ on
the free-gas Fermi surface ~, in a self-consistent
way without using any free parameters. The RGM
correction Be contains the effects of long- and
short-range parts of the nuclear interactions:

e = e, + Be = e, +f n'/G —56, -

where f is the single-particle combinatorial ener-
gy correction' ' (Rosenzweig term), and A'/G and
5 are the pairing interaction and ground-state de-
formation energy corrections, respectively, eval-
uated from the Belyaev model. ' The even-even
system is further bound by an amount of energy of
the order of the pairing gap A.

The RGM correction B~ determines the energy
region in which the sharp Fermi level is diffused
as a result of nuclear interactions. From the
viewpoint of gas models, Be may also be inter-
preted as a measure of the entropy of a nuclear
Fermi gas at a nonzero ground-state temperature.

The average-PES concept treats the shape de-
formation-dependent parts of the nuclear energy
expanded in power series of the different deforma-
tion degrees. The total PES energy of a system
may be written as a sum of BCS plus Coulomb en-
ergies of a nucleus A consisting of Z protons and


