Inelastic Proton Scattering from

138Ba and luuSm and its Microscopic Interpretation®

T '
Duane Larson, Sam M. Austin, and B.H. Wildenthal

Cyclotron Laboratory and Department of Physics
Michigan State University, East Lansing, Michigan 48823

ABSTRACT

Differential cross sections for elastic and inelastic scat-

tering of 30 MeV protons by 1385, ang 1%

Sm have been measured.
The total resolution for the inelastic peaks was 7-10 keV FWHM,
which permitted the observation of 20 excited states in 138Ba

and 18 states in 1

l“‘Sm below Ex=3;u MeV, and determination of
excitation energies accurate to 2 keV or less for these states.
Based on characteristic shapes derived from angular distributions
to states of known J", spin-parity assignments are made for the
majority of the observed states. Collective model DWBA calculations
were performed and deformation parameters extracted for all states
of assigned J’. Microscopic DWBA calculations which included the
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exchange amplitude were performed for the 21 23 4; 29 and 6
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states in both nuclei, using large-basis shell model wave func-
tions to describe the nuclear states; These wave functions also
provide an excellent description of the excited states ih 138Ba,
and a good description of the energy levels in 1u48m, as determined
in our experiments. The two-body forcé used in the inelastic scat-
tering calculations was obtained from a recent survey of inelastié-
scattering analyses. Polarization charges for the nucleons were
extracted using the model of Atkinson and Madsen and were found
to be essentially state and multipole independent. Two sets of

1388a calculation,

shell model wave functions were employed for the
and it was found that inelastic proton scattering clearly distin-
quished between the two sets, thus providing a sensitive test of
the wave functions. Careful consideration of the transition den-

sities derived from the wave functions permitted a direct study of

properties of the wave functions,



I. INTRODUCTION

The recent interest in the N=82 nuclei stems from a number of
sources. Foremost among these is the 3 that in a shell
model picture, low-lying states in these nuclei are expected to be
formed predominantly from proton configurations, the neutron shells
being closed at 82 neutrons. Experimental evidence from protonl’z.
and neu‘t:r'ona'"S transfer reactions confirms this expectation. Both
proton stripping and pickup reactions on the N=82 nuclei populate
only the 1g7/2, 2d5/2, 2d3/2, 331/2, and lhll/z single particle
orbitals, thus indicating that proton orbitals other than these do
not play a significant role in the wave functions for states of
these nuclei. Neutron pickup reactions indicate that the orbitals
above the last filled neutron major shell‘are empty, and conversely,
neutron stripping reactions populate only the orbitals above the
closed major shell, thus indicating that neutron shells below this
are filled. The picture of the N=82 nuclei which emerges from these
experiments is that of an effectively closed 82 neutron-50 proton
core, such that low-lying states are formed by couplings of var-
ious numbers of valence protons in the aforementioned orbitals.

The single-particle nature of these nuclei has beengﬁ&;poufh}y
studied with the proton and neutron transfer reactions desemibed
Previously. Isobaric analog resonance experiments6 have been used
to determine, among other things, the positions of the low-lying
neutron particle-hole states in the region beginning about 4 MeV,

which indicates the limit of viability of the previously described

model. Electromagnetic-decayv aspects of the N=82 nuclei have been
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measured through (3,y),7 (n,y), (n,n'y),10 (a,xny),ll and
(Y,Y')l2 studies. These studies have been useful in assigning
precise energies, as well as often limiting the possible J" as-
signments to a few values. The (a,an) studies have led to the
observation of a series of isomeric 6' states in the even-even
N=82 isotones.

Charged particle inelastic scattering studies have been
limited mainly to fhe observation of the strongly excited states.
Early inelastic scattering experiments13 determined the positions
of the first collective 27 and 3~ states. The (p,p'Y) and (d,d'y)

14

reactions on the even-even isotones were studied in an attempt

to locate the positions of excited 0¥ states in these nuclei by

observing the EO conversion electrons emitted in the transition

139 15

to the ground state. More recently, the reactions
140 15 141 16 138 17 1uy
3 3 .

La(a,a'),

18

Ce(a,a'), Pr(o,0') Ba(a,a') Sm(a,a'),

lwSm(p,p'),]‘a’lg and 1L+L‘Sm(sHe‘.,sHe')lg have been used to study the
collective nature of the strongly excited states in these nuclei.
The'aﬁgular distributions obtained from the latter five reactions
were analyzed with the standard collective model formalism20 and
from that work J" assignments were made, and deformation parameters

138 1

extracted. The La and L‘OCe experiments were also analyzed

BL,
with the collective model approach, and in addition, microscopic
calculations were performed with a Gaussian two-body interaction

and zero-order pseudo-spin orbit wave functions to describe the

nuclear states. However, since alpha particles are strongly



absorbed near the surface of the nucleus, only the tails of .the
wave functions are impoftant and this reaction is thus rather
insensitive to many details of the wave functions.

In this paper we present results from inelastic proton scat-
tering experiments performed at a bombarding energy of 30 MeV on

138 14y

Ba and Sm. Use of the high resolution system developed by

Blosser, et a1,2!

resulted in a total energy resolution for the
inelastic peaks of typically 7-10 keV FWHM. Excitation energies
accurate to within 1 to 2 keV were extracted and found to be in
good agreement with those obtained in other high resolution experi-
ments. Using empirical characteristic shapes derived from an-
gular distributions to known states, spins and parities were as-
signed to the majority of the observed states.

Most previous miCroscopic DWBA calculations for inelastic
scaftering have been restricted to regions of the periodic table

22,23 or simple shell-model wave functionszu’25

where particle-hole
were adequate for the description of the nuclear states. A second
aspect of this work, in addition to spectroscopy, was to attempt
to determine whether large basis shell model wave functions can
account for the results of (p,p') measurements on nuclei with
several valence nucleons. To this end, we have modified the Oak
Ridge~Rochester shell-model codes26 to calculate the necessar&
structure amplitudes in a form convenient for DWBA caléulations.
Calculations were performed using two sets of shell-model wave

. +
function327’28 for the low-lying 2+, u*, and 6 states of l38Ba

luy 138

and Sm. For Ba we obtain a reasonably good description of

the angular distribution shapes, although the experimental cross



sections are strongly enhanced by collective excitations from the

core. Using a model developed by Atkinson and Madsen29

30

and dis-
cussed by McManus for calculating the enhancement factor, we
determined polarization charges appropriate to large basis shell
model calculations in this mass region. Information on the struc-
ture of the wave functions was obtained from a detailed consideration
of the shell model transition densities.

Preliminary reports describing part of this work have been
published.al’32

In Section II we describe experimental aspects of this work;
this is followed in Section III with individual discussions of all
states observed up to Ex=3'3 MeV, and assignments of excitation
energies and spin-parities where this was possible. In Sec. IV
we discuss the shell model calculations which we use in this work,
and Sec. V presents the optical model parameters we obtained from
our elastic scattering data. Section VI outlines the relevant
aspects of the DWBA theory used fo describe the inelastic angular

distributions, and lastly Sec. VII is a discussion of the results

of this experiment.

II. EXPERIMENTAL
A. Proton Beam and Particle Detection

The measurements were made with 30 MeV protons from the
Michigan State University sector-focussed cyclotron. An Enge

split-pole spectrograph was used to analyze the scattered particles.



The amount of bean on'target was monitored both with a current
'1ntegrator in conjunctlon with a Faraday cup, and with a 5 mm
thick silicon detector placed at 60° with respect to the 1n-."-
cident beam. A set of removable sllts located:ummedlately prlor
to the spectrograph scatterlng chamber was used periodically to
check the p031tlog of the beam on target. The typical size of |
_;theibeaﬁ spot waé 2 mﬁ,high by 4-5 mm wide. ‘The entrance apéfturé
of the spectrograph was 2° wide by}l.6° high, corresponding_fo}
K- sqlid.ahgle of 0.98 msr. During data accumulation this entrance
- aperture was the only slit between the cyclotroh and the focal
‘pléne of the spectrograﬁh. The energies of the proton»beams were
obtained from the calibration of the beam transﬁort system magnets\
with an unceftainty of X0.1%. The‘beam energieé for»this experi-

ment were 29.8 MeV for 15%Ba and 29.9 MevV for 1Y

Sm.

© Angular distributions for elastic scattering and for scat-
tering from the strong first 2+ and 3~ states in both nuclei weré
measured using a 300 micron thick SOlld state p051tlon sen31t1ve
detector mounted at the focal plane of the spectrograph.33 Signals
proportioﬁal té E, the total energy loss of the particles passing
through the detector, aﬁd xE, Qheré x 1s the position along the
detector, were analyzed for the type of particle and its location
along the detector using a two dimensional data taking_program.3l+
‘The xE signal was digitally divided by the E signal, and energy vs.’

position spectra were displayed on a storage scope, where sultable

lines were drawn defining the proton band. The computer then



identified all events falling between the lines as proton events
and stored them in a poéition spectrum. The resolution obtained
with the position sensitive detector was typically 30 keV FWHM.
Its charge collection efficiency was mapped by gridding the peak
from the elastically scattered particles across its surface in

3 mm steps. During data accumulation, the particles to be de-
tected were positioned in a region which had been determined to
have uniform efficiency.

The remainder of the inelastic scattering data were taken with
Kodak NTB 25 or 50 micron nuclear emulsions placed in the focal
plane of the spectrograph. Aluminum absorbers were used to stop
all particles of greater stopping power than protons. Emulsions

were exposed every 5° between 20° and g80° for }388a and between

12° and 95° for luuSm. Two exposures were made at each angle, a
short exposure to obtain data from the first 2¥ and 3~ states

(for normalization purposes), and a sufficiently long exposure to
obtain data with good statistics for most of the remaining states.
The agreement between the position sensitive detector data and the
emulsion data for the 2t and 3”7 states was within statistics, so

the data were averaged to obtain angular distributions for these

states.

B. Preparation of Targets

Isotopically enriched compounds of Ba(NO3)2 (99.8%) and
Sm,0,4 (35.1%) obtained from Oak Ridge National Laboratory were
used in the fabrication of the targets. The compound was placed
in a Zr boat and heated in vacuum, causing reduction of the com-

pound to the enriched metal and simultaneous evaporation of the



metal onto the target backing, which consisted of a 20 ug/cm2

2 layer of formvar supporting the

carbon foil plusia 3-5 ug/cm
carbon. The target material was evaporated over a surface 5/8"
in diameter and appeared to be quite uniform. Typical target

thicknesses ranged between 50 and 300 ug/cmz. The targets were
stored and transferred under vacuum to reduce oxidation, since
in air complete oxidation occurred in only a few seconds for a

1388a targét, and a few minutes for a lLM'Sm target. Target

thin
thickness was estimated by comparing the measured elastic scat-
tering to optical model predictions for the scattering.

The observed contaminants in the targets were carbon, oxygen,

magnesium, and silicon, as determined from analysis of the in-

elastic scattering spectrum.

C. High Resolution System
The emulsion data were all taken using the high resolution

21 nis system relies on dis-

system developed by Blosser, et al.
persion matching,35 kinematic compensation, and a feedback system
ﬁhich compensates for possible drift of any magnets in the
cyclotron-beam transport system. In a dispersion-matched system,
the line width of the scattered particles at the focal plane

of the spectrograph is nearly independent of the energy spread of
the incident beam. This is accomplished by using the focussing

and dispersive elements of the beam transport system to adjust

the dispersion of the beam on target to match the dispersion of

the spectrograph. Kinematic compensation corrects for the change
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in energy of the scattered particles across the finite entrance
slit width, which arises from recoil of the target nucleus. This
is accomplished by shifting the kinematic focal plane from its
zero-order position (position for scattéring from an infinitely
heavy target nucleus). The approximate beam transport quadrupole
settings for dispersion matching and correct position of the focal
plane for kinematic compensation are calculated for a given reaction
via a computer code.36 Final minimization of the line width of

the scattered protons is accomplished by using a stepped slit and
detector device located at the focal plane of the spectrograph and
illustrated in Fig. 1. The output of the solid state detector con-
sists of three peaks, the high energy peak corresponding to protons
transmitted through the slit, and the medium and low energy peaks
corresponding to protons passing through the thin and thick jaws

of the slit respectively. Fractional transmission of the elastically
scattered protons through the 4 mil wide slit is maximized (thus
minimizing the line width) by adjusting the dispersive elements of
the beam transport system and other parameters of the experimental
setup to maximize the intensity of the high energy peak. After
‘minimization of the line width, this device serves as part of a
computer controlled feedback system, which adjusfs the spectro-
graph magnetic field to keep the elastically scattered protons
centered on the transmission slit. This insures that the scattered
protons remain at fixed points on the focal plane, independent of

drifts in the system. Using this system we routinely obtained
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resolutions of 7-10 keV FWHM at 30 MeV incident proton energy for

the inelastically scattered particles. Figure 2 shows a spectrum

138

obtained from Ba at a laboratory angle of 35°, and Fig. 3

l'MSm obtained at 40°. Typical beam currents

138

shows a spectrum from

on target were 100 na for

1uuSm.

Ba (target limited) and 900 na for

IITI. EXPERIMENTAL RESULTS

138 1hy

A. Energies of States in Ba and Sm

The techniques described in the previous section, in conjunc-
tion with nuclear emulsions, were used to obtain precise energies

138 llMSm which

for the 20 excited states in Ba and 18 states in
lie below Ex=3.4 MeV.

Peak centroids and intensities were extracted from the spectra
obtained from the scanned emulsions at each angle. This was done
with an automatic peak-fitting program, which aided in removing
ambiguities in the background subtraction, in subtracting the
broad impurity peaks and which afforded a consistent method of
separating members of close lying doublets. The final adjustments
to the basic energy calibration of the spectrograph were determined
by fitting certain strong, isolated peaks in our (p,p') spectra to
excitation energies previously determined for these levels by
Ge(Li) spectrometer studies of gamma rays emitted in (8,y) experi-

ments. These calibration energies, along with their errors, are

noted in Table I. This calibration of the spectrograph was then
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used for interpolation and extrapolation to other excitation
energies. These results enabled us to assign an excitation
energy to each observed peak at each angle, provided the peak
was not obscured by a contaminant. The extracted energies were
averaged over all angles of observation, and the mean error in

the centroid was calculated. The energies we have assigned to

138 14y

levels in Ba and Sm, along with the combined random and sys-

tematic errors, are listed in Table I. These energies are in

138

excellent agreement with energies from (B,,Y)7’8 work on Ba

144

and (G,ZnY)ll work on Sm.

B. Angular Distributions

Angular distributions have been measured for 18 of the 20

138

states observed in Ba and 15 of the 18 observed states in

lLmSm, and for elastic scattering from both nuclei.

138

The elastic scattering angular distributions from Ba

144

and Sm are shown in Fig. 4. The curves through the data are

optical model calculations using the parameters of Becchetti

and Greenlees.> The elastic scattering angular distribution
data were normalized to the optical model calculations to obtain
absolute normalizations. A comparison with calculations using

other sets of optical model parameters38 results in an estimate

of 10% uncertainty in the absolute magnitude of the experimental

cross sections. Relative uncertainties in our (p,p') cross
sections arising from scanning errors, monitoring errors and

statistical errors are typically 7%.



13

In order to obtain spins and parities from the measured an-
gular distributions in a model independent fashion, empirical
characteristic shapes were derived for 2+, 37, 4+, and 6% angular
distributions in the following way. Examination of angular dis-
tributions for the known 2% states in both 138Ba and luuSm revealed
that they all had essentially the same shape. Using this fact,
one average 2* shape was obtained from all of the known 2% dis-
tributions in both nuclei. This characertistic 27 shape was then
used as a standard and compared to angular distributions for states
of unknown J". Identical techniques were applied to the angular
distributions of all assigned 37, 4+, and 6° states in these nuclei
to obtain 37, u+, and 6 characteristic shapes. The resulting

+, and 6+ angular

empirical characteristic shapes for 2+, 37, 4
distributions are compared in Fig. 5. We emphasize that the
characteristic shape for a given J" is an average of angular dis-
tribution data for all known states of that J" from both nuclei.
The states used in the determination of the empirical shapes are
noted in Table I. The angular distribution data, along with the
characteristic shape of the appropriate J" which best approximates
the data, are shown in Figs. 6 through 11. The remaining states,
whose angular distributions are not similar to any of the
characteristic shapes, are shown in Figs. 12 and 13. They may

be grouped into two classes; either they are very weakly excited

. +
in this reaction, or they peak farther out in angle than the 6

states, implying they may be high spin states.
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As explained in Sec. VIBS5, direct DWBA theory would predict
L-transfers of 2, 3, 4, and 6 for transitions from a o' ground
state to states with J“=2+, 37, 4, and 6, respectively. There
are sufficient differences between the characteristic shapes, as
seen in Fig. 5, to allow us to uniquely assign an L-transfer of
2, 3, 4, or 6 to the majority of the observed transitions. This
in turn leads to assignments of JT=L, with parity (-)L, if it is
assumed that non-normal parity states are weakly excited. In Sec.
VIBS we discuss the evidence which indicates that this assumption
is valid. For example, an angular distribution for a state of un-
known J" which matches the 4 characteristic shape has an L-transfer
of 4. This in turn leads to a J" assignment of 4%, and not the
non-normal parity 3* or 5+, as direct DWBA theory would also allow.

Our assignments for the spin and parity of excited states we

l388a and lLmSm, based on the agreement of the measured

observe in
angular distributions with the empirical characteristic shapes,

are given in Table I.

C. Discussion of States in 138Ba

To organize the discussion of our experimental results, it
is convenient to divide the levels which we observe into groups,

each group being identified by its J" assignment.

1. 2" States (Figure 6)

The states at‘1436, 2218, 2639, 3339, and 3368 keV are all
in good agreement with the 2% characteristic shape; we thus assign

J7=2" to these states. The state at 1436 keV is firmlv established

4Q

+ . . 39 . . s
as 2 from Coulomb excitation, conversion coefficient, and
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(a,a') inelastic scattering measurements. T’ The state at 2218 keV
is observed to have a étrongAdecay branch to the ground state in

neutron capture9 and (B,y)7’8’“°

decay experiments. This limits
the spin to 1 or 2. Achterberg, gz_gi.uo assign positive parity
to this state from conversion coefficient measurements. Thus bur
assignment of J"=2% is consistent with previous data. The level
at 2639 keV, observed in (n,y)g and (8,7)7”8 studies, also has a
strong decay branch to the ground state, thus limiting its spin
to J=1, 2. However, a log ft value of 7.4 for B decay from the

J7=3" state of 138

Cs given by Carraz, EE.E&-S eliminates J=1. The
two levels at 3339 and 3368 keV also decay directly to the ground
state, limiting their spins to J=1,2. Angular distributions from
(a,a') studiesl’ also suggest an assignment of J"=2% for these
states. The angular distribution for the state we observe at 3050
keV is not in agreement with the 2% characteristic shape at for-

ward angles, thus we leave it unassigned. Hill and Fuller7 assign

J=1, 2 to this state.

2. 3" States (Figure 8)
The only 3~ state we observe in 138Ba is the one previously
assignedl3’17 at 2881 keV, It is the strongest state in the (p,p')

. . ‘ 7
spectrum, and is strongly populated in (d,d')lk and (a,a')l

experiments and in (n,y)9 studies, where it decavs strongly to

the 2% state at 1436 keV.
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3. 4* States (Figure 9)

The states at 1898, 2308, 2584, 2779, and 3156 keV have -
angular distributions which are in good agreement with the
characteristic 4 shape; we assign J"=4% to these states. The
level at 1898 keV is established as 4 from (a,a')l7 angular
distributions, (d,3He)2 measurements which suggest an assignment
of 4% op 6+, and conversion coefficientuo studies which, when

3

combined with the (d,"He) work, limit the spin to ut,

The state at 2308 keV is assigned J"=3+, 4% from conversion

B0 a J=3, 4 assignment

coefficient studies of Achterberg, et al.
has also been suggested by (n,y)g and (B,Y)7 studies based on

the strong decay to both the first 2* and-lt+ states. Since non-
normal parity states such as 37 are very weakly excited in in-
elastic scattering on heavy nuclei, we assign gyt to this state,

')17 studies.

which is also the suggested assignment from (o ,a
Hill and Fuller'7 and Mariscotti, gz_gi.g observe a state

in the vincity of the state we see at 2584 keV. Hill and Fuller

limit the spin of this state to J=1, 2 on the basis of a gamma

ray branch to the ground state. However, the angular distribution

we measure has a 4" shape. Thus, we believe there are two distinect

levels in this vicinity since the state seen by Hill and Fuller is

clearly not a ut by virtue of the gamma ray to the ground state,

and ours is not a J=1 or 2 by virtue of the angular distribution.

It is informative to consider ratios of intensities of two gamma

ray depopulating this level, as measured by Hill and Fuller in their
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(8,y) work and Mariscotti, et al. in their (n,y) studies.

1(2583+1436) _ |
T(7580) - /-8 (n,y)
. 1(2583+1436)
T(758350) - 23 (B,y)

Thus '%%4¥% = ~3.3
]

Similar ratios for the 2583-2218 keV transition relative to the

ground state transition are also in the ratio of ~3:l. The non-
equality of the (n,y) and (B,y) ratios can be taken as an indication
that the (n,y) and (8,y) experiments are populating two levels with
different intensities in the vicinity of 2583 keV. 1In addition,

Hill and Fuller see a broadening of the gamma ray line connecting
their state at 2583 keV with the 2445 keV state. They attribute

this to the decay of the 2u4u5 keV to the 2307 keV state, but we
suggest this could also be due to a state at 2584 keV decaying fo

the 2445 keV state. The broadened decay line they observe would

then correspond not to two but to three different transitions. We
2111 find in Sec. VIIA that the shell model predicts a 1'-4" doublet
near this energy, which would be in excellent agreement with experi-
mental observation. A 1t state would decay to the ground state via an Ml
trahsition, but since it is a non-normal parity state we would not
expect to populate it strongly in (p,p'). The angular distribution
we measure for this doublet would then assume the shape characteristic

of the u* member of the doublet.
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The statg at 2779 keV is observed in (B,y),7 but not (n,y)9
work and decays to botﬁ of the first éxcited 2t and u*
levels, thus limiting its spin to J=2, 3, 4. It may also cor-
fespond to the state at 2.79 MeV in (d,3He)2 experiments.

The state at 3156 keV which we observe is probably not the
same state reported by Hill and Fuller7 at 3164 keV, since the
8 keV difference in energies is well outside the combined errors.
However, they assign spin limits of J=2, 3, 4 to their state based
on its decay to the first excited 2% and 4 states. These two

experiments are the only ones which report a state near this energy.

4. 6% States (Figure 11)

We assign J"=6% to the state at 2090 keV, and a tentative
(6+) to the level at 2201 keV. Angular distributions for known
67 states are scarce in the literature. We have obtained an

angular distribution for the state at 2090 keV, which has been

8

assigned 6" by Carraz, et al. on the basis of its measured half-

life of 0.8 usec. This assignment is consistent with systematics

of 6% states in N=82 nuclei; isomeric 6* states have been icien’cifieclul

134 146

. + .
in all even-even isotones from Te to Gd. A 6 assignment

is also consistent with the absence of this state in the (n,y)g
work, and its negligible feeding in the g decay of the 3~ ground
state of 138Cs.

The state at 2201 keV is the subject of some controversy.

Carraz et al.® propose that this state has J"=(57), while

+ L+
Achterberg, et al.L1LO propose JT=(y ,5 ), based on the measurement
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138m

of log ft values from the decay of *8Cs and the assumption

of J"=3-, (67) for the ground and isomeric states respectively
of 138Cs. This state is quite weak in our spectra, and not
well resolved from the strong 2* at 2218 keV. Our angular dis-
tribution for this state is not inconsistent with any of these
tentative assignments. Both the 4" and 6" characteristic shapes
are drawn through the angular distribution for this state in
Fig. 11. We would favor a (8%) assignment for this state, based

on the predictions of shell model calculations, and to some

extent, on the shape of the angular distribution.

5. Other States (Figure 12)

We make no J" assignments for the states we observe at 2415,
2445, 3254, and 3285 keV. The transitions to these states are all
very weak, the largest cross section at any angle being less than

40 have assigned J™=3" to the state

10 ub/sr. Achterberg, et al.
at 2445 keV, based on angular correlation and conversion-coefficient
measurements. They also suggest a J"=s* assignment for the state

at 2415, based on log ft values of the B decay feeding it from
138m,ch. Our angular distributions for these states, by virtue

of their magnitude, support non-normal parity assignments. The

two remaining states at 3254 and 3285 keV are not seen in previous
work on this nucleus, and our angular distributions do not shed any
light on possible J" assignments for them. The 2929 and 2990 keV

states which were observed only at 20 degrees are very weak

(c(20°)<1 ub/sr) and are therefore not likely to be low spin normal
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parity states. Hill and Fuller7 suggest spins of J=1, 2 and

1, 2, 3, 4, respectively for these states.

D. Discussion of States in lL“"Sm

1. 2% States (Figure 7)

We assign J"=2" to the states at 1661, 2423, and 2800 keV.
The 1661 keV level is the first excited state in luuSm; its g7
is firmly established from Coulomb excitation,42 (B,y)u3 studies
and (a,a') and (p,p')18 experiments. Barker and Hiebertl® ob-
serve a 2% state at 2.45%0.2 MeV via (p,p') and (a,a') reactions,
which we assume corresponds to our level at 2423 keV. The state
at 2800 keV has been assigned J“=2+, from comparison of its an-
gular distribution with the 2% characteristic shape. It has also
been observed weakly in the B+ decay43 of the 17 ground state of

lquu.

2. 3~ States (Figure 8)

We assign J =37 to the states at 1811 and 3227 keV. The
state at 1811 keV is well established to have J"=3" from (¢,ya)
and (p,p') experiments,18 and 1s the strongest state observed
in our 144Sm spectra. The angular distribution of the previously
unobserved state at 3227 keV is verv similar to that of the 1811
keV state, as well as to the angular distribution for the collective

138

37 state in Ba. On this basis we assign the 3227 keV state J"=3".
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3. y* States (Figure 10)

We assign J"=4" to the states at 2191, 2588, 2883, and 3020
keV on the basis of agreement of theip angular distributions with
the 4% characteristic shape. The level at 2191 keV has previously
been assigned JT=y* on the basis of gamma ray systematics,ul and
recent (@,x') and (p,p") experiments18 verify this assignment.

We assume that this is the level at 2.21%.02 MeV observed in (4,d4')
and (p,p') studies.™ The states at 2588, 2883, and 3020 keV have
not been previously reported. They are in good agreement with the
characteristic 4" shape, with the possible exception of the 3020
keV state, which falls off somewhat too rapidly for angles larger
than 50°. These 4% assignments are consistent with the fact that

11

Kownacki, et al. have not observed these states in the

lusz(a,Zn)luuSm reaction which preferentially populates states

lquu l+ ground statel+3

with J28. Studies of the B decay of the

also show no evidence for levels at these energies, which is in
. . . . +

agreement with our yt assignments since population of 4 states

via this decay would be unique second forbidden.

4. 6' States (Figure 11)

The Stockholm gr*oupul has assigned the state at 2324 keV a
spin-parity of 6+, based on its life-time of 0.88 usec. This
agrees with systematics of 67 states in the N=82 nuclei. However,
our angular distribution for this state is only in qualitative
agreement with the characteristic 6 shape due to the rise of the

data at forward angles. This could be due to a very close-lving
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low spin state which would cause the experimental angular dis-
tribution to rise at forward angles. This possibility is sup-
ported by the fact that the FWHM of this peak is consistently
10-15% larger than that of other nearby peaks. We also assign
J"=6* to the previously unobserved étate at 3308 keV on the basis

of the shape of its angular distribution.

5. Other States (Figure 13)

We make no J" assignments for the states we observe at

2826, 3123, 3196, and 3266 keV. The state at 3123 keV has been
o+
=) by the Stockholm groupll in their search for high
14

assigned 7
spin states using the 2Nd(a,2ny)lem reaction and coincidence
techniques. Our angular distribution for this state is consistent
with a high spin state; if this is the same state seen by the
Stockholm group, we would favor a 7~ rather than 7% assignment as

it is fairly strongly excited. The angular distributions for the
levels at 2826 and 3196 keV peak far out in angle, suggestive of

high spin states; but the Stockholm group does not place any levels
at these energies. The 2800 (2+) and 2826 keV levels are seen as

a doublet in the (a,a') and (p,p') work of Barker and Hiebert.18

We also note the similarity of the 3123 and 3196 keV angular»dis-
tributions, which leads one to doubt that they are both doublets.

The state at 3266 keV has not been observed previously, and is ex-
cited very weakly in the present experiment. The angular distribution

for this state does not allow us to make any suggestions for its

spin and parity.



IV. N=82 WAVE FUNCTIONS

A.  Conventional Shell Model

As discussed in the Introduction, we have used large basis
shell-model wave functions to describe the nuclear states in-
volved in the present experiment. This section describes the de-
tails of the conventional shell model calculation?’»28 which was
done with the Oak Ridge-Rochester shell model code. 28

The basis space for the shell-model wave functions consists
of the lg7/2 and 2d5/2 orbits, plus one-proton excitations from
this subspace into ‘che,3sl/2 or 2c13/2 orbits. The two-body in-
teraction between the valence nucleons was parameterized in terms
of a modified surface delta interaction (MSDI), with the four single
‘particle energies and the two MSDI parameters fixed by fitting to
binding energies and energy levels of known J" in the N=82 nuclei,

Two Hamiltonians were used. The MSDI parameters for the
first Hamiltonian were obtained by fitting to levels of known J"

136 145

in N=82 nuclei from Xe through Eu (A=136-145), while those

for the second Hamiltonian were obtained by fitting to levels from

138 1*0ce (A=136-140). The A=136-145 interaction was

138 by

Xe through

applicable to both Ba and Sm, while A=136-140 was designed

for the lower mass N=82 isotones, and hence was used only for 138Ba.

138

Thus two sets of wave functions were calculated for Ba, but

only one set for l!J'I’LSm. The basis space was the same for all cal-

culations; only the parameters of the Hamiltonian differed.
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The basic difference between the two Hamiltonians is the
g.,/2-d5/2 single particle energy splitting, which increased from
about 500 keV for the A=136-145 interaction to about 300 key for
the A=136-140 interaction. Table IT lists the single particle
- energies and MSDI parameters for both interactions. It is found
that the eigenvalues.and eigenvectors calculatedbwith the A=136-140
interaction yield better agreement with experimentally known
spectra, pickup and stripping spectroscopic factors and electro-
magnetic data for the lower N=82 isotones than do ihose calculated
with the A=136-145 interaction. In particular, the A=136-140 cal-
culations are in excellent agreement28 with recent data on 133gp
and l3“‘Te, the one and two proton N=82 isotones, althougﬁ levels
from these nﬁclei were not included in the search procedure which
fixed the parameters of the Hamiltonian. It is reasonable that the
A=136-145 Hamiltonian might give poorer results for the lighter
N=82 isotones. For the upper N=82 isotones, the effects of fhe

144

limited basis space appear to be important. For example Sm,

which has 12 valence protons, effectively has a basis space con-
sisting of two holes in the g7/2—d5/2‘orbits and one-particle ex-

citations out of these orbits. The physical low-lying states of

1LmSm presumably have substantial amplitudes in their wave func-

tions for configurations outside of the allowed basis space, such

)2, (2d )2, and (351/2)2. Including these states in

as (1hyy,, 3/2
the searching procedure which determines the parameters of the
A=136-145 Hamiltonian could well distort the parameters to compensate

for components outside of the basis space. This would in turn
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decrease the accuracy of the calculations in the lowep isotones.
In light of this, the superiority of results calculated fop
1383a with the A=136-140 interaction over those calculated with
the A=136-145 interaction is expected. Moreover, it is expected
that the best results calculated for 138Ba should be superior

to the best for 1

uuSm, since the basis space is physically more
realistic for A<l40. We have used both the A=136-140 and A=136-145
sets of wave functions in the DWBA calculations for 1383a, to see
if inelastic proton scattering can identify one set of wave func-
tions as definitively better than the other. Only the A=136-145

14y

interaction was used in the Sm calculation, as previously

noted. With the basis space used in this calculation, states in

1383a have between 50 and 220 components in their wave functions,

lMSm have between 10 and 45 components. In the

while states in
following discussion we use the notation Jg, where 1 refers to

. . . . m
the first or second excited state of spin and parity J .

B. Other Structure Calculations

Properties of the N=82 nuclei have also been calculated by
methods other than the conventional shell model approach of

27 Rhouu performed a two-quasiparticle calculation

Wildenthal.
for the even N=82 nuclei, employing a Gaussian form as the re-
sidual nucleon-nucleon interaction. At the time of that work,
the single particle energies needed in the calculation were not

experimentally known. The results of this calculation are in

. . . . + +
qualitative agreement with experiment, but no 0 or 6 levels
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were calculated. In a later calculation, Waroquier and Hydeus
used an approach similar to Rho, but employed the inverse gap
equation technique46 to obtain the single particle energies for
their calculation. In addition they calculated the 0% and §*
States and in general obtained good agreement with existing data.
Comparisons of their calculated energy levels and those of the
conventional shell model which we use in this work are given in
Ref. 45§,

A new coupling scheme, developed by Hecht and Adler,47 and
employed by Baker and Tickle,15 Baer, gz_gl.ls and Jones, EE;EE-Z
in their work on N=82 nuclei, predicts energy levels in good
agreement with our experimental results for 138Ba. Calculations
performed2 with this coupling scheme and using a basis space very
similar to that of Wildenthal result in wave functions with at
most 23 components. It is encouraging that this scheme, with
its apparent simplicity, is able to reproduce the salient features
of the conventional shell-model which we have employed in this work.
A comparison of the energy levels predicted by the pseudo spin-
orbit scheme and the conventional shell model are given for 1388a
in kef. 2. This coupling scheme also predicts approximate selection
| rules-for relative strengths of excited states observed in in-

elastic scattering. This will be discussed further in Sec. VIBS.

V. OPTICAL MODEL

Essential ingredients in any DWBA calculation are the optical

model parameters which describe the elastic scattering in the entrance
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and exit channels. A number of optical model parameter studiesd’»38,48
have been made for 30 MéV protons incident on nuclei with A between

40 and 208. From these studies, formulae result which allow one

to interpolate the "best fit" parameters to nuclei and energies

other than those specifically used in the studies. However, there

is a large gap from tin (A~120) to lead (A=208) for which very

little precise elastic scattering data exists, and thus no in-
formation for this region was included in the optical model studies.

It was not clear, therefore, that the parameters which these studies

predict would properly account for the elastic scattering from 138Ba

and *%sm.

Fortunately, parameters predicted by two previous studiesa7’38
yielded results which are in very good agreement with our elastic
scattering data. The optical model parameters of Becchetti and
Greenlees37 predict an elastic scattering angular distribution for
138p,(14%gn) which results in a chi square per point between theory
and experiment of 3.4 (5.3), while Set IT (Set I) from Satchler's
analysis38 yields a fit with a chi square per point of 4.0 (4.3).
As discussed previously in Sec. IIIB, these excellent theoretical
fits allowed us to normalize our elastic angular distribution data
to theory in order to obtain absolute cross sections for the in-
elastic scattering data. After this normalization was determined,

the predicted parameters were allowed to vary in a search to obtain

the optimum parameters for use in the DWBA calculations.
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The optical model potential used in our analysis has the

usual form

V(r) = -VR(lfexR)"l = AW - a-;j—m-xuexmr‘l
fAy2y ld (1+e LS)-1 (Eq. 1)
m,C LS r dr 4
where Xp = (r—rRAlls)/aR
Xy = (r-rIMAl/s)/aIM

X

1/3

The Coulomb potential is that of a uniformly charged sphere with

radius rcAl/s.

To obtain an optimum set of optical model parameters three
different sets were utilized as starting parameters for the

searching procedure. They are (1) the set predicted from the

37

global optical model analysis by Becchetti and Greenlees, (2)

38 on 30 MeV

Set I, and (3) Set II from the work of Satchler
proton elastic scattering.

The final best fit parameters for each set are presented in:
Table III. The final values are all within 5% of the starting
values, with the exception of the surface absorption strength in
Satchler, Set I, which decreases by 15% for 138Ba. The elastic
angular distributions calculated with the three sets of parameters
and normalized to the data differed by less than seven percent at
any angle and differences were indistinguishable on the scale of

. . s + +
Fig. 4. The total DWBA cross sections for the first 2 , 4 , and
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+ - >
6 states in 138Ba calculated with each set of Parameters are

also given in Table III. These give an indication of the
sensitivity of the DWBA calculations to changes in optical model
parameters. The ratios of the cross sections for J=2, 4 and 6
are essentially constant; hence the main difference

between the various Eets is an overall normalization

which is at most 10%. TFor the calculations presented in this
paper, Set SII in Table III was chosen for 138Ba as it gave the
smallest chi square per point, and resulted in total cross

1uy

sections intermediate in value between BG and SI. The Sm

calculations were done with Set SI.

VI. DISTORTED WAVE BORN APPROXIMATION
(DWBA) THEORY

A, Collective Model DWBA

Wé have performed conventional collective model20 DWBA

calculations, deforming both the real and imaginary terms of the
optical model potential, corresponding to all of the transitions

we observe. This type of analysis has been thoroughly studied

for 30 MeV (p,p") reactions.49 We have extracted deformation
parameters Bi for all states which have been assigned a J" value

by normalizing the calculated angular distribution to the measured
distribution using a chi-squared fitting program,so and emphasizing
the forward angle data. The resulting Bi values may be used to

estimate the strength of the corresponding B(EL) transition between
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the ground state and the state of interest. The formalism of

5 .
1 has been designed to describe the extraction of

Bernstein
isoscalar transition rates from inelastic a scattering. How-
ever, the method can be applied to our results if one assumes}
(1) that spin and isospin flip amplitudes are small, and (25
the contribution from the interior of the nucleus, which con-
tributes to proton‘but not alpha inelastic scattering, can be
neglected. There is some evidence that these are reasonable
assumptions, since deformation lengths §'=8'R' obtained from
inelastic proton and alpha scattering are often in good agreement.la’51
However, in the microscopic description discussed in the next
section, we explicitly take account of the fact that the proton
projectile interacts more strongly with the neutrons of the target
than with the protons. This implies that the deformation para-
meters BL extracted from (p,p') and (a,a') reactions should be
different. Since this does not appear to be the case, these
differences must somehow be absorbed in the parameterization of
the optical potential. The most accurate comparisons can be ob-
tained for the relative strengths for a fixed L transfer iﬁ a
limited mass region, since theoretical and experimental errors
will tend to cancel out. In this case, the B(EL) values which
this method of analysis yields will be useful as a guideline for
comparison to B(EL) values predicted by nuclear structure models,

such as the shell model. The isoscalar transition rates are cal-

culated (in single particle units) from the equation
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(zem>2(3+L)2
G, —womo— (Eq. 2)

where Bm’ the mass deformation parameter, is obtained from the

prescription of Bernstein51

B'R' = B R_ (Eq. 3)

o__
where B' is obtained from the relation EEEEE = (B')z.
. . thy
R' is the imaginary radius obtained from optical model fits

1/3

to elastic scattering, and R,=1.2 A™" ", the cutoff radius for a

uniform charge density model of the nucleus. The results for Gy,
for a more realistic Fermi charge distribution can be obtained by
multiplying the result from Eq. 2 by a tabulated correction factor

given in Ref. 51. The results of this analysis will be presented

in Sec. VIIB.

B. Microscopic DWBA

1. Distorted Wave Calculations

The microscopic DWBA calculations were performed with the
code DWBA70 written by Raynal and Schaeffer.52 This code is based

53 which automatically accounts

on the helicity formalism of Raynal
for all values of orbital angular momentum L and spin angular
momentum S that can be transferred in a given transition from
a J":O+ ground state. The knock-on exchange term, which describes

exchange between the projectile and target valence nucleons, is

included in the scattering amplitude. Central, tensor and
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‘spin-orbit interactions can be included in the two-body force be-
© 'tween the projectile and target nucleon.
'The cross section is defined such that

do _ 1

T 7 M,o ‘ (Eq. )

K where

JT

£ = 263009 Goioau]vx ) s (Eq. 5)
TG o2 3103 PP kg, PR Ki%; a ’

1. di,cf are the helicities of the incoming and outgoing
particles, respectively, and f is the scattering amplitude
for the transition.

2. MMis the helicity of the residual nucleus.

3. Ei,kf are the momenta of the incoming and outgoing
particles, respectively.

4. The subscript A refers to the antisymmetrized matrix

element.

A target nucleus with spin zero ground state is assumed, and
the final state of angular momentum J and isospin T is described
by a particle in orbital jp and a hole in orbital jh' v is the
two-body interaction between the projectile and target nucleons,

+

and the X are the distorted waves which describe the relative

motion of the target and projectile,
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JT
The quantity Z(jhjp) is the spectroscopic amplitude54

for the transition and contains all of the nuclear structure
1nformatlon needed to describe the 1n1t1al and flnal states of
the target nucleus. A full description of the he}lclty formalism .

is given in Ref. 53.

2. Spectroscopic Amplitudes

JT
The spectroscopic amplitudes ZG}Q ) are of major interest

 in this paper. - The Procedures used to calculate these quantltles
depend upon the model used to describe the states of the target
nucleus. In this work the target states are described by the
large basis shell model wave functions described in Sec. IVA.

We have modified the 0Oak Ridge-Rochester shell model codes26

JT

to calculate the spectroscoplc amplitudes Z(j ) in a form con-

}gp
venient for DWBA calculations. The LSJ coupllng formalism, where
L, S, J, are the transferred orbital, spin and‘fotal angular
momentum, is used by most workers performing DWBA calculations,
and is more familiar than the helicity formalism previously dis-
cussed. The following discussion will therefore be based on
notation very similar to that of Satchler?? and Petrovich.55

For the direct term of the scattering amplitude, the spectroscopic

amplitudes are related to the single particle matrix elements

defined by Satchler.2%225

/7"1\‘3.3'

T,. . T .. - gL Sos oy - 1

[ML(]p]h)SS,O + NLlJ(jpjh)SS,l] = MLSJ(jp]h) ———§-———R
‘ . f

I T ilr >*Zf?r”%<2 3 l]]T (0,0,001] |90, 3, > (Eq. 6)
2°7a’>’b "a'?'p Ipdn Tplp 211 tLs st P TTy
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where TLSJ is the spin angle tensor, t is the isospin operator,
Ji,Jf are the spins of the initial and final states in the target

nucleus, and % = /7x%+I.

3. Elements of the DWBA Formalism (Difect Amplitude)

The transition density can now be defined

LSJ,T _

F
(rl)

T ,. .
I Me.03 3. )u (r;)u (r.) (Eq. 7)
o S q-
]pjh LSJ “p-h npzp 1 nhzh 1
where unl(r) are the bound state radial wave functions of the

active valence particles. We use harmonic oscillator wave func-

tions for the bound states, with the oscillator Parameter given by56

_ 45 25
/}{w = AT_ET - A77—3- (Eq. 8)
LSJ,T

The form factor G(r 3 for the direct term of the scattering
0

amplitude is related to the transition density through the

relation
G%igsT = f F%ii;T ViT(rO,rl) ri drl (Eq. 9

where ViT(PO’rl) is the L®P multipole in the decomposition of the
two-body force between the bound nucleon and the incident projectile.
The form factor G%iJST thus contains all of the structure information
which describes theostates of the target nucleus, as well as the

information concerning the form of the interaction between the

projectile and target nucieon.
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The form factor G%iJST is then folded in with the incident

and exit channel opticalomodel wave functions, and squared to get
the direct contribution to the DWBA cross section. It is clear
from the previous discussion that the magnitude and the shape
of the angular distribution is dependent on (1) the optical model
parameters which describe the elastic scattering from the target
nucleus, (2) the form of the two-body force between the projectile
and target nucleons, and (3) the transition density. We now con-
sider these elements of the cross section in turn.

The procedure for determining the optical model parameters
is well defined. The various parameters of the optical model
are adjusted until one obtains the best fit to the measured
elastic scattering from the target nucleus, as was discussed in
Sec. V.

The form of the two-body force is, however, not well defined.
The most desirable two-body force to use would be one which de-
scribes two-nucleon scattering, such as the Hamada-Johnston

57

potential. However, due to its hard core, this potential

cannot be used in its original form. A common technique is to

58 to the attractive-~

apply the Scott-Moszkowski separation method
even state components of the Hamada-Johnston potential, add
second order effects due to the tensor interaction, and neglect
the odd state parts on the basis that they are much weaker than
the even state components. This results in an even state force
similar to the Serber force. This approach, used by Love and

Satchler,25 results in a potential which retains the basic fea-

tures of the original potential at low znerzies and is useable
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in inelastic nucleon-nucleus scattering calculations as well

as in bound state calculations. Petrovich,'gg;gk.sg have used

a similar approach with the Kallio-Kolltveit®? interaction as

the effective interaction and they find that this realistic force
gives a good account of proton scattering from 12C and uOCa.
Other often-used interactions have Yukawa or Gaussian radial
shapes with strengths and ranges chosen to reproduce low energy
nucleon-nucleon scattering data. Comparisoﬁs between these vari-
ous interactions are given in Ref. 25.

Many exchange mixtures other than the Serber mixture have
been used in nuclear structure calculations. Often they have
large odd-state components, thus differing. from the forces pre-
dicted by realistic interactions. We have tried seven of the more

61 to see how their predictions for

commonly used structure forces
inelastic scattering compare with those for the central force
which we use in this work. This force is an even state Yukawa
force with a range of 1.4 F, and a strength chosen to be con-
sistent with a recent survey of inelastic scattering analyses.62
The results of this comparison will be presented in Sec. VIIC2.

For a zero-range force, it is clear from Eg. 9 that the form

factor G%iJ;T is given by r2 times the transition density. As the
0
range of the two-body force increases, the form factor continues

LSJ,T
(rl)
This brings us back to the least well defined element in the

to reflect the radial shape of the transition density F

cross section, namely, the transition density.
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4. Transition Density

Referring back to Eqs. 6 and 7, we see that this quantity
is determined by the wave functions which describe the states of
the target nucleus. At this point it is useful to present a
short review of the properties of single particle wave functions
Ung which occur in the transition density. In this work we use
harmonic oscillator wave functions, hence the single particle
radial wave functions are completely specified by the principal
quantum number n and the orbital angular momentum %. The quantum
number n specifies the number of nodes in the wave function; we
use the convention that n starts from 1. We recail from Sec. IVA
that the single particle orbitals which form the shell model basis
are the lg7/2, 2d5/2, 2d3/2, and 381/2. The single particle wave
functions of interest in this work are therefore Ujys Upy, and
Usgs which have 1, 2, and 3 nodes respectively. The transition
density will be constructed from a sum of products of single
particle wave functions, each product being weighted by the
appropriate M{SJ(jpjh), w?%ch in turn is dependent upon the
spectroscopic amplitude Z(jhjp). It is clear that a term such
as ujyugy will contribute a simple shape with a single maximum,
while a term such as Usplag has several maxima and minima. An
example of a typical transition density is that for the transition

138

to the 2; state in Ba. It is given by

~202,0 _

'*(rl) -

-0.339ul“ulu + O.l35u14u22 - O.O89u22u22 + O.O3lu22u3o.
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. . 0 L. . '
The coefficients M202(]p]h) are determined by the wave functions
+ R ‘
for the Og.s and 2, states. Different wave functions will give

different coefficients, and thus a transition density of different
shape. This will in turn modify the shape of the form factor, and
also the cross section, as discussed earlier. The magnitude of
each M§SJ(jpjh) is related to the coherence properties of the
amplitudes of the components of the wave functions; in general a
larger MESJ(jpjh) results from constructive interference between
the amplitudes while a small number results from destructive interp-

ference. However, in our case the small size of the MY )

1ss3p3n
involving the 2d3/2 or 381/2 orbitals is also in part due to the
restriction on the occupation of these levels, as discussed in
Sec. IVA. Hence, there are two aspects of the transition density
which affect the cross section; the first being the magnitude of
the individual components, and the second being the interference
among the terms of the sum. Specific examples of transition den-
sities will be illustrated in Sec. VIICl, where we compare the

1385, calculated with both the A=136-140

transition densities for
and A=136-145 sets of wave functions. We will find that one can
easily distinguish the two sets of wave functions by virtue of
the resulting transition densities and the angular distributions
which they predict.

We note at this point that other methods exist for extracting
the necessary transition density. One promising approach is

63

through inelastic electron scattering. It can be shown that

the transition density is simply related to the measured



39

form factor in (e,e'), and high quality (e,e') data over a wide
range of momentum transfer can fully determine the proton transition
density, since electrons are mainly sensitive to protons in a
nucleus. This can then lead to a determination of the neutron
transition density if proper account is taken of core polarization
effects.

Since 30 MeV protons are not strongly absorbed the cross
section is sensitive not only to the tail of the transition den-
sity and its value in the vicinity of the nuclear surface as in
(xya'), but also to the transition density inside of the nucleus.
For this reason, medium energy inelastic proton scattering pro-
vides a very sensitive test of the wave functions involved in a
transition.

The previous discussion has been concerned only with the
direct DWBA contribution to the scattering amplitude. The
transition density is not defined as such for the exchange amplitude,
since for exchange, the initial and final bound state wave functions
have different radial co-ordinates. However, a quantity cor-
responding to MESJ(jpjh) for the direct term exists for the ex-
change term,25 and can be used to obtain an estimate of the mag-
nitude of the exchange contribution to a given transition. In
the case of the exchange amplitude, the form factor is different
for each pair of partial waves, and involves many multipoles

of the two-body force for an orbital angular momentum transfer L.
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However, it has been found by a number of aut}'xox_ﬂszs"su'66

that the direct and exchange amplitudes are constructively co-
herent in general, and identically so for a zero-range even state
force. Atkinson and Madsen29 have done a particularly complete
study of the properties of the direct and exchange amplitudes

for transitions in single closed shell nuclei (such as the N=82
nuclei). They find that with a Serber force the shapes of the
exchange contributions to the angular distributions are very
similar to those for the direct term. Since we have alsoc used

a Serber force, the previous transition density discussion appears
to remain valid when the exchange amplitude is included in the |
cross section; the main effect of the exchange amplitude being a

renormalization of the magnitude of the cross sectiocn.

5. Discussion of Selection Rules and Non-Normal Parity States

In terms of the transferred orbital angular momentum L,
spin S, total angular momentum J, and isospin T, the selection

rules for the direct amplitude in the DWBA are

A
1=3-38 s = 0,1
T = Tf-Ti T = 0,1
am = (2)F |
. . 1uy
where Am denotes the change in paritv. Both 138Ba and Sm

have JT=0", so J=J..
i f
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For the exchange term in the DWBA amplitude, the selection
rule A1r=(-)L no longer holds. Thus for exchange, all four triads
(LSJ)-(J0J), (J1J), (J-1 1J), and (J+1 1J) can contribute to the
cross section, while for the direct term, only the first or sec-
ond pair can contribute depending on the parity change. The
terms which the second pair of triads give rise to are commonly
referred to as non-normal parity amplitudes and are found in
general to be small except in the case of transitions to high spin
states, where they can be important.25

The only experimental angular distributions for non-normal

parity transitions (transitions to non-normal parity states for

which n#(-)J) in masses A>80 of which we are aware are those for

138

the 3° and (5%) states in Ba, which we observe, and an angular

208Pb.67

distribution for a 4  state in In all cases, the cross
sections are less than 20 ub/sr at all angles. The fact that so
few non-normal parity states are observed in inelastic proton
scattering is evidence in itself that cross sections to such states
must be small. Calculations for transitions to the 3' and (5%)

1388a have been carried out and are described in detail

states in
in Sec. VIIC2. The resulting cross sections are approximately
1 ub/sr. Thus, both theory and experiment indicate that non-normal
parity states (also often referred to as spin-flip states) are
very weakly excited in medium energy inelastic proton scattering
on heavy nuclei.

As mentioned in Sec. IVB, the pseudo spin-orbit coupling

scheme of Hecht and Adler'’ predicts a selection rule for in-

elastic scattering. This selection rule is based on the assumption
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that the transition densities are independent of the quantum numbers
jp]h and depend only on the orbital angular momentum transfer L

For (a,a') this is a reasonable assumption, since the alpha particles
are strongly absorbed by the nucleus and are sensitive to the
transition density only at the nuclearp surface where, for the case
of N=82 nuclei, the transition densities are quite similar as il-
lustrated in Ref. 15. However, this may not be a good assumption

for protons, which are not strongly absorbed. The selection rule
states that AB=0 where B is the total pseudo spin. For an even
number of protons, B ranges from v/2 to 0, where v is the seniority

138Ba which we have used have

of the state. The wave functions for
mixed seniority, but projecting out wave functions of good seniority
reveals that the low-lying J#0 states are more than 80% seniority
two states. In the Hecht-Adler scheme, the lowest 2+, 4+, and 6+
states have v=2, B=0 and transitions to these states from the v=0,
B=0 ground state are allowed. Our data show them to be relatively
strongly excited. The next group of states have v=2, B=1 so
transitions to these states would violate the AB=0 prule. With

two exceptions, Fig. 2 shows that the positive parity states be-
tween 2,2-3.2 MeV are weakly excited. The third group of states
predicted in the pseudo spin scheme are v=i4, B=0 states. The re-
latively strong 2" states at 3339 and 3368 keV in l388a are per-

haps members of this group, since the shell model also predicts

These levels to be mostly senioritv four states.
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We thus find that the pseudo spin orbit selection rules

predict results which are in qualitative agreement with our data.

VII. DISCUSSION OF RESULTS

In this section we present results of the calculations de-
seribed in Seecs. IV and VI, and compare the theoretical pre-
dictions from those sections with the experimental results from

Sec. TIII.

A, Comparison of Shell-Model Calculations to Experiment

We begin by contrasting the results of the shell model cal-

138 1

culations for Ba and 4“Sm described in Sec. IVA with the

experimental energy level spectra obtained in Sec. IIIA. The

energy level spectra for 138

Ba resulting from shell model cal-
culations with both the A=136-145 and A=136-140 Hamiltonians,
together with the experimental level spectrum as determined from
our measurements, are shown in Fig. 14, The calculated energy
level spectrum, using the A=136-140 interaction, is in excellent
agreement with experiment. One-to-one correspondence between
theory and experiment can be inferred up to 2.9 MeV of excitation,
with the exception of the experimentally missing excited ot state.
Each of the states predicted by theory up to 2.85 MeV are in
agreement with their experimental counterparts to within 200 keV,

and for most states the agreement is better than 100 keV. In

Sec. ITIIC4 we noted that the angular distribution for the state
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at 2201 keV did not enable us to assign this state J"=6+, al-
though a 6" assignment i1s not inconsistent with the data, as

seen in Fig. 11. Comparing experiment to theory, one clearly
finds additional support for a 6" assignment to this state. The
states at 2415 and 2uu45 keV, which have been assigned (s¥) and 3"

respectively,uo

have structureless angular distributions and are
excited very weakly in our (p,p') measurements, thus leading us
to concur with the non-normal parity assignments. These JT as-
signments are also in excellent agreement with the shell model
predictions. Recalling from Sec. IIIC3 the discussion of a 17yt
doublet at 2583-2584 keV, we see such a proposal is strongly
supported by predictions of the shell model.

In the discussion of Sec. IVA, we indicated that the para-
meters in the A=136-145 interaction may reflect deficiencies in
the basis space for the upper N=82 isotones, since states of
these isotones used in the determination of the interaction para-
meters may have configurations lying outside the present basis
space. We observe from Fig. 14 that the A=136-1L5 interaction
does not reproduce the 138Ba energy levels with the accuracy of
the A=136-140 Hamiltonian. The major differences are in the
first TR splitting, and in the spacing of the levels from
2.3 to 2.6 MeV. A more sensitive test of the relative quality of
the wave functions resulting from these interactions is found in
the microscopic DWBA calculations, which will be discussed shortly.
1

. . - Ly .
The experimental energy level spectrum for Sm along with

the predicted energy level spectrum calculated from the A=136-1Uu5
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interaction is shown in Fig. 15. The general characteristics of
the experimental spectrum are reproduced; however the specific
state-by-state agreement is not as impressive as the agreement
between theory and experiment fop 138Ba. Allowing more than one
proton to be excited into the 381/2 and 2d3/2 orbits, and including
pairs of particles in the lhll/2 orbit would be expected to improve

the agreement between theory and experiment.

B. Collective Model Results

In this section we present the results of a collective model

138 iy

anlaysis of all states in Ba and Sm for which J" assignments

have been made. Figures 16 and 17 show our measured angular dis-

tributions for the lowest-lying 2+, 37, 4+, and 6' states in 1388a

and 4y

Sm, along with the collective model predictions for these
states. The optical model parameters labeled Set SII (Set SI) in
Table III had the lowest value of chi-square per point and were

138Ba(1448

used in the calculations for m), but any of the three
sets give fits of similar quality. As seen in Figs. 16 and 17,
the predicted angular distributions are in good agreement with the
data for the 2° and 3~ states, but the agreement deteriorates as
one goes to the higher spin states. Results of calculations for
the remaining states observed in our measurements are not shown,
since our use of characteristic shapes indicates that all experi-
mental angular distributions for a given J7 are very similar in

shape. The empirical observation that the shapes of the angular

distributions appear to be independent of excitation energy in the
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energy range from 1-3.5 MeV has been verified through the collective

model DWBA calculations.

Deformation parameters Bi’ as discussed in Sec. VIA, have been
extracted by normalizing the experimental and theoretical cross
sections over the angular range of the data. The results of this
analysis are given in Table IV. The small size of these parameters,
except for the lowest 3~ states, is arother indication that the
states are not strongly collective. Coulomb excitation was not
included in the form factor calculations. Test cases showed that
its inclusion would not have altered the extracted deformation

parameters by more than four percent for JT=2" and 37, and neg-

1

ligibly for higher spin transfers. Barker and Hiebert 8 have also

1y

studied 4Sm(p,p') at 30 MeV, and the results of their collective

model analysis are in good agreement with ours for the four states

which they observe (see Table V). In addition, Woolam et al.lg

have measured Bé for the inelastic scattering of 50 MeV protons

(53 MeV SHe) on **%sm. and find a value of BIR'=0.41 F

(BéR'=0.47 F). Thus inelastic scattering of protons, 3He,
and alpha particles18 leaving luuSm in it's first excited state
yield values of BéR' ranging from 0.41 to 0.47. These values are

all within the probable errors of the technique. Table V gives a

summary of the measured deformation parameters for excited states

of 138Ba and luqu.

In Table V we also list the isoscalar transition strengths

GL’ in single particle units, calculated from Egqs. 2 and 3.

138, 39 14, 42
m

Coulomb excitation measurements on Ba and S yield
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B(E2) values of u42Y1g ezPu and 500%80 %" reépectively for
transitions from the first excited states in these nuclei. These
values correspond to 10.010.4 and 11.011.8 single particle units
respectively. Comparing them with the corresponding values for
G(L) from Table V indicates that the values of G(L) obtained from
inelastic scattering are only 60%-80% of those obtained through
Coulomb excitation, although in the case of luqu the results are
probably consistent within the errors of the determinations. This
Phenomenon persists for other nuclei in this mass region,l7 which
seems to be the only region which does hot exhibit equality'between
the isoscalar and electromagnetic transition rates when they are
extracted using this model.

As one adds brotons outside‘a closed core, one expects that
the strength of collective excitations out of the core will in-
crease and that this increase will be reflected in the inelastic-

17,18 have noted

scattering cross sections. Barker and Hiebert
such an increase in strength for the lowest lying 3~ state but
have found no increase for the lowest lying 2" state. To check
on this expectation with our more complete data, we have summed
the strengths found for the 2+, 37, and 3" states in Figs. 6-10,
with the results shown in Table VI. The strengths of the 2t ex-
citations differ by 35% while the 3~ and 4  excitations are about

luuSm. The only unassigned states

14y

a factor of two stronger in
(Ex53.3 MeV) with substantial strength are in Sm and these pro-
5ably have L4, which would tend to increase the ratio for the
Aigher spins. The sample of 6" states is so small, no reliable

conclusions can be drawn, but the ratio is less than 1 if the

. . . . +
Ccross sections in Fig. 11 are assigned to be 6.
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It has been suggested51 that a better measure of the strength
is the energy weighted sum g E, G- The ratios of these sums are
also tabulated ip Table VI. The ratio for the 2% states is eg-
sentially unchanged, while that for the 3~ states is now neap unity

+ .
and that for the 4 gtates 1s somewhat increased,

c. Microscopic Model Analysis

in undertaking this work was to determine whether large basis
shell-model wave functions could accurately account for both the
shape and magnitude of measured angular distributions obtained
from inelastic proton scattering. To thié end, we have applied
the microscopic DWBA theory discussed in Sec. VIB to calculate

angular distributions for the 2{, 2;, 41, 4;, and 61,.6; States

138 1448m.

observed in Ba and
The pertinent details of the inelastic scattering calculation
are as follows. The optical model Parameters labeled Set SII
(Set SI) in Table III are used to describe the incident and exit
channels of 138Ba(lquSm). The bound states are described by harmonic
oscillator wave functions, with an harmonic oscillator constant
obtained from Eq. 8. The two-body interaction between the pro-
jectile and target nucleons was central only, with the Serber ex-

change mixture and a Yukawa radial dependence. Thus we have

-r/c

1 'p r/o

e -
Vip(r) = [v + Vlooi-oD + VOlTi'



43

where @ is the range of the force, i, p label the valence nucleons
and the projectile, respectively and the subscripts on the vST
are the spin and isospin transferred in the reaction. For a
Serber interaction VOO:VIO:VOI:Vll = =3:1:1:1. The strength of
the largest of the VST was taken as the mean value found in the
tabulation of Austin,62 Vgp3=27.8 MeV for a range 0=1.0 F, It
was found in preliminary calculations that a=1.4% F provided a
somewhat better fit to the shape of the angular distributions.
The value of Voo(a=l.4 F)=-12.6 MeV used in the calculations was
fixed so as to give the same cross section in a DWBA calculation
138

for the 21 state in

our wave functions contain only proton orbitals, the number which

Ba as did the 1.0 F range force. Since

actually enters the calculations is V§p=VSO+VSl’ which is

-8.4 MeV for the dominant S=0 part of the proton-proton inter-

action. Coulomb excitation was not included in the calculations.
Core polarization, i.e., the effect due to contributions to

the cross section from nucleons outside the explicit shell-model

basis space, must be included for a proper description of in-

68 In the case of electromagnetic transitions

elastic scattering.
these effects also appear and are accounted for by renormalizing
the charge on the nucleons, i.e., by introducing a "polarization

23,30 has shown that one can similarly correct

charge". Madsen
for finite basis-space effects in inelastic Scattering by re-
normalizing the strength of the two-bodv force which mediates the

transition. Thus one has an "effective force" for (p,p') which is

-analogous to the "effective charge" for electromagnetic transitions.
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Madsen's r-esult29 for the renormalization factor € 1is
. VOOeO(L)+V01el(L) (Eq. 10)
Voo*tVor

where e, and e, are defined in terms of the total effective charges
on the neutron and proton; e0=ep+en, el=ep-en. The major as-
sumption involved in obtaining this result is that the ratios of
the inelastic scattering single particle amplitudes (direct plus
exchange) to the corresponding electromagnetic amplitudes are in-
dependent of the single particle quantum numbérs. This is rigor-
ously true for the direct amplitude in the plane wave Born approxi-

mation at zero momentum transfer. Madsen29

118

has shown by numerical
calculation for Sn that it is true within a 9% effect on ¢ for
a DWBA calculation including the exchange amplitude.

One can estimate the enhancement factor directly from Madsen's
formula. However, we prefer to proceed in a more heuristic fashion
to make the input assumptions clear. To get an idea of the core
participation in the low-lying states of 138Ba, we note that for
the wave functions used here, the calculated B(E2; 21+01) is a
factor of 3.2 too small®® if no polarization charge & is used.
This implies that (1+5e)2=3.2, 6r de=0,8. To account for the
contribution to the (p,p') reaction of protons excited from the
core, one therefore renormalizes the interaction strength VPp to
(l+53)Vpp. However, neutron core excitations also contribute to
(p,p') cross sections and are, in fact, more important than those

for protons, since the proton-neutron two-body interaction Vpn

is stronger than Vpp' If it is assumed, as has been found by
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Bernstein70

and Astner, 33_§5.71 that contributions from neutron
and proton core excitations are approximately in the ratio of
N/Z (the ratio expected in a collective model picture), we need
an additional term, N/Z & Vpn' For the Serber exchange mixture
we use, vpn=2Vpp° Thus one obtains a total effective force of
(l+6e)Vpp+2N/ZGeVpp=[1+6e(l+2N/Z)]VPp, i.e. the strength is
increased by a factor .of (1+8¢ (1+2N/Z))., This corresponds to a
cross section enhancement of 17.2. We have also inverted this
process and used the measured enhancement factors to extract'
polarization charges for other transitions in 138Ba, for which
electromagnetic transition data are not available. Calculations

of cross sections were performed for the 2+, 2;, HI, 4;, 61, and

138Ba. The enhancement factors were extracted by

6; states in
normalizing the experimental and theoretical integrated cross
sections over the angular range of the data.

To estimate the accuracy of the polarization charges, we con-
sider the effects of uncertainties in the input numbers. First of all,
Vao is perhaps known to within 115%, which corresponds to an un-
certainty of 10.16 in ¢ . Uncertainties introduced by possible
variations from a Serber force are not large (<0.04 in & ) be-
cause, for example, an increase in Vg; leads to a decrease in

|v
PP
If we assign to the ratio of neutron and proton polarizaticn

| but an increase in Vpn/vpp’ and these effects almost cancel.

+
changes a fifty percent uncertainty, &n/&p=N/Z=1.46-0.23, the

corresponding uncertainty in &e is 10.10. The usual DWBA
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uncertainties for inelastic Scattering are perhaps 220% in cross
section corresponding to an uncertainty in e of 10.11. Finally
the uncertainty of»ilo% in the experimental normalization con-
tributes an uncertainty of i0.05. Adding these in quédrature

one obtains an uncertainty of A(§e)=0.23. Most of these effects
change the numbers for different L transfers in the same way so
the relative values of éep are perhaps better known than this.

On the other hand, we have neglected the basic uncertainty in the
approximation of Eq. 10. If Madsen's estimate for *18gn (2%

were valid here, our numbers would be large by 0.1. It is possible
the overestimate is larger for the higher spin states where ex-
change effects are more important but we have no direct evidence
for this. The results of our analysis of 8e are shown in Table VII,

and we see that the de are constant within the probable overall

uncertainty in the analysis.

1. Microscopic DWBA Calculations for l38Ba

For l388a, we have calculated angular distributions using both

sets (A=136-140 and A=136-145 Hamiltonians) of wave functions for

the aforementioned 6 states. Figures 18 and 13 show the angular
distributions predicted by each set of wave functions, together

with the appropriate data. All theoretical cross sections include
an enhancement factor calculated with §e=0.8, i.e., they have not
been individually normalized to the data but represent an essentially
a priori calculation. The knock-on exchange amplitude contributes

substantially to all cross sections and especially to those for the
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high spin states. We see that the magnitudes and shapes of the
calculated angular distributions are in good agreement with the

data for the 21, 41, and 61 states for both sets of wave functions.

+

However, the agreement between theory and experiment for the 22,

u;, and 6; states is much better for the A=136-140 set of wave
functions than for the A=136-145 set, which predicts cross sections
which are an order of magnitude low, and also exhibit poorer agree-
ment in shape. From this analysis 1t appears that the A=136-1.40
set of wave functions gives the better description of the low-lying

138Ba.

states of
To find the reason for this behavior, recall from Sec. VIBY
that all of the nuclear structure information entering the DWBA
calculation is contained in the transition densities. Thus it is
informative to compare the differences in their structure as cal-
culated from each set of wave functions. Figure 20 shows such a‘
comparison. The magnitude of the transition density is plotted
versus the radial coordinate expressed in units of rOAlls; thus
unity-corresponds to the nuclear surface. Inspection shows that

s . + + .
the transition densities for the 2 states are quite

1’ 1
similar for both sets of wave functions. They peak slightly inside

4;, and 6

the nuclear surface, which is a general characteristic55 of these
quantities. We recall that the cross sections calculated for these
states were very similar for both sets of wave functions. However,

there are distinct differences in the transition densities for

+ + _+
the 2 4., and b6

23 45 2 transitions. The A=136-145 wave functions yield
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transition densities with a pronounced decrease of the surface
peaking, and an increase in magnitude of the peak near 0.6 of
the nuclear radius, relative to the A=136-140 results. For the
6; state, this effect is so great that the transition density
resembles that for a much lighter nucleus. Since the transition
density (and therefore the form factor) peaks too far inside the
nuclear surface for this transition, the diffraction pattern
predicted by the DWBA is pushed out, as if the target nucleus
wepre indeed much lighter. This is exactly what we observe for
the calculated 6; cross section for the A=136-145 set of wave
functions.

We can infer specifically what is wrong with this set of
wave functions by considering the individﬁal contributions to the
total transition density for the Gz,state, for example. TFigure
21 shows both this transition density and its component parts
proportional to Uy and UgyUoge For the A=136-140 set of
wave functions the UgyUsno term is large relative to the Uq Uy
term, which results in the surface peaking. However, the com-
ponents are about the same size for the A=136-145 wave functions,
and the transition density is very small at the surface due to
a cancellation effect. Tracing back one step farther, we can
look at the spectroscopic amplitudes which contribute to u,,uyy,
and U495 and thus directly study the wave functions. Only the
' ) matrix element contributes to u;,uqy»

T . o v,0
Misa¢Ipind Meos'87/2°87/2

. 0 : 0 .
while both Msos(g7/2a5/2) and M606(d5/2’g7/2) contribute to the
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Uy Uy, term of the sum. Table VIII shows the structure of the
largest components of the pertinent wave functions, as well as
the individual contributions to the 6; transition density cal-
culated with both sets of wave functions. The two transition.

densities are thus

606,0 _ _ . | )
F(rl) = (0.1292 ulq-ul’+ + 0,3223 uluuzz A=136-140
606,0 _ i
F(rl) = 0.1765 Upluq, + 0.1978 Uy Uy, A=136-1L45

The quantity of interest is the ratio u14u22/uluulu which has

the value 2.50(1.12) for the A=136-140 (A=136-145) interaction.
The major reason for the smaller ratio from the A=136-145 wave
functions is the small size of the Uy Uss contribution. This set
of wave functions has the smaller g7/2-d5/2 single particle split-
ting and might naively be expected to have the larger Ug Uy,

term; a detailed comparison of the wave functions in Table VIII
shows why this is not so. The largest contributions to Uy u,, for
the A=136-140 set come from the (g,)%»(g,)°(d)! and
(g7)“(d5)2+(g7)u(d5)2 amplitudes, which for the A=136-145 wave
functions are much smaller. This is because the smaller

g7/2-d5/2 splitting leads to a fragmentation of the strength of
the 6; wave function over many components. Many of these com-
ponents cannot be connected by the one body (p,p') operator to

the strong components of the much less fragmented ground state,
and hence do not contribute significantly to the transition

density. It thus appears that this decreased mixing between the

g7,, and d5/2 orbitals is the required ingredient in obtaining a
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reasonable fit to the angular distribution for the 6; state.

A similar analysis applied to the transition densities for the

u; states arrives at the same conclusion--namely that there appears
to be too much mixing of the g7/2-d5/2 orbitals in the higher

lying states as calculated with the A=136-145 interaction.

Specific information concerning the structure of the wave functions
can thus be obtained by analyzing the composition of the transition
densities in this manner.

Comparing the DWBA calculations resulting from the collective
model (Fig. 16) and microscopic model (Fig. 18) for the 21 state,
we see that the collective model does a somewhat better job of
fitting the data. We have performed a collective model calculation
using the form factor obtained by deforming only the real part of
the optical model potential, and obtained an angular distribution
nearly identical to the angular distribution obtained from the
microscopic model. This implies that if one were to combine the
form factor obtained by deforming the imaginary part of the optical
model with the real form factor used in the microscopic analysis,
the resulting angular distribution would be in as good agreement
with the data as that of the full deformed collective model. Un-
fortunately, the computer code we use for the microscopic DWBA
calculations does not at present have the option of using a com-
plex form factor; thus the above conclusion is rather speculative.
However, it has recently been found that using a complex micro-

scopic form factor results in appreciably better fits to angular
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. . . 72
distribution and asymmetry73 data. It would also be interesting

to determine whether the addition of an imaginary term to the form

factor, which appears to improve the fit to the 21, would destroy

+

the relatively good fits to the 4

and 6{ states obtained with the
present microscopic approach.

It must be noted that our calculations use a multiplicative
constant in the form factor to account for core polarization and
the angular distributions have the shape predicted by the purely
microscopic calculation. Other microscopic calculations®® have
frequently employed an additive term in the form factor based on
the collective model to simulate the effects of.core polarization.
Often times, using this latter procedure, the collective term is
the dominant contributor to the cross section,” so the predicted
shape for the angular distribution is in reality due to the col-
lective model contribution. Thus, these "microscopic" calculations
achieve good agreement with the data as regards the shape of the
angular distribution, due to the fact that collective model pre-
dictions for the shape are in general better than those calculated
from a purely microscopic model such as we have used.

The above considerations seem to argue for the use of an
additive collective model form factor to account for core
polarization effects. However, the effective charge approach has
the important advantage of reflecting the apparent physical fact
that the participation of the core is approximately proportional
to the transition strength due to the valence orbitals alone.

In the case of the 2% states in 1388a for example, the cross
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section (and hence the'core contribution) for the 2; state is

about four times that for the 2; state. Yet both are given

correctly by the same multiplicative renormalization,

2., Calculations with Other Forces

A Serber exchange mixture, which is an even-state force, is
commonly employed in microscopic inelastic scattering calculations.
However, in nuclear structure calculations, many other types of
forces have been employed, and we have tried a number of these to
see if they give as good a description of the inelastic scattering
process as the Serber mixture. We have made calculations for each
of the forces "Cal", "Cop", Clark Elliot I, Ferrell-Visscher,
Rosenfeld and Soper (summarized in Ref, 61), all of which con-
tain non-negligible odd-state components.- The triplet-even parts
of the various forces have all been normalized to VTE=—40 MeV.

In each case, the force had a Gaussian radial shape with a range
of 1.67 F; this translates into 1.3 F for the Yukawa radial
dependence which we use. The strength of the Serber force is
very similar to the strength we have used in the calculations
discussed previously. The results are shown in Table IX, along
with the results obtained with the Serber mixture.

We observe that only the Clark-Elliot I and Soper inter-~
actions (which have weak odd state components) yield results
similar to the Serber mixture which reproduced the data. For
the forces with strong odd-state components the direct and ex-
change cross sections have the wrong dependence upon L-transfer

and in addition, the thecretical angular distributions often
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acquire shapes which do not resemble the data. We conclude that
while such forces may be acceptable for nuclear structure cal-
culations, the strong odd-state components probably make them
inadequate to describe inelastic proton scattering.

We have performed calculations including tensor forces

62 and find that

corresponding to the one-pion-exchange potential,
the tensor force contributions to the cross section are at most
7%, and this is for the 6" states, where the non-normal exchange

25 The spin-orbit force

amplitudes are becoming non-negligible.
may be important74 for the 6" states; this possibility is being
investigated further.

Finally, we have calculated cross sections for transitions
to the non-normal parity 3% and (5+) states at 2.445 and 2.415 MeV,
respectively. These cross sections are not expected to be strongly
affected by collective effects, but may be sensitive to tensor
and spin-orbit terms in the effective interaction. The tensor
force used corresponded62 to the one-pion-exchange potential
while the spin-orbit force was obtained from the Hamada-Johnston
potential with a cutoff radius of 0.6 F as described in Ref. 623
this force is somewhat weaker than that used by Love.7u As is
seen in Fig. 22, the tensor and spin-orbit forces are indeed
important, but the theoretical cross section is a factor of 3-5
below the data. More complex reaction mechanisms such as those

involving multistep processes may be important for these weakly

excited states.
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3. Microscopic DWBA Calculations for Sm

Only the A=136-145 Hamiltonian was applicable to luuSm, so
only the set of wave functions corresponding to this interaction
wgs employed in the DWBA calculations. For comparison purposes
we have used the same enhancement factor (17.2) as for 138Ba.
This corresponds to a polarization charge of 0.8, which is close
to the value 1.02%0.17 obtained from the measured B(E2) value™?
and the A=136-145 wave functions. The results are shown in
Fig. 23. The D+E angular distribution for the 41 state is a
factor of two smaller than the data at forward angles, but the

leSm is most clearly pointed

inadequacy of the basis space for
out when one considers the calculation for the 2; state. All
of the strength has been concentrated in 2;, causing the angular

distribution for the 2+ state to fall a factor of 25 below the

2
data. In addition, thérshape is not qualitatively correct; the
maxima at 40° is larger than the first at 20°. The calculated

4; angular distribution is a factor of 3 lower than the data,
while the calculation for the 6; bears no resemblance to the data.
This can easily be predicted from observation of the transition
density for the 6; state; it is negligible at the surface of the
nucleus. All of its strength is concentrated around 0.6 of the
nuclear radius, as in the similar case for the 6. transition

2
138Ba calculated with the A=136-145 set of wave funec-

density in
tions. As is obvious from Fig. 23 a constant polarization charge

does not reproduce the magnitude of the angular distribution for
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different L-transfers. One is required to use a state dependent
polarization charge, whereas a state independent charge was found
to be adequate for states in 138Ba.32 This presumably is also

a manifestation of the limited basis space for the hsn shell-

model calculation.

VIII. SUMMARY

Cross sections for the inelastic scattering of protons from

138 luy

Ba and Sm were measured with a resolution of 7-10 keV at

30 MeV bombarding energy. We have obtained excitation energies

138Ba which are in excellent agreement with previous

for levels in
gamma ray work on this nucleus, and in addition we have been able
to reduce the uncertainty on previous spin-parity assignments,

in most cases suggesting a precise assignment. We have increased
the number of known levels up to EX=3.4 in lLMSm from 8 to 18 and

made spin-parity assignments for the majority of these states.

The experimental information concerning the levels up to E =3.4 MeV

138 14y

in Ba and Sm has been reviewed, and found to be in good agree-

ment with recent shell-model calculations for this region. For
138Ba there is essentially one-to-one agreement between experiment
and shell-model calculations up to EX=2.9 MeV, with observed and
Predicted states typically lying within 100 keV of each other.
Collective model DWBA calculations have been carried out for
both nuclei, using a form factor obtained by deforming the real

and imaginary parts of the optical model potential. The results

vere analyzed using the formalism of Bernstein to obtain estimates
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of the strengths of the corresponding electromagnetic transition
rates,

Microscopic DWBA calculations including the exchange
amplitude were performed for the 2l 23 41 29 and 51 ,2 states
in 138Ba and 144 Sm, using shell model wave functlons,27’28 a
realistic two-nucleon force, and an enhancement factor calculated
using the effective charge model of Madsen.zg’30 The necessary
Structure amplitudes were calculated with a modified version of

the Oak Ridge-Rochester shell model code. In the case of 138

Ba,
calculations were made with two sets of shell model wave functions
and it was determined that inelastic proton scattering cross
sections clearly distinguished one set as quite satisfactory and
and superior to the other. The transition densities, which pro-
vide the link between the wave functions and the DWBA reaction
model, were analyzed to see if‘one could determine the undesirable
properties of the poorer set of wave functions. The results of
this analysis indicated that the large mixing between the 87/2 and
5/2 orbitals was the problem in the set of wave functions which
yielded the poorer result. We find that a careful consideration
of the transition density between two states can provide useful
information concerning the structure of the wave functions for
these states. Predictions of the cross sections for luuSm were
much less satisfactory than those for l388a, presumably because
the chosen shell model basis is rather restricted in the luuSm

case.,
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The contributions to the cross section of core excitations
were stronger by about a factor of 20 than those of the valence
protons for the low-lying 2+, 4+, and 6% states of 1388a and
lLmSm. However, in the case of 1388a it was found that a state
and multipole independent effective charge described the core
polarization contributions to the cross sections within about 25%.
This implies that the core participation for a given state in
138Ba is approximately proportional to the transition strength
due to the valence orbitals.

It is perhaps worth pointing out here that inelastic proton
scattering is extremely sensitive *o neutron configurations be-
cause the proton-neutron force is approximately twice the proton-
proton force. This sensitivity is what leads to an enhancement
factor of 17.2 in the (p,p') cross section, over five times larger
than the corresponding enhancement of electromagnetic transitions
(3.2). It also makes (p,p') studies a valuable complement to in-
elastic electron scattering, which is mostly sensitive to proton
configurations, in studies of the isospin structure of core ex—
citations.

Finally we note that the program developed in this work for
the calculation of the spectroscopic amplitudes was a modification
of the Oak Ridge-Rochester shell model codes26 and can be used
whenever wave functions obtained with this code are available.
Such wave functions are now available for most nuclei up through

the nickel isotopes, and for the zlrconium, N=82, and lead regions,

making possible for the first time to treat inelastic scattering
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in a consistent microscopic fashion over a large part of

the nuelidic chart.
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Table I: Energy levels of 138Ba and luuSm.

138 ' 144

Ba . Sm
Present Work Previous Work Present Work Previous'Work
EX[J“]a’d Ex[J“]b EX[Jﬂ]a,d | EXEJ"JC
14368 +1.0 2% 1435.7:0.2 2* 166187+1.0 2*  1660.6:1.0 2
189887+1.0 ut  1g98.us0.3 4t 18118 +1,2 3~  1810.1:0.5 3~
20908 :1.0 6% 2090.1:0.5 (&) 21918%:1.0 4t 2190.641.0 ut
2201 £2.0 2203, 2% 2324% 1.0 2323.2:0.5 6"
2218 =:1.0 2% 2217.9:0.4 2 2423% 1,0 27 2423.u:1.0
2308* 1.0 4" 2307.420.3 (3,4) 2478 $1.9 2478.3:1.0 oF
2415 1.2 2414.9:0.6 (5H)P 2588 1.0 4t
2445  +1,2 2445.420.3 3*h 2661 1.6
2582.8:0.6 1,2 2800 +1.5 2%
2584 x1.0 4t 2826 +1.8 2830 £10
2639 1.2 2% 2639.3:t0.4 2 2883 1.9 4t
2779% 1.0 4% 2779.2:0.5 2,34 3020 2.0 ut
28818 1,2 3~ 2880.5:0.6 3~ 3080 2.0
(2929)%12.0 2931.1#1.0 1,2 3123 1.8 3123.8+1.0 7¢7?
(2990)t:2.¢ 2990.8+0.5 1,2,3,4 3195 *1.9
3050% 1.0 3049.9:1.0 1,2 3227 2.0 3"
3156 *1.2 uF 3266 *2.3
3163.5:0.8 2,3,4 3308 2.1 &'
3254 1.2
3285 1.4
3339 1.4 2% 3339.5:1.5 1,2
3352.2#1.5 1,2
3368 1.8 27 3365.9:1.0 1,2
a

Excitation energies in keV.
From Ref. 7, except see (f,h) below.
From Ref. 11,18 and references cited therein and Ref. 43,

Subset of levels used in energy calibration is marked with an asterisk(#)

O N n o

Unresolved doublet whose angular distribution is consistent with a spin
6* state tlus a lower spin state.

f

From Ref. 8.
e e . . C . .
“Used in determination of characteristic snhapes.
h :

From Ref. 40.
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Table II. Parameters of the MSDI v=-unAa(ri-rj)fij+Ba and

of the wave functions.

single particle energies used for the calculation

Parameter A=136-140 Interaction A=136-145 Interaction
[MeV] [MeV]
A 0.373 0.382
B 0.507 0.517
E -9.526 ~9.451
€772
Ed ~-8,6u46 -8,.97Q
5/2
Ed -5.626 -6.334
3/2
ES -6.576 -6.438
1/2
E -E 0.880 0.481
8772 9572
E -E 2.900 3.117
8772 93,2
E -E 2.950 3.013
€772 S1/2

dThe notation is that used in Ref.

75.



Table III. Optical model parameters for 138Ba(luuSm).
Potential strengths are in MeV, distances in F, and
cross sections in mb.

Adjusted Satchler Satchler
Becchetti-Greenlees Set SI . Set SII
r, 1.25 (1.25) 1.2 (1.2) 1.2 (1.2)
Vg 53.26 (53.20) 56.80 (56.10) 54.80 (55.16)
o 1.162 (1.172) 1.122 (1.13) 1.1 (1.139)
ap 10.75 (0.75) 0.75  (0.75) 0.75  (0.75)
vol 3.74 (3.50) 3.0 (2.70) 3.0 (2.65)
oy 1.32 (1.32) 1.33  (1.33)  1.33 " (1.33)
ary 0.66 (0.615) 0.696 (0.667) 0.672 (0.65)
Wy ups 6.27 (6.11) 6.49  (6.72) 6.86  (7.09)
Vig 6.20 (6.20) 6.4 (6.4) 6.1 (6.1)
T g 1.01 (1.01) 1.12 (1.12) 1.14%  (1.125)
as 0.75 (0.75) 0.75  (0.75) 0.75  (0.75)
x2/N 1.4 (2.6) 1.t (1.6) 1.1 (1.8)
+
Onep(27) 0.215 ¢ .212) 0.235 ( .208) 0.229 ( .203)
°D+E(“;) 0.0674%  ( .0629) 0.0727 ( .0613) 0.0717 ( .0599)
GD+E(61) 0.0431  ( .0256)  0.0456 ( .02u1) 0.0455 ( .0237)




Table IV. Deformation lengths and transition Strengths for
138 14y

Ba and Sm from this work.
138, oAb
Ex T Ex
Energy  J BLR' G(L) Energy  J" B R G(L)
(keV) . (keV). . o 4
(F) (F)
1436 2t 0.43 6.1 1661 2* 0.46 8.7
2218 2t 0.23 1.7 2423 2t 0.29 3.5
2639 2t 0.07 0.2 2800 2* 0.1k 0.8
3339 2* 0.15 0.7 1811 37 0.87 340
3368 ¥ 0.17 1.0 3227 3~ 0.07 0.3
2881 3" 0.73 18.9 2191 yt 0.33 5.8
1898 y* 0.31 4.1 2588 yt 0.21 2.3
2308 yt 0.21 1.9 - 2883 yt 0.25 3.2
2584 y* 0.08 0.2 3020 yt 0.23 2.8
2779 y* 0.12 0.6 2324 (%)  0.112 1.02
0.18 2.8
+ ' +

3156 m 0.07 0.2 3308 6 0.15 1.8
2090 6" 0.30 6.3

2201 6ty 0.15 1.7

%These numbers represent the extreme credible fits to the data.



Table V. Summary of deformation lengths and GL values for states

in 1385 ang *%sp from various reactions.
Beam §!=g!R
%
J" [ﬁeV] Reaction Energy L[F% GL Reference
[MeV]
1383, 2% 1.438  (p,p") 30 0.43 6.1 Present Work
2+ 1,436 (a,a') 50 0.42 5.6 ’ 17
4+ 1.898  (p,p") 30 0,31 4,1 Present Work
4* 1,898 (a,a) 50 0.30 3.6 17
2%t 2,218 (p,p") 30 0.23 1.7 Present Work
2t 2,19 (o, a) 50 0.18 1.2 17
y* 2.308 (p,p") 30 0.21 1.9 Present Work
yt  2.27 (a,a) 50 0.19 1.4 17
3= 2.881 (p,p") 30 0.73 18.9 Present Work
3- 2.88 (a, o) 50 0.58 11.6 17
2% 3.339 (p,p") 30 0.15 0.7 Present Work
(2*) 3.34 (a,a') 50 0.18 1.0 17
4y + ' .
Sm 2 1.661 (p,p") 30 0.46 8.7 Present Work
2% 1.66 (p,p") 30 0.4Y 7.4a 18
2* 1.659  (p,p') 50 0.41 6. L 19
2% 1.66 (3He,3He') 53 0.47 8.5 19
2% 1.66 Co, a') 50 0.43 7.0 18
3= 1.811 (p,p") 30 0.87 34.0  Present Work
3= 1.81 (p,p") 30 0.82 27.64 18
3- 1.82 (3He,3He') 53 0.71 20.7 19
3= 1.81 (o, a) 50 0.71 20.8 18
vt 2,191 (p,p") 30 0.33 5.8 Present Work
u+ 2,19 (p,p") 30 0.32 4,94 18
4+ 2,19 (o,0) 50 0.30 4.2 18
2t 2,423 (p,p") 30 0.29 3.5 Present Work
2+ 2,45 (p,p") 30 0.29 3.2a 18
2t 2,45 (o, a") 50 0.26 2.5 18

2 The quantities G, 1isted in Ref. 18 for (p,p') are wrong due to an
arithmetic error. The corrected values are given above. Private
communication from J.H. Barker.



Table VI. Ratio of excitations below E,73.3 MeV by (p,p")

in 1388a and 1u'l‘tSm.
Sl 2* 3" yt

T Gi(luuSm)
= 73 1.35 1.81 2.02
X Gi( Ba)
: ‘

I E;G, (1**sm)
1 1373 1.36 1.1t 2.44
Z E.G.( Ba)
i 1 1




Table VII. Effective charges for transitions in 138Ba.

Transition Lb e
o*+2{ 2 0.82%0.23
o*»u{ 4 0.86+0.23
0’63 6 0.61+0.23
0”2} 2 0.98:0.23
0++u; 4 1.07£0.23
0%>(6)2 6 0.73%0.23

4This state has not been unambiguously assigned 6+, but its
angular distribution, together with the shell-model pre-
dictions, suggest this assignment.

bThis is the L-transfer for the dominant amplitude. Non-
normal parity amplitudes also contribute to the cross section,
and are included in the calculations. See Ref. 25.

“Calculated from the relationship [(l+6e(1+2N/Z)]2=Gexp/0theory

where the theoretical cross section Ctheory 1s calculated using

the shell model wave functions described in the text.
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FIGURE CAPTIONS

Figure 1. Slit and counter arrangement of high resolution mea-
surement-optimization-stabilization system located in
the focal plane of the spectrograph. The experimental
parameters are adjusted until the maximum amount of
elastically scattered beam passes between the brass
jaws, thus insuring minimum line widths of the groups
of scattered particles along the focal plane.

Figure 2. Spectrum of 138Ba(p,p') at 35 degrees, with resolution
of about 10 keV, FWHM. The broad bumps correspond to
protons which scatter from Mg and Si impurities and be-
cause of kinematic differences have different planes
of focus in the spectrograph. The yields of the 2t
state at 1436 keV and of the 3~ state at 2881 keV were
too intense to be counted on this plate. The height of
the seak corresponding to the 1.898 MeV state is
1675 counts.

Figure 3. Spectrum from lu'I‘LSm(p,p') at 40 degrees, with resolution
of about 7 keV, FWHM. The broad bumps under certain of
the peaks correspond to protons which scatter from Mg and
Si impurities, as in the 138Ba spectrum. The yield of
the 3~ state at 1811 keV was too intense to be counted
on this plate. To the right of channel 454, the counts

per channel have been multiplied by 5.



Figure

Figure

Figure

Figure

Figure

Figure

4.

Elastic scattering angular distributions measured for
138 144

Ba and Sm. The curves are results of optical
model calculations made with the optical model para-
meters of Becchetti and Greenlees (Ref, 37).
Characteristic curves obtained by averaging our mea-
sured angular distributions from groups of states
in 138Ba and ll+L’LSm which had previously assigned J"
values.

States in 138

Ba which have angular distributions in
agreement with the characteristic 2+'shape, which is
the line drawn through.the data. We assign all of these
states d"=2" with the exception of the state at 3050 keV.

4%sn which have angular distributions in

States in
agreement with the characteristic 2" shape, which is

the liﬁe drawn through the data. We assign all of

these states J"=2".

States in l388a and luuSm which have angular distributions
in agreement with the characteristic 3~ shape, which is
the line drawn through the data. We assign these states
Jh=3".

138542 which have angular distributions in agree-

States in
. . + . . .
ment with the characteristic 4 shape, which 1s the line

drawn through the data. We assign all of these states



Figure 10.

Figure 11.

Figure

Figure

Figure

Figure

12,

13.

14,

18.

1y

. 4 .
States in Sm which have angular distributions in

agreement with the characteristic 4 shape, which is

the line drawn through the data. We assign all of these

states J“=4+.
Angular distributions for the previously assigned 6"

state at 2090 keV, and the weak 2201 keV member of a

doublet in 138Ba. Both the 4+ and 6+ characteristic

curves are drawn through this angular distribution.
The 2324 keV state in luuSm has been assigned 6+, but
due to the rise of the data at forward angles, this
state may be a close lying doublet.. We assign Jg"=6*

to the 3308 keV state in lU'I‘LSm.

138

Angular distributions of states in Ba for which no

J" assignment could be made from this work. Spins of
5" and 3* have been suggested for the states at 2415

and 2445 keV respectively (Ref. 40).

1

Angular distributions of states in uuSm for which no

g7 assignment could be made from this work. The state
+

at 3123 keV has been assigned J"=7" in Ref. 11.
Comparison of results of shell model calculations

discussed in Sec. IVA with experimentally known

138

energy levels in Ba.

Comparison of results of shell model calculations dis-

cussed in Sec. IVA with experimentally known energy

1y

levels in Sm.



Figure 16.

Figure 17.

Figure 18.

Results of collective model calculations for inelastic

scattering on 138Ba. The optical model parameters given

in Table III, Set SII were used, and both the real and

- imaginary parts of the optical model were deformed. The

calculations shown are for the lowest 2+, 37, 4+, and 67

states.
Results of collective model calculations»for inelastic

scattering on Lk

Sm. The optical model parameters given
in Table III, Set SI were used, and both the réal and
imaginary parts of the optical model were deformed.
The calculations shown are for the lowest 2+, 37, 4+,
and 6° states.

Microscopic model DWBA calculations for the inelastic

138Ba. The

scattering to the 2+, 41, and 61 states in
calculations are identical except for the wave functions;
the left hand column employed the A=136-140 set while
the A=136-145 set was used for the right hand column.
Both sets of wave functions predict very similar angular

distributions. The cross section enhancement factor

was calculated for 8e=0.8.



Figure 19.

Figure 20,

Figure 21.

Microscopic model DWBA calculations for the inelastic
scattering‘to the 2;, u;, and 6; states in l388a.

The calculations are identical except for the wave
functions; the left hand column employed the A=136-140
set while the A=136-145 set was used for the right hand
column. These calculations indicate that the A=136-140
set of wave functions provides the better description
of the low-lying states in 1388a. The cross section
enhancement factor was calculated for 6e=0.8.

.- .o + + +
Transition densities for the 21,2, @1’2, and 81,2

1388& calculated with both sets of wave

states in
. , + 4+ + .

functions. The 21, 41, and 6l densities are very

similar, and predict very similar cross sections.

+

The differences in the 27 4;, and 62 cross sections

29
are directly related to the differences in the
transition densities for these states.

Composition of the 6; transition density in 138Ba,
calculated with both sets of wave functions. The
left hand figure is calculated with the A=136-140
set while the right hand figure is calculated with
the A=136-145 set. The unlabeled line is the total

transition density, the sum of the other two curves.



Figure 22. Microscopic model DWBA calculations for inelastic
scattering to the 31 and SI states in 1388a cal-
culated with the A=136-140 set of wave functions.
The two-body force included central, tehsor and L-S
terms, but no collective renormalization was in-
cluded. Only the Direct + Exchange calculations
are shown.

Figure 23. Microscopic model DWBA calculations for inelastic

. + + + .
scattering to the 21’2, 41’2, and 61,2 states 1n

l’MSm ¢alculated with the A=136-145 set of wave

functions. The inadequacy of the basis space is

demonstrated in the calculated angular distributions

for the 2! u;, and 6; states. The cross section

2’
enhancement factor was calculated with 8e=0.8.
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