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Excitation of low-lying collective states in Ca and Pb by inelastic neutron scattering
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Differential cross sections for elastic and inelastic scattering of neutrons from '"Pb and ' Ca targets have

been measured at 11, 20, and 25.7 MeV incident energies. The elastic scattering data were used to provide
optical model parameters for use in macroscopic and microscopic model analyses of the data using the
distorted wave method. The macroscopic model analysis resulted in deformation parameters consistent with

those obtained in analogous (p,p') reactions which excite the 3 and 5 collective states in these nuclei.
The macroscopic model provides a good description of the differential cross sections. The microscopic model

analysis used random-phase approximation detailed wave vectors for the states involved. Two "realistic"
effective interactions were studied, one with and one without density dependence. The imaginary contribution
to the effective interaction was found to be important in reproducing the shape of the differential cross
section in ' Ca. Exchange amplitudes were calculated exactly. The magnitudes of the 3 cross sections for
both nuclei were well described by these calculations.

NUCLEAR REACTIONS Pb(n, n) and (n, n'), E„=ll and 25.7 EleV, Ca(n, n)
and (n, n' ), E„=ll and 20 Me&. Measured 0 (6). Distorted wave analysis.

I. INTRODUCTION

The accumulation of high quality (P, P') data' '
during roughly the past decade has served both to
test and improve our understanding of the mech-
anisms by which nuclei are inelastically excited.
In particular, such measurements have served to
stimulate developments in the microscopic des-
cription of inelastic scattering over the past sev-
eral years. Currently there exists a number of
"realistic" effective interactions, based on the
nucleon-nucleon force, which when used with de-
tailed transition densities, provide an essentially
parameter-free description of the differential
cross sections for inelastic proton scattering.

With a few isolated exceptions, the mieroseopic
theory has not been tested on data from (n, n') ex-
periments. This is due to the shortage of high
resolution (n, »') data, particularly on targets of
separated isotopes. Since one of the primary ob-
jectives of this group is to compare (n, n') and

(P, P'} data' from nuclei with .VtZ (in particular
simple shell model transitions) it was felt nec-
essary to first compare (n, n') with (p, p') for
those transitions believed to be well described
both microscopically and macroscopically. At

present this restricts one to the strong collective
and usually isoscalar transitions. Although one
expects comparable success in describing both

(P, P') and (n, n') data for such nuclei, any differ-
ences should help calibrate our "resolution" for

interpreting any differences we may find between

(P, P') and (n, n') when exciting more "simple"
(noncollective) states.

One apparent anomaly has air eady been reported
(but see Sec. V). In particular, realistic micro-
scopic calculations' overestimate the (n, n') cross
section measurements of Stelson el al.' by roughly
a factor of 2. Analogous calculations for protons
(at a somewhat higher energy) yield very satis-
factory agreement with experiment.

Apart from the considerations above, a study of
the (n, n') reaction should be interesting in its own

right. Although for purely isoscalar transitions
(apart from Coulomb excitation) the same part of
the nucleon-nucleon force should be s3mpled in
the (P, P') and (n, n') reactions, the incident and

exit particles move in different potentials. In
particular, the absence of the Coulomb barrier
should render neutrons more sensitive to the in-
terior portions of the form factor and hence to
any density dependence of the two-body interaction.

Thus measurements were made at Ohio Univer-
sity of (n, n') differential cross sections for states
generally used to compare the microscopic and
macroscopic formalisms to (p, p') measurements.
For '"Pb we obtained data for the 3 (E„=2.615
MeV) and 5 (F„=3.198 MeV) states at incident
neutron energies of 11 and 25.7 MeV. For "Ca
we obtained data Bt an incident energy of 11 and
20 MeV for the 3 (l.„=3.737 MeV) state, and at
11 MeV for the 5 (E„.=4.492 MeV) state. Partial
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angular distributions were obtained for the 2 state in
2'"CaatE, =3.900MeV, and for the 5 (E„=3.09
MeV) and(E, =4.086MeV) states of '"PbatE„=11
MeV. This latter 2'state was not resolved from ad-
jacent states, but itprovidedthe largest yield to the
peak whose partial angular distribution was extracted.
At several angles the 4, @=-3.475 MeV state
mas barely visible above the background in the dif-
ference spectrum resulting from subtracting the
sample-out spectrum from the sample-in spec-
trum. This provides some hope that future (n, n')
measurements may be used to study states dom-
inated by only one or two shell model configura-
tions. The data, from this experiment are avail-
able upon request.

II. EXPERIMENTAL METHODS AND CONDITIONS

The measurements mere made using the Ohio

University T-11 tandem Van de Graaff accelerator
and a pulsed-beam time-of-flight (TOF) spectro-
meter. Neutrons were produced by means of the
'H(d, n)'He and 'H(d, n) 'He reactions using gas

targets which were variations of the previously
reported design. ' The incident deuteron beam
mas pulsed and bunched at a 5 MHz repetition rate
with a typical burst duration of less than 600 ps
full width at half maximum (FWHM) for time-av-
eraged bea.m currents up to approximately 2 p. A.

The scattering samples were right circular
cylinders 2 cm in diameter and 2 cm in height,
and were suspended by fine threads at a, distance
of about 12 cm from the end of the gas cell. The
"'Pb sample contained 67 g of metallic Pb en-
riched to 99.75% of the isotope '"Pb. The Ca
sample consisted of 12 g of natural calcium
(96.97% "Ca).

Inelastic and elastic neutron scattering data,
were taken in 5' intervals from 15'to 120; and
the elastic scattering angular distribution was
measured to 150'. The 15' to 35'data were taken
with an 8.43 m (9.92 m) flight path for the 25.7
(11.0) MeV data while the remaining data were
taken with a, 6.40 m flight path. The time resolu-
tion (FWHM) of the neutron elastic scattering peak
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FIG. 1. Neutron time-of-flight spectrum for the 2 Pb(n, n') reaction. The ordinate (abscissa) denotes the counts per

channel (channel numbers).
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in the TOF spectrum was about 2 (1.25) ns for the
11.0 (25.7) MeV data. These time resolutions gave
energy resolutions of 200 and 300 keV for the long
and short flight paths at 11 MeV and 580 and 790
keV for the long and short flight paths at 25.7 MeV.
The 20 MeV Ca(n, n') data were taken with a 6.62
m flight path with about 700 keV energy resolution.

The 25.7 MeV data were taken with a high ef-
ficiency detector which was developed for use with
neutrons of over 20 MeV kinetic energy. ' This de-
tector is about five times as efficient as a "Colo-
rado'* style" for neutrons whose kinetic energy
exceeds 20 MeV, and it has a comparable time
resolution. The detector consists of 7.4 l of liquid
scintillator contained in an 18.2 cm diam and 29.2
cm long acrylic tank. Photomultipliers view the
front and rear scintillator faces in order to com-
pensate for the increased time spread due to scin-
tillator thickness. A "Colorado" style" detector
was used for the 11 MeV data. This detector con-
sisted of a 5.1 cm thick and 18.4 cm diam NE224
liquid scintillator mounted on an RCA 4522 photo-
multiplier tube. Both neutron detectors were
housed in a shield made of lead and paraffin.
Pulse shape discrimination was used to eliminate
y rays from the 11 MeV TOF spectrum and cos-
mic rays from the 25.7 MeV TQF spectrum. Fig-
ure 1 shows a typical spectrum of '"Pb(n, n') at
E„=11.0 MeV. A monitor detector was located at
a fixed angle (-55") relative to the zero-degree
line and at a flight path of about 5 m. The monitor
observed the direct output of neutrons from the
gas cell.

In order to normalize the relative cross sections,
the main detector was rotated to 0; the scattering
sample was removed, and the flux per monitor
count which would have been incident upon the scat-
tering sample, were it in place, was measured.
With this normalization technique the absolute ef-
ficiency of the main detector does not have to be
known; only the shape of the efficiency versus
neutron energy need be known. This curve was
measured for the "Colorado" style detector and

was found to be in good agreement with a calcula-
tion made with the code DETEFF."

rection did not differ from unity by more than 1/0

for the 25.7 MeV data.
The data were also corrected for the anisotropy

of the neutron producing reaction. The 'H(d, n)3He

reaction was used for E„=11MeV. If the detector,
when located at zero degrees, had intercepted the
same angular range in the scattering plane as did
the scattering sample, then this correction need
not have been made. This correction depends upon
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III. DATA REDUCTION AND CORRECTIONS

The raw cross sections were corrected for the
variation of the detector efficiency with energy by
multiplying by (efficiency [E„(0')))j(efficiency
[E„(e)]). This ratio was close to unity; however,
for the 5, 4.492 MeV state in "Ca, this ratio
was 1.17 at 15' and increased to 1.37 at 120 . The
main detector was biased at 4.35 MeV neutron en-
ergy for the 11 MeV data and 15 MeV neutron en-
ergy for the 25.7 MeV data. The efficiency cor-
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ec ln(deg)
FIG. 2. Elastic differential cross sections for:

Pb{n,no) at E„=25.7 MeV, Pb{n,no) at E„=11 MeV,
Ca{n,no) at E„=ll MeV.
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TABLE I. Optical model potentials used in this work for Pb. The real component had a Woods-Saxon form factor
while the imaginary component had a radial derivative Woods-Saxon form factor. The 25.7 MeV potential had a volume-
imaginary component as well as a surface-imaginary component.

Energy
(MeV) (Me V) (fm)

ag
(fm)

WD r
(MeV) (MeV) (fm)

al
(fm)

om expaso roe + tot +
tot

(MeV) (fm) (fm) (fm) (b) (b)

11.0
25.7

43.71
42.91

1.229 0.776
1.203 0.70 2.05

6.74
5.90

1.301
1.224

0.530
0.58

6.0
6.2

1.25 0.65 1.25 5.34 5.22
1.01 0.75 1.25 5.57 5.50

the diameter of the scattering sample, but was al-
ways less than 4/p. The 'H(d, n)'He reaction was
used for E„=25.7 MeV neutrons. This reaction is
less anisotropic for E~ =9 MeV than is the 'H(d, n)
reaction, so the source anisotropy correction wa8
less than 2~().

Other corrections applied to the data were due
to flux attentuation in the sample, the range of
scattering angles due to the finite size of the sam-
ple, and multiple scattering within the sample.
These corrections were done by a computer code
MULTISCAT) which incorporates analytical and
Monte Carlo methods" to correct the raw data for
these effects.

The data for "Ca were corrected for the pres-
ence of compound nuclear processes leading to the
same final states of the target. The compound nu-
clear angular distributions were calculated with
the code HELENK" using the level density param-
eters and discrete levels used by Fu." The cal-
culated diffential cross sections were subtracted
from the measured cross sections after the latter
had been corrected for all previously mentioned
effects.

The resulting elastic scattering angular distri-
butions for both Ca and Pb are shown in Fig. 2.
The error bars are drawn when they exceed the
size of the plotting symbol, and the errors shown
are due to counting statistics only. Qenerally,
these errors were 3% for 15"to 90", 4% for 95'to
125', and 5/& beyond that. The error in the overall
normalization of the data is less than 3.5/(). Also
shown in Fig. 2 are the fits to the data obtained by
searching on the differential cross sections using
the optical model parameter search code GENOA. "
Before the searches were done, the absolute er-
rors in the cross sections were increased to re-
flect the uncertainty in the scattering angle of
+0.3 .

The resulting optical potentials for '"Pb are
given in Table I. The search on the 11 MeV ' 'Pb
data was begun with the potential of Fu and Per-
cy, " and the search on the 25.7 MeV data was be-
gun with the Becchetti- Qreenlees neutron poten-
tial. " The Pb searches proceeded in three steps,
vary ing respectively:

(1) V, W„, W~;

(3) &, &R, ag, W, , Wg, & „&,~

The strength and geometry of the spin-orbit po-
tential were not varied. The form factor used for
the volume terms was of the Woods-Saxon shape,
and the surface term whose strength is H'~ was
taken as the radial derivative of the Woods-Saxon
shape.

The search on the Ca data was begun with the
geometry of van Oers" and only the potential
strengths were varied.

IV. MACROSCOPIC MODEL ANALYSIS

Using the optical potentials determined by
searching on the elastic differential cross sec-
tions, macroscopic collective model calculations
were made to compare with the experimental
cross sections and to extract the deformation
parameters for the states excited via (n, n'). The
calculations were done with the distorted wave
code DKUCK. " The distorted waves for
"'Pb(n, n') were calculated with the optical poten-
tials given in Table I. For the "Ca(n, n') calcula-
tions, the optical potentials used are reported in
Table II of Ref. 20. Both real and imaginary
components of the optical potential were deformed
with a common deformation parameter. The value
of the deformation parameter was determined for
each of the final states studied by normalizing the
calculations to the data.

Figure 3 shows the data with the macroscopic
model fits for the 3 (2.615 MeV) and 5 (3.198
MeV) states of "'Pb at E„=11MeV. The collect-
ive model calculations provide a reasonably good
description of the shapes of the angular distribu-
tions. The deformation parameters obtained from
these calculations are given in Table II. Figure
3 also shows the data and macroscopic model cal-
culations for these two states in "'Pb at E„=25.7
MeV. The calculations are in good agreement with
the data. The resulting deformation parameters
are given in Table II. This table also contains the
deformation lengths 5, which are simply the pro-
ducts of the deformation parameters and the radii
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FIG. 3. Comparison between collective model calculations and experimental cross sections for - Pb(n, n').

5, Q= —4.492 MeV

P(5 ) P(5 )R,Reaction

TABLE II. Deformation parameters (p) and deformation lengths (pR„) for states in ' Ca and Pb. The column la-
beled rz gives the radius parameter of the real component of the optical potential used in the distorted wave calcula-
tions. Also shown are some values obtained with (p, p') reactions which have been reported in the literature.

Energy 3, Q= —3.737 MeV 2', Q= —3.904 MeV
(MeV) (fm) p(3 } p(3 )R„P(2 ) P(2+ )R„

"Ca(n, n')

"Ca(P,P') 24, 9
3O.O

~

34.8
39.8

1.16
1.16
1.16
1.16
1.16

0.354
0.348
0.341
0.333
0.33

1.40
1.38
1.35
1.32
1.31

0.106
0.109
0.106
0.109

1.152 0.359 + 0.021 1.41+0.08 0.096 + 0.010

0.42
0.43
0.42
0.43

0.230
0.217
0.210
0.202
0.17

0.91
0.86
0.83
0.80
0.67

0.38 + 0.04 0.260 + 0.039 1.02 + 0.15

Reaction
Energy
(MeV)

8
(fm)

3, Q= —2.615 MeU

P(3 ) p(3 )R&

5, Q = —3.198 MeV
p(5 ) p(5 )R„

2osPb(„~ ) 11
25.7

1.21
1.21

0.129+0.007 0.93 +0.05 0.065+ 0.004
0.114 + 0.007 0.82 + 0.05 0.064 + 0.004

0.47 + 0.03
0.46 + 0.03

208 Pb(P P +) 24 5 c

q5d
40

6] g

1.20
1.17
1.20
1.20
1.22

0.108
0.126
0.11
0.11
0.103

0.82
0.87
0.78
0,78
0,74

0.074
0.058

0.0.55
0.044

0.52
0.40

0.39
0.32

' Reference 3.
Reference 21.' References 22 and 25.

~ Reference 1.

' Reference 23.
Reference 24.

~ Reference 25.



1382 l3AIN t" iM, FI& LA. 7, RAPA. PORT, i."ARLSO &, .AX I) LOVI;

IOG~

IO

40 Ca (n, n'I
E = 20MeV
Q = -3.73 MeY

J = 3

IG-

I

I

IO

4OCa (n, n'j
E = II MeV

Q = —3.73 MeV

J

Q = -4.4b
J = 5

O. I O. I '
20 40 60 80 IOO l20 l40 0 20 40 60 80 IOO I 20 l40

ecm ( deg)
el calculations and experimental cross sections for Ca n, gFIG. 4. Comparisoft between collective model ca cu a ions a

of the veal parts of the optical potentials. For the
3 state p, (or 5S = p,R, ) is seen (from Table 11)
to decrease by=1Ão in going from E„= e o=11 MeV to
E,„=25.7 MeV. The variation is just outside the
estimated errors on P„but is consistent with the
trend in P, values from (P, P') measurements
(apart from the earlier experiment at 24.5 MeV).
The P5 for the 5 state exhibits essentially no en-
ergy dependence (=-2 "10) but is higher than P, for

1

(p, p') at 35 MeV by=10'jq. A number of (p, p )
Pb obtainede formation parame ters for Cx and

in Tableat different proton energies are included in Ta
1e 3s 21-25II for comparison. '

In Fig. 4 the data and macroscopic model cal-
culations for the 3 (3.737 MeV) and 5 (4.492
MeV) states of "Ca are shown along with the mac-
roscopic model calculations. The 3 shape is
well reproduced, but the 5 shape has a much
steeper slope than does the calculation. This may
be due to the large con-pound nuclear corrections
made to the 5 data. For large angles these cor-
rections were as much as 35/~ of the measured
differential cross sections. The shape of t eeof the 5
angular distribution before the compound nuclear
corrections were made was flatter an d thus more

nearly reproduced by the calculation. The defor-
mation parameters and lengths for the states ob-
served in "Ca at E„=11MeV are given in Table
II. For excitation of the 3 state, the value of p3
extracted from this experiment at each neutron
energy is essentially identical to that for proton
scattering at I: =24.9 MeV. For the 5 state thesca erring a

/
I3, from (n, n') is 13'7& larg-er than that for (P, P
at I ~ =24.9 MeV although the uncertainty in P,,
(-17&~) is large enough for the two values to be

compatible.
The 2' and 3 states of "Ca were resolved only

for the 15 to 35 scattering angles where the long
flight path was used. The 2' differential cross
sections for these angles were used to normalize
collective model calculations with a resulting
, =0,096+0.010. For the angles where the 2' and

3 states were not resolved, the 2' differential
cross section predicted by the collective mode
s ah pe was subtracted from the 3 cross sect&on

ue toso that the 3 angular distribution would be due o
the excitation of that state alone.

The data on which Figs. 2, 3, and 4 are based
are deposited in the Physics Auxiliary Publication
Se rv ice."
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V. MICROSCOPIC CALCULATIONS

In this section microscopic distorted wave cal-
culations are compared with the present experi-
mental data and with earlier'" '"'' '"- results for
inelastic proton scattering. The calculations were
made with a modified version of the code DRBA-70"
which includes knockon exchange amplitudes ex-
actly.

A. Two-body effective interactions used

In the calculations reported here, attention is
fo cus ed on two d istinct "realistic" interactions.
One of these is density independent and is based
on an approximation to the G matrix calculated in
"Q. The result is a sum of three Yukawa terms
whose small-n matrix elements approximate those
of the C-matrix. Ke refer to this interaction as
M3Y. The details are discussed in Ref. 30. The
even-state interaction is based on the G matrix
elements constructed from the Reid force." The
odd-state force is based on the matrix elements
of the Sussex group. "

Since protons at comparable bombarding ener-
gies experience the Coulomb barrier, neutron
scattering in this energy range should be rela-
tively more sensitive to any density dependence in
the effective interaction. Consequently, an alter-
nate interaction" was investigated which accounts
(in an approximate way) for the variation of the
nuclear matter G matrix with density in a local
density approximation. Such a Q matrix has been ap-
proximated by asum of three Yukawa terms, each
modulated by its own characteristic function of k~, the
local Fermi momentum. The details of this interac-
tion will be discussed elsewhere. ~We refer to this in-
teraction as DDD. The localdensity is evaluated at the
position of the outermost integrand. For the di-
rect term this is equivalent to the form-factor
variable v. Since the dominant contributing ranges
are 0.2 and 0.4 fm, this should be a reasonable
app roxi ma.tion.

It should be noted that both of the above interac-
tions have been quite successful in describing the
real part of the optical potential for heavy-ion
scattering. "' This is relevant since the transitions
studied here are predominantly T = 0.

B. Ca(n, II')

A number" "of descriptions of the low-lying odd-
parity levels in "Ca have been obtained within the
random-phase approximation jRPA}. A compari-
son of these vectors is discussed in Ref. 27 for
inelastic proton scattering. In the present work
we use the vectors of Gillet and Sanderson" with
the r adial function determined by an oscillator

parameter of n =0.526 fm '. With this choice of
o, we find the B(E3; 0'-3, ) = 1.25 x10' fm6 e'
compared with an experimental value" of (1.9
+0.1}&&10' fm'e . Either a 7 f decrease in (j. or a
23'!&, increase in the proton transition density
would bring the two values into agreement. Simi-
lar results" have been obtained using Woods-
Saxon radial functions. For the 5 state at 4.49
MeV we find the calculated B(I 5; 0'-5, )=2.10
x10' fm" e' compared to the experimental value
of (2.75~0.25)X10' fm" e'. Either a 3' i~decrease
in n or a 14)~ increase in the proton transition
density would bring the two values into agreement.

The optical model parameters for ""Ca were ex-
tracted by this group for each neutron energy
and are reported elsewhere. " At each energy the
calculations here were done using the average
geometry parameters found by van Oers"' with
strengths as reported in Table II of Ref. 20.

I. 3 state at X 74/UeV

Figure 5 shows a comparison of experimental
and theoretical differential cross sections for in-

10

" Ca(n„n'), 0+ 3, , En= II.0MeV

2

/

E 10-
C' 8-

b
C3

———M3Y
M3Y+ I x 1.0

x 1.22

x 0.9

I

0 20 40 60 Bl3 1~0 120 140

8 (deg)
FIG. 5. Comparison of experimental and calculated

(microscopic) differential cross sections for excitation
of the 3& state in 0Ca at E„=ll i IeV. ) I~ Y (DDD) de-
notes a density-independent (density-dependent) inter-
action. I denotes the imaginary part of the collective
model interact;on. A renormalization factor of unity
corresponds to a prediction based on the unr normalized
eigenvectors.
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FIG. 6. Even-state microscopic form factor A3(r)
for excitation of the 3& level in Ca. See Fig. 5 for
legend.

of the overall cross sections are reproduced with-
in 1(Yi~ when the imaginary coupling (Imt ) is in-
cluded. This is believed to be within the uncer-
tainties in the calculations. Inclusion of Imt in
both the M3Y and DDD calculations increases the
integrated cross section by -25'/(). Both the DDD
and the M3Y interactions provide acceptable
agreement with the data when Im/ is included. In
the absence of Imt, the DDD calculation is pre-
fer red.

It was anticipated that a plot of the form factor
would demonstrate why the DDD calculation is
preferred. However, when the odd-state forces
are included, the direct form factor loses much
of its usefulness since there is then very strong
cancellation between the direct and exchange
terms. Consequently, the odd-state force was
turned off in order to examine the form factors.
Figure 6 shows the resulting even-state form
factors for each of the two calculations. As one
might expect the DDD form factor is somewhat
damped and peaks slightly further out in radius.
Quantitatively, the differences are not large and
this has been noted"' " in calculations of heavy-
ion optical potentials.

Exactly analogous calculations are compared
with experimental data for E„=20 MeV in Fig. 7.

cident neutrons of 11 MeV. Both the calculation
using the density-independent interaction (M3Y}
and that using the density-dependent interaction
(DDD) are seen to require an enhancement of
-2G in cross section in order to reproduce the
magnitude of the measured cross section. The
(M3Y} cross section is seen to be somewhat too
Qat. The density dependence in the DDD calcula-
tion improves the shape of the calculated cross
section near its maximum. Neither calculation
represents the data well forward of -40". A re-
normalization of the 3 transition density by
20-27% as suggested by the B(E3) comparison
would give too large a calculated cross section.
A slight increase in the oscillator length'h ac-
companied by a smaller renormalization is, how-

ever, reasonable. "
Since the effective interaction contains, in prin-

ciple, an imaginary part, ' " the result of including
such a term as prescribed by the collective model

(P3 = o.3 7 ) is also shown in Fig. 5. As in the case
of proton scattering, there is a significant im-
provement in the shape of the calculated angular
distributions when the imaginary coupling is in-
cluded. However, for 6),, —100' the agreement
between the data and the DDD calculation is some-
what poorer. For both the density-dependent and
density-independent calculations the magnitudes

IO

CO (~,&) 0+ 3I Eq = 20 Mev

IQ

E

x 0.9

x l.22

I I

xl, 22

———DDD
ODD+ I

I I I I

I0 30 50 70 90 I I 0 I 30 I 50

9 (deg)
FIG. 7. Comparison of experimental and calculated

(microscopic) differential cross sections for excitation
of the 3

&
level in 4 Ca at E„=20 NeU. See Fig. 5 for

legend.
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At this energy, neither the DDD nor the M3Y cal-
culation provides an acceptable description of the
shape of the experimental cross section. Just as
at F.„=11, MeV both ca.lculations are too small in
magnitude by -20/&. Again, inclusion of Imt pro-
vides roughly the necessary increase in the mag-
nitude of the cross section and more importantly
does so while greatly improving the agreement be-
tween the shapes of the calculated and measured
cross sections. When Imt is included there is
little distinction between the DDD and M3Y cal-
culations. Both work well by microscopic model
standards. As at F.„=11MeV the Imt accounts
for -25/0 of the integrated cross section.

2. 5 stateat 4.4951eV

10
I I I

Co (n, n ) 0'—5, E„=110MeY

1.0E

x 1.6

———M3Y
DDD

The experiment at E„=11MeV permitted a rough
extraction of the differential cross section for the
5 state at 4.49 MeV. Figure 8 shows a compari-
son between the calculated and measured differ-
ential cross sections. The shape is in no way re-
produced by either the M3Y or the DDD calcula-
tion. Inclusion of the noncentral parts of the force
does not help. Since the collective model {surface
peaked form factor) also fails to reproduce the
shape of the angular distribution, no attempt was
made to systematically include Imt. One purely
theoretical point may be noted, however. The
M3Y calculated cross section is relatively larger
than the DDD result for the 5 state compared with
the 3 state. This suggests the examination of a
sequence of multipoles to test for the presence of
density dependence in the interaction.

C 208Pbtn, n )

Several calculations" " have been made for the
transition densities for the excitation of the lowest
3 and 5 states jn Pb. In Ref. 25 jt js shown
that the proton transition densities (p~) (as inferred
from electron scattering) are only qualitatively re-
produced by the vectors of Refs. 39 and 40. The
large-space (%+) vectors of Ring and Speth ' (RS}
are reported to provide good agreement with elec-
tron scattering to the first 3 level. All of the
above densities including those taken directly from
electron scattering" have been used to describe
the inelastic excita.tion' ""of the low-lying levels
in '"Pb by protons between 20 and 60 MeV. Rea-
sonable agreement with experiment is obtained
for the negative-parity levels.

Reference 6 also reports calculations for the in-
elastic excitation of the 3 level by 8 and 14 MeV
neutrons. ' ~ Although the excitation of this level
by protons is well described by the RS vectors,
calculations' for neutron scattering using an ap-
proximate treatment of exchange predict cross
sections too large by a. fa.ctor of 2. In this work
we treat the knockon exchange amplitudes ex-
actly. Moreover, Ref. 6 reports that the magni-
tude of the cross section for Pb(n, n') is much
less sensitive to the inclusion of Imt than is pro-
ton scattering at a comparable energy. This par-
ticular result favors the examination of (n, n')
versus (P, P') as a probe of the density dependence
of the effective intera. ction.

The calculations reported here use the 3hv vec-
tors (Set K1}of RS" with an oscillator parameter
(j. =0.435 fm '. With these vectors we find the cal-
culated E(E3; 0'-3 }= 0,46 &&10' e' fm' compared
with the observed value" »" of 0.58 x10' e' fm'.
This corresponds to an underestimate of p~ by
-1&(,. or the necessity of a 4/& reduction in the os-
cillator parameter n. The calculated B(E5;
0'-5 ) is 2.2x10' e'fm" compared with a mea-

suredd

value of 4.5 & 10 e fm' . This co rresponds
to an underestimate of p~ by -4(PO or alternatively
a 7/~ reduction in n. A more detailed discussion
of the relative merits of the various RPA vectors
can be found in Refs. 6, 25, and 28. The optical
model parameters used in the calculations re-
ported here are given in Table I.

3' state at 2.61 i'Ue V

I I I I I

20 40 60 80 100 120 140

8, (d gj
FIG. 8. Comparison between calculated (microscopic)

and measured cross sections for excitation of the 5&

level in Ca at E„=11MeV. See Fig. 5 for legend.

Figure 9 shows a comparison between the ex-
perimental and calculated differential cross sec-
tions [cr(6)j for E„=ll and 25.7 MeV. Since Imt
was found to alter the cross section by only -1/o
for this transition' it was not included in the cal-
culations shown here. Moreover, the large num-
ber (91) of configurations made it impractical to
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IO—

I.O

0 40

"'Pb(n, n'} 0+—3;
———M3Y

DDD

I i

80 I20

8 (deg)
l60

more definitive, it is clear that the calculated
cross sections are too small by -5(P/0 with the
DDD cross section being slightly larger than that
using the M3Y force. This is in contrast to ana-
logous calculations for "Ca(n, n') where the MBY
calculation yields a larger cross section relative
to that of the DDD force when I goes from 3 to
5 . This is not understood. Overall, the calcula-
ted shaPe of o(8) is in very good agreement with
expe rim ent.

Also shown in Fig. 10 is the a(8) predicted by the
DDD force at E„=11MeV enhanced by the same
amount as is more c)early required at E„=25.7
MeV. The unadjusted and renormalized a(8) are
seen to roughly bracket the experimental cross sec-
tion at E„=11MeV. The enhancement of 1.5 required
of the theoreticala(8) is slightly less thanthe factor
of 2 required to match the B(E5). It is likely that
a slight adjustment of a accompanied by an over-
all enhancement of the transition density could
bring the (n, n') data in line with the B(E5) result.

As in the case of the 3 state there is little evi-
dence in favor of a density-dependent interaction
of the type considered.

FIG. 9. Comparison of calculated (microscopic} and
measured cross sections for excitation of the 3& level
in 2 Pb at E„=ll and 25.7 MeV. See Fig. 5 for legend.

IO-

repeat the calculations. Both the M3Y and DDD
calculations provide an acceptable description of
both the magnitude and the shape of a(8). Ana-

logous calculations performed with the truncated
Hamada-Johnston interaction confirm that the
overestimate of the (n, n') cross section found in
Ref. 6 can be ascribed to the approximate treat-
ment of the exchange terms in that article. Since
both even- and odd-state forces are included in

both the M3Y and DDD calculations, the ratio of
the complete cross section (ao,s) to that arising
from the direct term along (ao) ceases to be par-
ticularly useful. For example, ao, s/ao = 14 at
E„=11MeV for the M3Y force. The net effect of
including the odd-state force in the M3Y calcula-
tion is to reduce the cross section by -25k. Sim-
ilar results hold for the DDD calculation.

IO—

tJ)

E
I.O

3a
I

1a

Pb(n, n') Q+—5,
———M3Y

DDD
—DDD x I.5

r
x I.5

x I.5
E~= 257 MeV

0 0 ~ ~

Eo= II.O Mev

5 state at 3.ZOP1eV

Figure 10 shows a comparison between the ob-
served and calculated a(8) for E„=11 and 25.7
MeV. At E„=11 MeV the calculated a(8) appears
to be slightly too small for both the M3Y and the
DDD calculations which are almost identical. At
E„=25.7 MeV where the shape of a(8) is much

OI
0 40

I J

80 l20

8 (deg)

l60

FIG. 10. Comparison of calculated (microscopic} and
measured cross sections for excitation of the 5& level in
20 Pb at E„=ll and 25.7 MeV. See Fig. 5 for legend.
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VI. DISCUSSION

With the exception of the 5 4.492 MeV level in
"Ca, the macroscopic collective model provides a.

good description of the excitation of the low-lying
negative-parity states in "Ca, and '"Pb by neu-
trons of 11 and -26 MeV. In particular, the shapes
of the angular distribution are well reproduced.
There does exist, however, roughly a 10"/&, differ-
ence between the P, extracted at different neutron
energies for the 3 level in'"Pb. This apparent
decrease in J3 with increasing prciectile energy is
also observed in several (P, P') experiments on
"'Pb and is not well understood.

A comparison of "Ca(n, n') vs "Ca(P, P') at E„=11
and 20 MeV and F~= 24.9 MeV yields essentially
identical deformation parameters and lengths for
the 3, state. For the 5, state in "Ca the P, for
(P, P') is smaller than that for (n, n') by -1&&& which

is, however, within the -15/~ uncertainty in the ex-
tracted P, .

If the comparison of P values for (P, P') and

(n, n') experiments is made at equal kinetic ener-
gies inside the nucleus (i.e., at E„=Ep+aEc,„,),
the deformation parameters obtained in this ex-
periment are in very good agreement with recent
proton measurements. Overall, it would appear
that a definitive comparison of any differences'
between the P, for (P, P') and (n, n') presently re-
quires the respective deformation parameters to
differ intrinsically by at least 1(P«.

The microscopic calculations presented here
were used to test the microscopic reaction mech-
anism in general and to compare two recently
calculated ' ""realistic" interactions. For the
excitation of the 3, level in -""Pb the microscopic
calculations using the vectors of Ref. 41 are found
to be in very reasonable agreement with both the
magnitude and the shape of the experimental data.
There is little difference between the cross sec-
tions predicted by two G-matrix effective interac-
tions used here. One incorporates an explicit

density dependence while the other does not. A

st ron ge r dens ity dependence could of cours e be
more readily observed. The imaginary part of
the effective interaction (Imt) was not included
since for '"Pb(n, n') it has been reported to have
only a small effect. ' The situation for the 5,
level in '"Pb is less satisfactory; each of the two-
body interactions yields a cross section too small
in magnitude by -25-5+~. This result is not too
surprising since the calculated B(E5) is too small
by a, factor of 2.

Analogous calculations for "Ca(n, n') to the 3,
level are found to agree (to within I(p~) with the
measured cross sections when Imt is included.
For this case Imt. is prima. rily essential in ob-
taining the correct shape of the cross section. An
exception is the calculation with the density de-
pendent force at k,„=11MeV.

A satisfactory description of the 5, level in "Ca
was not obtained using either the microscopic or
the macroscopic model.

The anomaly found in Ref. 6 for low-energy neu-
tron scattering has been resolved. In particular,
the overestimate of the 3, cross section in '-"'Pb

arose due to the approximate treatment of ex-
change in that a.rticle. Exchange effects can be
simulated by a zero-range pseudopotential which,
however, should be calibrated" near the bom-
barding energy of the data in question.

Finally, where reliable transition densities are
available, a reasonable microscopic description
of the experimental data. emerges using either the
density-independent or the density-dependent
"realistic" interaction.
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