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Energy dependence of inelastic proton scattering to the 3, 2.614 MeV state in 2osPb
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The recent work of McDaniels et aI. regarding the inelastic excitation of the 3 state at 2.614
MeV in Pb by protons with energies between 100 and 800 MeV has been expanded with the in-

clusion of the data at other proton energies down to —35 MeV. It is found that the deformation
length, 5, for this state, extracted using the collective distorted-wave Born approximation formalism,
remains nearly the same in the energy region between 35 and 800 MeV. Combining the 5 values

determined from the (p,p') measurements with those obtained from the electromagnetic methods, the
ratio of the neutron and proton transition matrix elements (M„/Mp) has been determined for this
state.

From an analysis of medium energy proton inelastic
scattering data, with the collective distorted-wave Born
approximation (DWBA) formalism, McDaniels et al. '
have shown that the reduced transition probabilities,
B(E3) for the (3, 2.614 MeV) state in Pb remain
nearly a constant in the energy region between 100 and
800 MeV. This result, they conclude, can be taken as an
evidence that supports the validity of the collective for-
malism for medium energy inelastic proton scattering. In
their work they have included the data available at 98
(Ref. 3) (not 104 MeV as quoted in Refs. 1 and 2), 135,
156, 200, 334, and 800 MeV. ' The purpose of the
present work is to extend this investigation to proton ener-
gies down to —35 MeV, with the inclusion of the data
measured at 35, 54, ' 61 1i 65 l2 80, ' and 120 MeV. '

McDaniels et al. ' have also pointed out that the
B(E3) values determined with 98 (Ref. 3) and 201 MeV
(Ref. 14) protons are rather low and differ from the
adopted value ' by about 40% and 90%, respectively.
Earlier studies by Tinsley et al. ' and Bertrand et al. '

with 200 MeV protons also reported B(E 3) values which
were too low by almost a factor of 2—3 when compared to
the adopted value. However, in the recent publication by
the above group, it is reported that the B (E 3) value deter-
mined with 200 MeV protons is in good accord with the
one obtained from the electromagnetic method ' when

proper optical model parameters are used in the analysis.
McDaniels et al. have also shown that since both the
elastic and the inelastic scattering cross section data re-

ported in Ref. 14 were low when compared to their mea-
surements the B(E3) values determined in Ref. 14 also
came out to be quite different from the adopted value.

When we rechecked the analysis of the data carried out
at E„-98MeV, it was realized that the result quoted in
Ref. 3 was obtained by considering only a few data points
lying between 0-10' and 25, even though the data were
measured up to -75 ~ This resulted in a value of defor-
mation length 5=0.67 fm. In the present work we have
removed this deficiency of the earlier work by reanalyzing
the data between 0-10 and 50' (the data points beyond
this range had larger statistical errors and hence were not
included in the analysis) and determined the new value of

5=0.75 fm for E~ —98 MeV (Table I). In Fig. 1 the ex-
perimental data along with the DWBA calculations are
shown (solid line, 5=0.75; dashed line, 5 =0.67).

It can be seen from the figure that although the calcula-
tions with 5=0.67 fm fit the data in the angular range be-
tween 10' and 25' very well, they do not fit the data in the
0 range 25 —50'. However, the DWBA calculations with
5=0.75 fm give the best fit to the data in the whole angu-
lar range 0= 10'—50 .

The inelastic scattering data available' at 80 and 120
MeV were also analyzed using the Indiana University Cy-
clotron Facility global parameters' and the collective
DwUcK-4 (Ref. 18) was used for carrying out the analysis.
The data measured at E~-80 and 120 MeV along with
the DWBA calculations are also shown in Fig. 1. It can
be seen from Fig. 1 that the data are explained satisfac-
torily by the macroscopic collective model. The 5 values
determined are listed in Table I.

In the literature one finds that there are several ways in
which the deformation length 5 are defined' and used.
The most commonly used procedure is to define the de-
formation P as

p =cr,„z,/crDwB& (procedure I),
with the condition pR ——pI ——p. The 5 value is then ob-
tained starting with this p as follows:

(a) 5=PR& (Rz =real potential radius),

(b) 5=PRI (RI ——imaginary potential radius),

(c) 5=P(Rg+Ri)/2 .

The other procedure involves defining

5 as (PR)~ (PR)1 (procedur——e II),
where one matches the product of p and the radius pa-
rameter for the real and the imaginary parts. It is found
that the 5 value obtained by the latter procedure is in
reasonable agreement with that extracted using procedure
I(c) mentioned above. In the present work we have taken
care to define 5 either using procedure II or procedure
I(c). In the case of protons one has the additional problem
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FIG. 1. Angular distribution for the 3 state at E„-2.614
MeV measured with 80, 98, and 120 MeV protons. The solid
curves are the predictions from the collective model. The 6
values are listed in Table I. The dashed curve is a calculation
with 5=0.67 fm.
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TABLE I. Deformation lengths for the 2.614 MeV, 3 state
jn 2o8Pb

Proton
energy
(MeV)

35
54
61
65
80
98

120
135
156
200
334
800
800

Deformation
length 6

(fm)

0.89+0.08
0.83+0.08
0.78+0.08
0.83+0.08
0.70+0.07
0.75+0.06
0.65+0.08
0.77+0.06
0.77+0.08
0.75+0.03
0.83+0.04
0.76+0.06
0.83 +0.03

Ref.

9
10
11
12

This work
This work
This work

4
5
2
6
7
8

2.93
2.87
2.85
2.84
2.80
2.75
2.69
2.65
2.59
2.47
2.10
0.80
0.80

of introducing the deformation P„for the spin orbit cou-
pling. The effect of this term is expected to be progres-
sively important for higher proton energies' (Ez) 120
MeV). Again, /3„is defined in several ways in relation to
f3„(x=R or I). This, in turn, will alter the 5 value ex-
tracted. It has already been pointed out by McDaniels
et al. that the 5 value extracted is sensitive to the optical
model fits to the elastic scattering data and the resultant

parameters. Further, the 5 value will have an uncertainty
arising mainly from the fitting of the experimental angu-
lar distribution data with the theoretical prediction made
using the DWBA formalism. Considering this and the
other problems discussed above, it is expected that the 5
value can be, in general, determined with an uncertainty
of 5—10 fo.

In Table I the 5 values extracted for E~ —35—800 MeV
are listed. The uncertainty on the 5 value is taken as
+ 10%%uo for those cases where they are not explicitly stated.
Within their respective errors, the 5 values in this energy
region are in good agreement with each other and an aver-
age value of 6=0.79+0.01 fm can be obtained. This
value is in very good agreement with the value of =0.79
fm obtained from electromagnetic methods. ' It may be
remarked that Horen et al. and Jones et al. ' have also
concluded that the 5 values are energy independent and
the macroscopic collective formalism works quite well for
E~ —25—800 MeV protons from their analyses of proton
scattering data from Ca and ' C targets, respectively.

Bernstein et al. have shown that the 5 values are, in
general, related both to the probe used for exciting the lev-
el in the target and to the nuclear structure matrix ele-
ments of the target nucleus. They represent

Z5, +N5„K5=
Z+NK

where Z and N are, respectively, the proton and the neu-
tron numbers of the target; 5~ ~„~ is the proton (neutron)
deformation length. K is a measure of the interaction
strength of the external field (probe) with the target pro-
ton and neutron, and is related to the isoscalar and the
isovector parts of the probe nucleus interaction. Typical
IC values for the various probes are listed in Ref. 22. The
authors of this reference have shown that the K value will
change depending on the proton energy as both the iso-
scalar and the isovector parts of the interaction are energy
dependent. It is found that the K value decreases from
-3 at low E„values to —1 at high E„values. Bernstein
et al. have established the probe dependence from a sys-
tematic analysis of the low-lying 2+ states in a large num-
ber of nuclei excited through a variety of probes.

In view of the scatter observed in the 5 values obtained
in the present case, we have tried to analyze the present
data using the above mentioned idea of "probe depen-
dence" for the excitation of this state and to see whether
the present data are consistent with this picture.

Combining the 5 values determined at the various pro-
ton energies (Table I) with the average value of 0.79 fm
obtained from electromagnetic methods and using Eq. (1),
we have determined the 5~ and 5„values for the 3, 2.614
MeV state in Pb. In carrying out the analysis we as-
sumed the K values to be —3 at Ep —10 MeV and -0.8
at Ep —800 MeV. The K values for the various proton
energies lying between 10 and 800 MeV have been ob-
tained by a smooth linear interpolation of the K values as-
sumed at the two extreme energies. The K values for the
various proton energies used in the present work are listed
in Table I. From the analysis it is found 5p=0. 79 fm and
5„=0.77 fm. It may be pointed out that the result 5p 5„
obtained here is consistent with our earlier finding that 5
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is energy independent. [It can be easily shown that if 5 is
energy independent, then use of Eq. (1) will lead to the re-
sult 5=5„=5„.] Starting from the values of 5~ and 5„
determined above, we have obtained the ratio of the neu-
tron and proton transition matrix elements defined as

M„N5„
(2)

Mp Z5p

for the 3, 2.614 MeV state in Pb; we determine a
value of 1.49+0.04 for the above mentioned ratio. This
value is in good agreement with the value of 1.27+0. 18
obtained from an analysis of He (270 MeV) and elec-
tron scattering data and the value obtained by Gazzaly
et al. , 1.63+0.08, by combining the (800 MeV) proton
and electron scattering data.

It is interesting to find that the M„/M~ value deter-
mined for the 3 state is very similar to the value of 1.5
obtained for the low lying 2+ state in 208Pb. This value
is also close to the homogeneous model value

[M„/M~=X/Z (5„=5&)),1.54. It will be interesting to
make a theoretical calculation of the random phase ap-
proximation type for the 3 state, as is done for the 2+
state. '4

To conclude, we have extended the work of McDaniels
et al. ' down to E~ —35 MeV. In the energy region be-
tween 35 and 800 MeV, the 6 values remain nearly the
same. This is an observation and it needs an explanation
from microscopic theories. Even though it has been
shown that the collective DWBA formalism works in this
large energy region, it is still to be proven as to why this
formalism works so well. Combining this with the elec-
tron scattering data, we have also determined the ratio of
the neutron and proton transition matrix elements for this
state.

The author thanks Prof. P. Schwandt for kindly provid-
ing the data measured at 80 and 120 MeV and Dr. S. K.
Gupta for useful comments.
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