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Neutron transition multipole moment for Sr(a, a') Sr'(2+, 1.84 MeV)
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The neutron transition multipole moment, M„, for (0+~2+, 1.84 MeV) transition is inferred by
measuring the (u, a') angular distribution at E =50 MeV and comparing it with a microscopic
distorted-wave Born approximation calculation. Proton transition densities are taken from electron
scattering data. M„/M~ is found to be substantially less than N/Z in agreement with the (p,p') re-
sult.

The advent of precision high-energy electron scattering
techniques leading to detailed information of the proton
transition densities p, has ushered in a new era of
knowledge in nuclear structure studies. Similar informa-
tion on the neutron transition densities p„, is not easily
available. The neutron transition multipole moment M„,
involving the volume integral of p„, however, can be in-
ferred from a study of (ct, a') angular distributions and
comparing the experimental data with the microscopic
distorted-wave-Born approximation (DWBA) calcula-
tion. The DWBA calculation includes both p and

p„, and if p is known from electronic scattering, indirect
information on p„, or at least M„, may be obtained.

This method has been employed by Kobos et al. , to
obtain M„/Mz for Zr(a, a') Zr'(2+, 2.186 MeV),
among other things. The value of M„/M found was
0.63. Recently, Rychel et al. , using a Coulomb-nuclear
interference technique, found the same M„/M to be
1.22+0.12. Now, Bernstein et a/. ' have shown that
M„/M~ should be less than the pure collective model
value, N/Z (1.25 for Zr) for single closed-shell proton
valence nuclei. %'hile the Kobos result agrees with
Bernstein's calculations, Rychal's measurement seems to
reproduce the pure collective model value.

Now, Sr is very similar in configuration to Zr. Hav-
ing only two protons less, it is definitely a single closed-
shell (N=50) proton valence nucleus. Recently, Kouw
et a/. "' have explained the Sr(p,p') Sr*(2+, 1.84
MeV) angular distributions quite satisfactorily by a mi-
croscopic DWBA calculation with p and p„calculated
from a broken-pair model. The neutron transition densi-
ties, "while having the same shape as pz, are smaller than
the latter by about 20—30% in magnitude, indicating
M„/M~ &1. The ratio of the deformation lengths for
neutron and proton 5(n)/5(p) which could be related to
M„/M~ (Ref. 2), is found to be 0.61+0.16. This is less
than N/%=1. 3, lending support to Bernstein's calcula-
tions. What is the result from (a,a') studies?

So far, there are only two investigations in the
Sr(a, a') Sr at 42 MeV (Ref. 13) and at 166 MeV. '

The earlier work did not extract M or M„; although
Bernstein et al. ' used these data to report a value of
M„/Mz for Sr(2+, 1.84 MeV state). This value is less
than N/Z, but the associated error is 30%%uo or more. The
later work, at 166 MeV, included a microscopic analysis
with transition densities calculated from 1p-1h RPA
random-phase approximation, but the agreement with
the data was very poor. ' They concluded this to be due
to the neglect of 2p-2h contributions, an inference sup-
ported in later RPA calculations' for Sr(e, e') Sr'.

There was thus scope for obtaining new information on
M„ for the (0+~2+, 1.84 MeV) transition in Sr by
(a,a') reaction studies, provided it was done reasonably
accurately, taking into account newer developments in
theory such as density dependent forms of effective in-.
teraction. We planned the experiment at 50 MeV, a suit-
able energy for our machine, and confined our measure-
ments to forward angles from -6' to 82', where one can
hope that a direct reaction description is applicable.

The experiment was carried out with an unanalyzed
beam from the variable energy cyclotron, Calcutta. The
target was prepared by reducing natural Sr (NO3)2 with
Al powder and then evaporating it onto a 20 pg/cm car-
bon backing. The target thickness was 350 pg/cm . Si-
Li detectors of 2 mm active thickness were used. Particle
identification was not necessary, since competing reaction
channels (a,d), (a, t), and (a, He) have high negative Q
values. Energy loss of 50 MeV protons in the 2 mm
detector is also too small to cause any interference in the
region of interest. Conventional electronics was used and
data acquisition was effected through a S-88 Canberra
multichannel analyzer. A typical spectrum for the region
of interest at e =45' is shown in Fig. 1. The energy reso-
lution was about 250 keV. A monitor detector was put at
e=40' and absolute normalization of the data was ob-
tained by comparing the elastic cross section at this angle
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FIG. 1. Energy spectrum of 'Sr(a, a') Sr* reaction at
E =50 MeV and 8=45'.
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to an optica, l model fit. The error in the absolute cross
section is approximately 20%.

The differential cross sections for a elastic scattering
from Sr, for angles ranging from 10 to 82', are shown
in Fig. 2. Error bars include only statistical uncertain-
ties. It was not possible to take elastic data forward of
10 because of interference from oxygen and carbon im-
purities. The solid line shown is a best-fit optical model
calculation with conventional parametrization

The parameters used are reported in Table I. Woods-
Saxon potentials raised to some power n, was also used as
suggested by Gubler et al. ,

' but this did not improve
the quality of the fit. We did not try to perform a micro-
scopic folding model calculation for the elastic data as in
Refs. 6 and 14, as we feel that it is well established that
microscopic calculations fit a-elastic data very well. But
for our purpose, where we concentrate on the off-
diagonal parts of interaction, the phenomenological opti-
cal model would serve just as well.

The data for inelastic scattering to the first excited 1.84
MeV, 2+ state in the angular range 6 —82 are shown in
Fig. 3. No data could be extracted in the 22 —26 range
due to interference from oxygen and carbon impurities.
The solid line is a DWBA calculation with a collective
model form factor, using the computer code DwUCK4 of
Kunz. ' Optical model parameters of Table I were used.
The vibrational parameter P2 obtained from the fit was
0.06S. It is observed that the DWBA calculation repro-
duces the general trend of the data although the fit in the
larger angles is rather poor. The same disagreement was
observed in the earlier works of Alster et al. ' and Bim-
bot et al. ' A coupled-channels calculation was also per-
formed with 0+-2,+-2&+ coupling in the vibrational model,
assuming one and two phonon states, by using the code
JUpIToR of Tamura. ' P~=0.065 was used for the cou-
pling between the ground state and the first 2+ state.
The resulting calculation was practically identical to the
DWBA output and is not shown.

The microscopic calculation for the inelastic scattering
was carried out using the deformed folding model. '
The real part of the radial form factor for the lth mul-
tipole may be written as

FI(r )=fp(r)V&(r, r )r dr, (2)
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where V&(r, r ) is related to a-X effective interaction by

V IY(r, r )= g VI(r, r )Y&' (r )Y& (r),
1, m

and p(r) is the transition density from ground state }0+)
to the excited state }2+)

(4)

Actually, one defines separately p and p„, so that

p(r) =p&(r)+p„(r),

ec~(deg)

FIG. 2. Elastic angular distribution (ratio to Rutherford) for
a scattering on Sr. The solid line is an optical model calcula-
tion with parameters from Table I. M;= fp;(r)r dr, (6)

the sum over j in Eq. (4), running over either protons or
neutrons. The proton and neutron transition multipole
moments (for 0+ ~2+ ) are defined as
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TABLE I. Optical model parameters.

1283

Channel

a+ "Si.

VP

(MeV)

54.51

Rp
(fm)

145

ap
(fm)

0.72

(Mev)

21.96

8„
(MeV)

5.86

Rw
(fm)

1.43 0.63

Rc
(fm)

1.25

where i stands for or n. Tp n. .The electromagnetic transition
rate B(E2) is related to M by

bitrary normalization factor X so that =N
thisinE. 2

a p„= p&. Putting

tor as
q. , we can write the real part of th f fe orm ac-

e'/M, ['
B(E2,I; If)—= =e iM /

2r, +1
Fi(r)=(1+%)fp (r)V(r r )r dr . (8)

10.0 .— s&(a, e, ) "sr" ( i.s4vev)

E 50- Mev

IO—

for the 0+ ground state.
In our analysis, we took the proton transition char e

density p (r) for Sr(2+ 1.84 M V)e from electron
scattering data of Schwentker et al. We th
the normaliza

a . e t en obtained
e normalization of p~ by calculating ~M

~

from (6) and
equating it to

P P

B(E2)=925 e fm

from the work of Raman et al. ' Th'
2.2 =v'S

a . is normalization is
5, due to an extra factor of &2l + 1 between the

two definitions of Ref. 20 and 21.
As for the neutron transition dens'ti y p„, its snape was

assumed to be the same as that f
~ ~

a o p, an assumption con-

et a/. " To determine the magnitude of p„we used an ar-

cus d
Since t e normalized p is completel k
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n, I r, r ), in the preceding equation to get FI ( r ).

section.
N would be determined by fittin the ex'ng e experimental cross
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~ig single folding Gaussian interaction
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TABLE II. M„/M, values.

Pot 1

Gaussian
density independent

0.64

Pot 2
Gaussian

density dependent

0.85

Pot 3
Gaussian+ Yukawa
density dependent

Pot 4
Hasegawa

density independent

0.85

fr —r /'
V ~ = ' —64.6 exp

(1.798)

exp( p—
~
r r—

~ )—77 0 (1—-'yp i')
plr —r. I

with p=1.176 fm ' and (iv) double folded Hasegawa in-
teraction, where the basic nucleon-nucleon interaction

V„„=616exp( r /0.—542) —195exp( —r /0. 942)

is folded over the cz-particle ground-state density,

p (r)=0 4229. exp( —0.7024r ),
to obtain an. o.X potential. The purpose of using all these
different interactions was to determine if the calculated
cross section was reasonably model independent so as to
attach some confidence to our extracted value of M„ /M .
The real part of the form factor calculated with different
V ~ and appropriate N values to fit the data are shown in
Fig. 4. The important thing is that F&(r) values are al-
most identical for various models in the range of r =6—9
fm. For larger values of r, Ft(r) is too small; for smaller r
values, attenuation of distorted waves produces very little
contribution.

For the imaginary part of the radial form factor, the
collective model imaginary form factor Ptrn, dW/dr was
used, 8'including both the volume and the surface imagi-
nary terms. The radius of the imaginary potential,
r~=Rn, A ', with R~ from Table I, and Pt =0.065
from the collective model fit. This Pt is very similar to
that obtained for Zr by the detailed procedure of Kobos
et al. , equating the deformation parameters for charge
distribution and imaginary potential.

The form factors thus generated were used in 0%'UCK4
to obtain the microscopic inelastic calculation shown by
various lines in Fig. 3. The normalization constant X in
Ft(r), adjusted to fit the magnitude of experimental
do /dQ in the forward peak, is equal to M„/M~ from
Eq. (6), since in our assumption, p„=Np~. The various
values of M„/M for difFerent models are shown in Table
II. For the different interactions, we obtain almost the
same value of M„/M -0.85. The density independent
Gaussian interaction gives a somewhat different value of
0.64. These values are comparable with 5(n)/5(p) of
Kouw et al. ' (which reduces to M„/M~, in our method
of derivation) 0.61+0.16. DifFerences in the magnitude of
cross section (of the order of 30%-40%) between density
dependent and density independent interaction calcula-
tions have also been observed by El Ahrab et al. In
any case, the absolute error in our cross-section data is
estimated to be about 20%. The model dependence in
our determination of M„ is comparable to this value.
Our value of M„/Mz is also consistent with Bernstein's
calculations. '
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