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3.Determination of As(y) and A4(y) Coefficients

The y(570) -y(1064) angular-correlation rneasure-
ments yielded the results shown in Table II for the
As(y) and A4(y) coefficients, which are compared
there with the values given by other authors. '

C. Determination of b&(X), b&(L), and bs(M)
Particle Parameters

From Tables I and II, experimental values of. the
particle parameters bs(Z), bs(L), and bs(M) were de-
rived for both cascades and are quoted in Table III.

D. Determination of A4(e)A4(y) Coefficients

The b4 particle parameters were derived from a re-
current relation taking the experimental values ob-
tained for the bs parameters (see Table IV). Accord-
ingly, from the values of the A4(y) coeKcients, the
corresponding A4(e) coefiicients were obtained and are
quoted in Table V.

V. DISCUSSION

Experimental determination of particle parameters
for the three iriain shells corresponding to the 570- and

j.064-keV transitions in Pb~~ are presented. Previous
work performed by Kleinheinz et al.' is in fairly good
agreement for the E shell and L+M shells. The method
introduced for measuring electron-y angular correla-
tions, turns out to be comparable with methods in
which magnetic P-ray spectrometers have been used.

Furthermore, agreement is found with the theoretical
values of particle parameters obtained by Hager and
Seltzer' for the three main shells. Accordingly, the
conversion process in Pb"~ seems to exhibit neither
anomalous behavior nor an interaction with the E hole
when the 1064-keV conversion occurs.
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Ditferential cross sections for n'Sn(n, 'He) with 65.7-MeV a particles were measured from 15' to 80'.
Data were obtained for He groups corresponding to excitation energies of 0.0, 0.16, 0.32, 0.72, 1.03, 1.25,
1.58, and 3.20 MeV„:in "7Sn. The angular distributions were well Gtted by zero-range distorted-wave pre-
dictions. The spectroscopic factors are generally in good agreement with those obtained in a {d,p) experi-
ment.

I. INTRODUCTION
" N a previcus paper, ' spectroscopic factors from dis-
. . torted-wave analyses of ' ""Zr(n, 'He) experi-
ments at 65 MeV were ccxnpared with similar results
from Zr(d, p) experiments at 15 MeV. The spectro-

* Research supported by the U.S. Atomic Energy Commission
under contract with the Union Carbide Corporation and by the
Army Research Of5ce—Durham under Grant No. DA-ARO-D-
31-124-G1062 to the University of Tennessee.' C. R. Bingham, M. I . Halbert, and R. H. Bassel, Phys. Rev.
148, 1174 (1966).

scopic factors agree for 3=2 transfers to states of low
excitation, but large discrepancies were observed for
transfers assigned by the (d, p) experiment as l=4.
For these transitions, the (n, 'He) spectroscopic fac-
tors were consistently twice as large as the (d, p)
spectroscopic factors. The present study of "'Sn (n, 'He)
at 65.7 MeV was undertaken in order to check the
validity of the distorted-wave theory for (n, 'He) re-
actions. Two considerations led to this choice. First,
the residua1 nucleus has well-separated levels populated
by 1=0, 2, 3, 4, and 5 transfers; and second, data are



REACTION r~'Sn(a, 'He)

1000

500

200

——""6Sn(O 3He)
39.9'LAB

I
032

I

I ~

Vl

O
O

100

50

20
2 78 248

2
I-0 0-

! ~
I

' 2.91 . 2.62
ifl

~l--f-— W W

l~
5 ===-—~-- ---r~ —

I
- --+-

%4—~ .- —————-—-I 1—v

s ~

1.58

.27
)216:—:3.94 ~ 70-

'I.03

1

10.~6

0.72~

~

~

4-- ——"-

- 0.0——.4—4———---.. I

I 1

ll-+ -+——iV4— ————-.-4 - —--——-
Ill

330 340 350 360
~ts

370 380
y ——~— —I loose —0

390 400 410 420 430 440 450 460 470 480
CHANNEL NUMBER

Fro. 1. The '"Sn (a, 'He) spectrum at 19.9' lab. The excitation energies are given for the prominent peaks.

available' on the same levels from the reaction
"'Sn(d, p) at 15 MeV. The elastic and inelastic scatter-
ing of the n particles were recorded simultaneously;
the cross sections and distorted-wave analyses of these
data have already been reported. '

II. EXPERIMENTAL DETAILS

The measurements were made in the 30-in.-diam
scattering chamber at the Oak Ridge Isochronous
Cyclotron with the slit and detector arrangement de-
scribed previously. ' A (2 8, E) counter telescope con-
sisting of two silicon detectors was used to separate 'He
particles from n particles. The angular acceptance of
the counter telescope was ~1' and the data were taken
at 1' intervals between 15'~and 80'.

Two isotopically enriched metal foils were used as
targets. The thinner one, 1.20 mg/cms, was 95.7%
'"Sn and was used for angles below 50' lab; the other

was 5.0 mg/cm' thick. Straggling in the target wa, s
estimated to be 42 keV for the thin target and 90 keV
for the thick target. The beam energy spread was about
65 keV and the kinematic spread about 50 keV. The
remainder of the over-all resolution of 110 keV for
the thin target runs and 140 keV for the thick target
runs was presumably due to the detectors.

IQ. DISTORTED-WAVE ANALYSES

The distorted-wave calculations were made in the
zero-range approximation with local potentials by use
of the computer program Jvx,lz.4 The form factor is the
ra,dial bound-state wave function of the stripped neu-
tron. It is taken as the solution of Schrodinger's equa-
tion for a Woods-Saxon potential with r0=1.2 I'
0.7 I', and a depth adjusted to give an eigenvalue equal
to the binding energy of the transferred nucleon. The

' eBect of including a spin-orbit term was investigated.

TABLE I. Optical-model parameters used in distorted-wave calculations.

Particle
Vp

(MeV)

8'p

(MeV) (F) (F)

'He

100.0b

196.9'

53.7

17.37

1.352 0.667

0.811

fp =t'pI

0.797

a The Coulomb potential was taken to be that of a uniformly charged
sphere of radius 1.4A1fg F.

Potential A of Ref. 5.
0 Potential C of Ref. 3.

' E. J. Schneid, A. Prakash, and 33. l.. Cohen, Phys. Rev. 155, 1316 (1967).' C. R. Bingham, M. L. Halbert, and A. R. Quinton, Phys. Rev. 180, 1197 (1969).
Written by R. M. Drisko. See R. H. Bassel, R. M. Drisko, and G. R. Satchler, Oak Ridge National Laboratory Report No.

0RNL-3240, 1962 (unpublished) .
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TABLE II. Spectroscopic factors for ' 'Sn(a, vHe) at 65.7 MeV with two choices of spin-orbit potential for the bound-state neutron.

(MeV)
Assumed

l;

Present results

gb (Me&)

(d, p) at 15 MeV'
S(n, 'He) /$(d, p)

r, =1.2b r, =1.06'

0.0
0.16
0.32
0.72
1.03
1.25~

1.25~

1.58~

1.58~

1.58~

3.20

$1/g

A/2

hl1/2

gv/S

~s/2

~s/2

fvvv

fvvs

g7/2

h11/2

fvlv

0.76
0.47
0.62
0.19
0.082
0.22
0.066

0.13
0.22
0.058
0.113

0.76
0.43
0.75
0.17

0.0
0.16
0.32
0.72
1.03
1.19
1.31

,
1.51

' 1.59
1.67

3.22 .

$1/2

d3/2

hl1/2

gv/2

~s/2

~s/2

(fvvv)

(dvvv)

(dvvv)

(&svv)

(fvvv)

0.65
0.55
0.81
0.13
0.061
0.033
0.029
0.0201
o.car)

0.120

1.17
0.85
0.77
1.46
1.34

1 93e

13.0'

0.94

1.17
0.78
0.93
1.31

"' Reference 2.
b With spin-orbit parameters r, =1.2 F, a, =0.7, X =25 (case A).' With spin, -orbit parameters r, =1.06 F, a, =0.74, X =25 (case D).

Calculations made with alternative spin values. The peak at 1.58 is

probably primarily due to hII/2 transfers.
With ds/g part seen in (d, P) subtracted before comparison.
Comparison of (a, 3He) ds/2 spectroscopic factor with sum of three

values from (d, p).

I

TAsz.x III. Bound-state parameters used in
distorted-wave calculations.

Case

Central
potential
ro 6

(F) (F)
re

(F)

Spin-orbit
potential

es

(~)

A
8
C
D

1.2
1.2
1.2
1.2

0.7
0.7
0.7
0.7

1.2
1.06

0.7

0.7

0.74

25
0
6

25

'C. R. Bingham and M. L. Halbert, Phys. Rev. 158, 1085
(1967).' E. F. Gibson, B. W. Ridley, J. J. Kraushaar, M. E. Rickey,
and R. H. Bassel, Phys. Rev. 155, 1194 (1967).' R. H. Bassel (private communication).

A detailed study of the effect of optical-model
parameters and a radial cutoG was made in earlier
work. ' For the exit channel of the present experiment
(49—52-MeV'He) the potentiap which best fits the
elastic scattering of 51.3-MeV 'He from "Zr was used
(see Table I) . This potential is very similar to one that
has been found to give good fits to the elastic sca,ttering
of 20—50-MeV 'He from various nuclei. ~7

The entrance-channel potential is based on elastic
scattering of 65-MeV n particles from '"Sn (Ref. 3).
A wide choice of satisfactory n-particle parameters is
available because of ambiguities in the fits. ' Some
theoretical arguments have been advanced for a po-
tential satisfying the criterion that the real part of the
O.-particle optical potential be equal to the sum of the
'He real potential and the potential for the bound-state

neutron. ' An attempt to find a potential satisfying this
criterion at 65 MeV was unsuccessful. 3 It was found in
earlier work' that an n-particle potential with V~~100
MeV 6t the (rr, 'He) angular distributions well without
radial cutoffs. The same is true for "sSn(a, 'He), as
was shown by a few trial calculations with various o.-

particle potentials. However, for all sets of potentials
giving satisfactory fits to the angular distributions, the
resulting spectroscopic factors were essentially the same.
The potentials used for the results reported here are
listed in Table I.

The final state of the residual nucleus was assumed to
consist of a single shell-model configuration. The dis-
torted-wave cross section is given by

do 2 Jvv+1 1VRS

dQ 2J +12s+1
where J~ and J~ are the spins of the target and
residual nuclei, respectively, and s=-', is the spin of the
transferred neutron, S is the spectroscopic factor, and
ER accounts for the overlap of the 0. particle and the
"'He-e system as well as the strength of the interaction
causing the transition. The value of ER of 92.1 used
here was obtained empirically in Ref. 5; it is in good
agreement with a theoretical prediction by Bassel. '

IV. RESULTS AND DISCUSSION

The 'He spectrum at 19.9' lab is shown in Fig. 1.
The energy scale was established by use of the 0.0-
and 0.32-MeV levels seen in the "'Sn(d, p) experi-
ment. 2 The other excitation energies agree well with
levels seen in the (d, p) experiment. Angular distribu-

R. Stock, R. Bock, P. David, H. H. Duhm, and T. Tamura,
NucL Phys. A104, 136 (1967).
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TABLE IV. Comparison of distorted-wave predictions for the
cases listed in Table III. The average of the cross-section ratios
from 15' to 40' is given.

Excitation
energy
(MeV)

Neutron
orbital

Cross-section ratio

0.16
0.32
0. 'D

2~3&a

ih1 1'
igzie

0.915
1.206
0.833

i.022
0.928
1.110

0.997
0.994
1.042

tions for 6ve of the groups are shown in Fig. 2. Limited
angular distributions were obtained for groups at 1.03,
1.25, and 3.20 MeV, but are not shown here.

The smooth curves in Fig. 2 are distorted-wave pre-
dictions; the corresponding spectroscopic factors are
given in Table II. The spin values of the 6rst four
angular distributions were taken from the (d, p) re-
sults. The present data are consistent with these assign-
ments. The slope of the 0.16-MeV d3~~ prediction does
not quite agree with the data. The result in Table II
was obtained with the normalization shown in Fig. 2;
the spectroscopic factor is 1.36 times larger if the
normalization is made at forward angles.

The bound-neutron potential for the calculations of
Fig. 2 included the usual spin-orbit term having a
strength of 25 times the Thomas potential for nucleons
(X=25). Optical-model analyses of elastic scattering
of polarized protons have shown that the radius of the
spin-orbit term is smaller than the radius of the central
part of the potential. ' The average parameter for the
spin-orbit well given in Ref. 9 are r,= 1.064 F and a.=
0.738 F. With these parameters the spin-orbit contribu-
tion to the cross section would be smaller than with
the conventional prescription mentioned above. A
need for decreasing the spjn-orbit eGect has been ob-
served also from comparison of experimental cross sec-
tions for "'Pb('He, d) at 51 MeV with distorted-wave
predictions. " Good agreement with the data could be
achieved by reducing X from 25 to 6 without changing
rg I

These ideas were explored for several of the transi-
tions in the present work. Distorted-wave calculations
were made with the four combinations of spin-orbit
parameters listed in Table III. Case A is the conven-
tional prescription while case 8 omits the spin-orbit
term entirely. The predicted cross sections with r,=
1.2 F and X= 6 (case C) are very nearly the same as for
r, =1.06 and X=25 (case D), as shown in Table EV.
Thus the X=6 result from Ref. 10 supports the choice
of the Ref. 9 geometry for the spin-orbit term.

Table II lists the spectroscopic factors for case A and,
for some transitions, also for case D. The latter agree
better with the (d, p) spectroscopic factors of Ref. 2.

' M. P. Fricke, E. E. Gross, B.J.Morton, and A. Zucker, Phys.
Rev. 155, 1207 (1967).

'0 B. H. Wildenthal, B. M. Preedom, E. Newman, and M. R.
Cstes, Phys. Rev. Letters 19, 960 (1961).

n fact, omitting the spin=orbit term {case 8) gives
better agreement than case A. However, the signi6cance
of these comparisons is somewhat questionable because
the (d, p) calculations used arbitrary cutoffs in the
radial integrals. Also, the spin-orbit potential used in
the (d, p) work is not described in Ref. 2.

The tentative assignment of f7/Q made in the (d, p)
work for the state at 3.20 MeV is entirely consistent
with the present results. The groups at 1.03 and 1.25
MeV are weak and the one at 1.25 MeV is a doublet or
triplet, so the poor agreement with the (d, p) results
may not be significant.

Three predictions a.re shown in Fig. 2 for the group
at 1.58 MeV. Three states observed in the (d, p) ex-
periment near 1.58 MeV were tentatively assigned
spins and parities of —',+. The predicted d5~~ angula, r
distribution follows the (n, 'He) data well, but as shown
in Table II the d5~& strength required is 13 times the
sum of the strengths of the three states observed in the
(d, p) experiments. The f7is prediction fits the angular
distribution well, but the spectroscopic factor in Table
II implied by such an assignment would require that
the (d, p) cross section be about ten times larger than
was actually observed. A similar argument rules out
the possibility of a g7~& a,ssignment. An h»~& assignment
is consistent with the (d, p) results. The present experi-
ment leads to 5=0.054 if an allowance is made for the
ds~s contribution known from the (d, p) experiment.
A careful examination of the (d, p) angular distribu-
tions lends support to this idea—there is excess yield
near 40' for the 1.59-MeV group in compa, rison with
the neighboring l = 2 transitions. The h»~~ angular
distribution at 0.32-MeV peaks near 45'. If the excess
yield in the 1.59-MeV group is assumed to be an
h»~& transition, the observed intensity is consistent
with our value of S.

V. CONCLUSIONS

The spectroscopic factors for the six well-resolved
sta, tes agree quite well with the (d, p) results for /

transfers from 0 to 5. This suggests that the discrep-
ancies between Zr(d, p) and Zr(n, 'He) discussed in
Ref. 1 arise from incorrect assignments of angular-
momentum transfer. If some of the groups previously
a,ssigned as /=4 are, in part, l=5, the discrepancies
would disa, ppear. LRecent experiments on "Zr(d, p)
a,t 33 MeV with 25 keV resolution" show, in fact, that
a, number of previously observed particle groups are
multiplets and include 3=5 transfers. Also many 1=4
groups were previously unresolved from stronger transi-
tions of lower / value. )

The group at 1.58 MeV contains a transition to a
level which is given a tentative assignment of h»i~.

There is some evidence from the spin-orbit effect of
the bound-state neutron that the spin-orbit ra, dius
should be smaller than the radius of the real well.

'~ C. R. Bingham and M. L. Halbert, Bull. Am. Phys. Soc. 13,
1429 (1968).


