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Stripping Distortions in 3"(d,py)B", » Angular Correlations*
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P-y angular correlations were measured in the B"(d,py)"*0.95 reaction in order to determine how its
distortions depend on deuteron energy and proton angle. Various proton angles were used, with Ed=1.0,
1.8, 3.0, and 5.5 MeV. These parameters were chosen to systematically test predictions based on an applica-
tion of the dispersion theory of direct nuclear reactions. The observed failure of the correlation anisotropy to
increase as the stripping denominator D is reduced is most easily interpreted as a negative result for the
application of this concept to the B"(d,p}B 0.95 reaction. Trends in the behavior of the data are discussed.
In addition, spectroscopic information about the captured neutron is deduced, and the excited state of
B"is compared with shell-model theory.

I. INTRODUCTION

T is of interest to pursue an understanding of nuclear-
. . stripping reactions through relatively simple con-
cepts which illuminate systematics or trends rather
than detailed structure. An effort of this type has been
initiated by Wilkinson. He pointed out that low-energy,
low-Q-value deuteron stripping reactions might be
relatively undistorted. Interest in the possible validity
of such a simplifying circumstance has prompted a
number of experimental tests employing angular dis-
tribution measurements. Some of these tests have been
evaluated'' in the context of a theory based on dis-
persion relations4 which restates Wilkinson's concept in
terms of a parameter D, the distance to the stripping pole.
As predicted by this theory, the fit of the angular dis-
tributions to plane-wave Born approximation (PWBA)
(PWBA is here considered synonymous with Butler
theory where cutoff radial integration is employed.
Unless stated otherwise, a good PWBA or Butler fit
means only that the angular dependence of the dis-
tribution is accounted for) theory was found, in the
cases studied, to systematically extend to larger angles
with decreasing deuteron energy.

Such apparently positive results have not been de-
finitive because of ambiguity in interpretation. Deu-
teron stripping angular distributions usually become
relatively broad and simple at low bombarding energies
and are undemanding' in the Butler PWBA fitting
procedure, which employs parameter adjustment. Fur-
thermore, such bland angular distributions have im-
portant contributions from low partial waves. In this
case the single-channel distorted-wave Born approxi-

* Research supported by the National Science Foundation.
t Present address: Center for Naval Analyses, Arlington&

Virginia.' D. H. Wilkinson, Phil. Mag. 3, 1185 (1958).
'E. K. Warburton and D. W. Chase, Jr., Phys. Rev. 120,

2095 (1960).' J. P. F. Sellschop and D. W. Mingay, in Proceedings of the
Conference on Direct Interactions and Nuclear Reaction Mechanisms,
edited by E. Clementel and C. Villi (Gordon and Breach Science
Publishers Inc. , New York, 1961),p. 425.

4 R. D. Amado, Phys. Rev. Letters 2, 399 (1959);I. S. Shapiro,
Nucl. Phys. 28, 244 (1961).' See, e.g. , N. Austern, in Proceedings of the Czechoslovakian Sum-
mer School (International Atomic Energy Commission, Vienna,
1963), p. 17.

mation (DWBA) theory is also somewhat in question. "
As a consequence, it appears that angular distributions
are presently incapable of providing an unambiguous
test of the "D concept. "

In (d,p) reactions, p-y correlation measurements offer
an alternative and often sensitive means of assessing
distortions. A qualitative criterion, that stripping re-
actions proceeding via capture of a plane-wave particle
produce the maximum possible correlation anisotropy, '
can be applied to infer the presence of distortions with-
out reference to a particular theory of stripping.

In order to systematically test for the dependence of
distortions on D, we have made angular correlation
measurements on the reaction B"(d,p)B"*0.9~. This re-
action is among those which had been inconclusively
studied in this context via angular distributions. ' Only
two previous angular correlation measurements have
been reported for this reaction. ' They are limited in
scope and precision, and are therefore inadequate for
illumination of the present problem.

This reaction appears u priori as a highly favorable
case for study. It has a low Q value, thus allowing low
values of D to be reached. The low-target Z should
minimize Coulomb distortions. Since this reaction has
3= 1 angular momentum transfer, the stripping correla-
tion patterns are limited in complexity to order P2.
Total yield measurements in the region 8&=1.0-4.0
MeV, ' show a smooth curve indicating the absence of
strong compound-nucleus resonances. The proton angu-
lar distributions have been measured at 16 different
bombarding energies in the range Ed=0.7 to 8.0 MeV
and in all cases are well 6t by Butler theory at forward
angles with the angular span of close agreement in-
creasing with decreasing Ed,.' ' ""

See, e.g. , Roland Omnes, Phys. Rev. 137, 8649 (1965).' Howard J. Schnitzer, Rev. Mod. Phys. 37, 666 (1965).
8 G. R. Satchler, in Comptes Rendus du Congres International de

Physique Xucleaire, Paris 1958', edited by P. Gugenberger (Dunod
Cie. , Paris, 1959), p. 101.

9 Francis Beck, Ann. Phys. (Paris) 1, 503 (1966).' S. Gorodetzky et al. , J. Phys. Radium 22, 575 (1961)."D. Kamke and P. Kramer, Z. Physik 168, 465 (1966)."B.A. Robson and E. Weigold, Nucl. Phys. 46, 321 (1963)."A. Gallmann et al. , Phys. Rev. 138, B560 (1965)."J.R. Holt and T. N. Marsham, Proc. Phys. Soc. (London)
A66, 1032 (1953).
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FIG. 1.Distance to the Butler pole versus proton angle for various
laboratory deuteron energies, Ez.

interactions not included in the first, e.g., stripping dis-
tortions as treated in DWBA.

Dominance by the first term of Eq. (1) for small
values of D, i.e., near enough to the "Butler pole, "has
been tested' ' ""in angular distributions by the quality
of the fit to PWBA theoretical predictions. In these
experiments an approximately constant "break" value
of D was found, independent of Eq but different for
each reaction, below which the distribution shape could
be fit by PWBA and above which PWBA failed to Gt.
As mentioned previously, there has been contention
that such a result might be fortuitous.

In terms of common reaction variables, the distance
D to the stripping pole for the reaction 3"(d,pr)B"*,
can be written as

D= 3.18Es+1.85Q

+ e2t 2Ed(0.92Q+ 1.09E&)j'i' cose&~, (2)

where Es is the center-of-mass deuteron energy (i.e.,
Es=0.72Es lab), e(= 2.23 MeV) is the deuteron binding
energy, 8d„is the angle between the incident deuteron
and outgoing proton directions in the c.m. system, and
Q=0.19 MeV. Equation (2) was derived without in-

voking the infinite-target-mass assumption' and there-
fore leads to slightly diferent values from those in
Ref. 3.

A plot of D versus cos8q„asgiven in Fig. 1 provides a
convenient format for displaying the systematics of

From certain shell-model predictions, ""this reaction
would be expected to proceed mainly by pi~s neutron
capture. Since piis capture leads to an isotropic correla-
tion, it would appear that this reaction might be an
unfavorable choice for study. However, interference of

pi~s and ps~s components produces anisotropies con-

siderably larger than our experimental resolution, thus
allowing us to measure changes in the anisotropy with
sufficient accuracy.

Faraday
Cup~

II. CONSIDERATIONS OF THE D CONCEPT

To display the role of D, the cross section for a (d,p)
reaction is written:

dg FjF2
+other terms

dQ D

Here F& and F2 are essentially deuteron and nuclear
form factors, and D= q'+k', where g is the momentum
transferred to the nucleus and k is the wave number of
the captured neutron. The first term in Eq. (1) is taken
to be the amplitude calculated in the Butler stripping
theory, " and "other terms" account for all possible

t
BEAM

6 12
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Fxc. 2. Typical scattering chamber and detector
arrangement, viewed from above.

18 %. Schier et al. , Nucl. Phys. 88, 373 {1966).
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interest. Lines of constant Es (lab values are shown)
hRvc llcgRtlvc slope Rlld 111'tcrccp't D=0 (tile pole) Rt
unphysical values of cos0d„. Increasing E~ leads to
decreasing cos8q„~pel, (i.e., cos8qp at D=O) and vice
versa. Several authors' "have emphasized the need to
reduce cos8~p

~ „1,in order to get close to the pole. From
Fig. 1 it is clear that small D values over an appreciable
range of angles are attained at a cost of increasing
cos8~& I pole.

The "break D" values observed by Sellschop' are
pictured in Fig. 1. Inclusion of "break D" locations
from angular distribution measurements at Eg=5.5
and 8.0 MeV"" indicates that the approximate con-
stancy of this quantity is violated as higher deuteron
energies are reached.

%e have noted that the experimental stripping peak
locations can also be characterized by a constant D
value (see Fig. 1). This is not unexpected since Butler
theory gives peak locations for the condition I= R,Xq.
Constant cutoff radius E. therefore implies constant q
and hence constant D, in a given reaction. Increasing
E., leads to lower D values for the peak locations and
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Fxo. 3. Pulse-height spectra from solid-state proton detector.
|'a) Spectrum without stopping foils. (b) Spectrum with 6.3-
mg/cm' aluminum stopping foil. (In a comparison oi these spectra,
a change in detector solid angle and in target impurity concentra-
tion is to be noted. )
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Fyo. 4. Block diagram of electronic equipment for p-y
correlation measurements.

Deuterons from the University of Virginia 5.5-MeV
Van de Graaff were used to bombard thin {20-40
IIg/cm') targets of isotopically enriched (98%) boron-
11." The target 6lms, prepared by electron beam
evaporation, were mounted either self-supporting or on
very thin (5—10 IIg/cm') backings of Formvar or carbon.

~' A. Borden, Ph.D. thesis, University of Virginia, 1966
(unpublished) .

vice versa. It is interesting to note from Fig. 1 that R,
is ultimately forced to smaller values by increasing Ed,

(i.e., "peak D" must remain in the physical region).
Conversely, as Eg is decreased, the peak will move to
back angles if constant E, is maintained.

In this experiment, eleven reaction-plane angular cor-
relations were measured over the deuteron energy range
1.0—5.5 MeV. The energy-proton angle locations for
each measurement are shown and numbered in Fig. 1.
The basic objective of these measurements was to see
if the correlation parameter systematically tended to-
ward PEA predictions as D was lowered, independent
of what energy-angle choices were exercised in achieving
a given D value. In addition to this objective, several
other experimental tests are implied by the choice of
energy-proton angles. Measurements 2, 5, 9, and 11
study the effect of moving the pole location with cosISI&„

fixed. Measurements 2, 4, and 7 study constant D under
the influence of variable E~ and 8q„.Points 1, 6, and 10
do the same vQth constant D be1ng on the str&ppl&ng

peaks. Finally, 3 represents the lowest D value attained.
In contrast to the above classifications, it is to be

noted that point 10 represents the most favorable con-
dition for stripping based on the usual PKBA criteria, '
This point is on the stripping peak at the highest deu-
teron energy used in this experiment.

DL EXPERumNTAL»CH&&QUE
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The target and proton detector were located in a 12-in.-

diam stainless steel scattering chamber with 0.400-in.
walls (Fig. 2). For a given correlation measurement,
the vertical positionin, g of the target was held fixed but
small rotations about the vertical were employed to
avoid shadowing the gamma detector with the target
mount. Carbon deposition onto the target was mea-
sured to be about 1 pg/cm' over a complete correlation
run. The beam spot size was usually 1—2-mm diam and
the current was typically 0.1 pA.

The gamma detector, a 3-in. )&3-in. NRI scintillator
mounted on an RCA 8054 photomultiplier, was posi-
tioned external to the chamber as pictured in Fig. 2.
With the proton detector held fixed, the p-y correlation
was measured by observing the 0.95-MCV photopeak
coincidence yield in the horizontal or reaction plane,
for various positions of the gamma detector. By measur-
ing the yield versus angle of the 1.06-McV gamma
1Rdlatlon floDl R. 2-mm-diam disk-shaped Bl souI'cc

placed at the beam-on-target-spot, small variations
(1—2/~) in the detector solid angle and in the chamber
wall tlRnsDllsslon pI'opcrtlcs werc IDRppcd fol usc ln thc
normalization of p-y yields.

An ORTEC silicon surface barrier detector, usually
biased to a depletion depth of about 260@, was used for
proton detection. Because the protons of interest had
energies comparable to those of the elastically scattered
deuterons, it was necessary to employ aluminum stop-

ping foils to remove the bulk of the elastically scattered
particles. With the appropriate thickness of foils in use,
the B"(d,Pi)B"*proton group formed a clearly resolved
(in energy) peak, which was singled out for coincidence
analysis by means of a single channel analyzer. Figure 3
shows typical spectra of the proton detector, with and
without stopping foils.

A schematic diagram of the electronic setup is shown
in Fig. 4. Commercial electronic modules comprised all

but the routing circuitry. Two matched-width (2r=60
nsec) fast coincidence circuits along with a dynamic
routing system were used. to provide on-line evaluation
of the accidental coincidence spectrum. The photopeak
counting rate for true events typically was about 30
counts per min and. the true-to-accidental counting
ratio, averaged under this peak, was typically about 20
to 1. Singles and coincidence-gated. gamma spectra a
observed at Eq=3.0 MeV are shown in Fig. 5. The
coincidence spectrum shown is for true counts only,
i.e., accidental events have been subtracted out.

A small percentage ( 1—4/o) of true coincidence
counts from sources other than B"(d,pip)B"* was al-

ways "observed" under the gated 0.95-MeV photopcak.
The accurate subtraction of these counts from the
counts of interest was accomplished via an analysis2' of
the true counts above the peak where a fairly smooth
spectrum was usually observed. These counts are
thought to correspond to p-y and P-y coincidences
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arising principally from three processes: 8"(d,p)8" s.ss

(y)8" 8"(P )Cts*(y)C" and 8"(P-) bremsstrah-
lung. The background contribution from these sources
was evaluated by extrapolating the average level of
counts above the peak back into the 0.95-MeV region.
At the lower deuteron energies (1.0 and 1.8 MeV),
alpha-neutron coincidences from many-body (3ot+ts)
final states producecP' by 8"(d,n) and 8"(d,n), were

present as an additional background source. Subsidiary
experiments showed that n-iz background contributions
were of the order of several percent and had a tendency
to peak around E=0.85 MeV, probably indicating the
presence of the Fe"(n, rs'y) Fe"reaction" in the chamber
walls. Detailed analysis" of individual spectra from the
correlation measurements, particularly in the E~=0.85-
MeV region, showed that n-n contributions typically
did not exhibit strong angular dependence. In general, .

the evaluation and subtraction of the total true back-
ground was accomplished with an estimated probable
error of 0.'/% relative and 1.0% absolute on each point.
A summary of estimated, experimental error is given in
Table I.

Three independent measurements of the relative
beam Aux or reaction rate were employed to insure
accurate normalization of each p-y yield within a given
correlation measurement. These were: (1) standard.
integration of the beam current via a Faraday cup,
(2) a monitor of the protons from 8"(d,pi)8"*; and

(3) a monitor of the alphas from boron (d,n). For
monitor (3), the strong, well-isolated 8"(d,trs)Bes re-
action peak was monitored at the lower deuteron

energies. At E~——3.0 MeU, the increased stopping foil

thickness shifted this peak. into more cluttered regions

of the spectrum and it was necessary to turn to the

TABLE I. Summary of experimental error on a given point within
a correlation set; estimated probable values are listed.

Source
Relative Absolute

error ('Po) error ( jo)

Counting statistics (typical 0 =4.0/&)
Gamma detector geometry
Identification of photopeak counts
Subtraction of accidental counts
Seam Aux normalization (typical)
Subtraction of true background (typical)
Variation in accidental summing losses

Sum

0.6
1.0
0.3
0.8
0.7
0.4

(+2.7+us)

0.6
1.0
0.7
0.8
1.0
0.4

(V'3 4+~s)

weaker 8"(d,ns)Bes and 8"(d,nt)Bes* alpha peaks. Fi-
nally at E~——5.5 MeV no suitable peaks were available
for this particular monitor. The relative consistency of
these three (or two) measurements was used to estab-
lish an estimate of the probable error in beam Aux nor-
malization. This error was about 1% in the worst cases.

W(gr) =1—e cos2$r —ps),

are presented in Figs. 6—9. Error bars on the data
points in these figures correspond to o (Table I). The
extracted parameters and their corresponding uncer-
tainties are summarized in Table II. Anisotropy values
e are listed without correction for attenuation due to
the finite angular resolution. "Neglecting very small

IV. CORRELATIO5' DATA

The correlation data were analyzed on the University
of Virginia Burroughs 85500 computer using a special
nonlinear least-squares fitting program developed here. '4

This data, along with the best-fitting three-parameter
curve normalized to the form

TABLE II. Angular correlation parameters from computed best fits to experimental data. Quantities given in parentheses are from
analysis where the worst outlying point has been omitted in each set of data. Column designations: (A) Correlation number. (B) Inci-
dent lab deuteron energy. (Best estimates: 1.010&0.003, 1.801+0.003, 2.975+0.003, 5.48&0.02 MeV. Typical half-thickness of target
was 3 keV. ) (C) Distance to pole. {D)Proton angle in the c.m. system. (K) and (F) See Fig. 6. (6) Anisotropy from best fit of Fq. (3).
(H) Anisotropy from best 6t of W(p~) =1—s'E&[cos(P~ —4 o)g.

(A)

9
10

(B)
Ed

(MeV)

1.0

1.0
1.8

1.8
1.8
3.0
3.0

3.0
3.0
5.5

5.5

(C)

(M:V)

3.5

4.3
2.9

4.4
5.7
3.4
4.4

6.1
7.9
3.9

12,3

(D)
Od„

(deg)

54.9

76.0
19.5

55,1
76.3
24,5
40

60.6
76.4
19

76.6

(E)
4'r

(deg)

47.2

41.7
36.5

45.0
40.1
39
44.2

40.0
39.2
33

38,7

(F)
Cp

(deg)

44.7& 7.0
(46.4& 6.5)
35.9& 8.3
40.4~10.0

(42.3% 9)
71.0& 4.8
96.2a 4.5
36.4a 5.8
48,4& 6.2

(49.6a 5.8)
74.9% 6.3
95.0+ 6.8
40.4+ 5.2

(42.2~ 5.5)
176.9~ 6.1

(G)

(%)
8.5~1.1

(9.2+1.2)
8.4+1.7
6.1+1.2

(6.9+1.2)
7.7+1.6
8.8+2.4
7.9a0.9
6.4+0.8

(6.8WO. 8)
9.3~2.4
5.5+2.6

11.3~1.0
(10.'?~1.0)

5.7%2.3

(I-I)

(Fo)

11.6+1.6

11.5&2.4
8.3w 1.6

10.5~2.2
12.1%3.4
10.8a1.3
8.8&1.i

12.8W3.4
7.5&3.6

15.7w1.5

7.8&3.2

"F. Ajzenberg-Selove and T. I.auritsen, Nucl. Phys. 11, 1"R. W. Benjamin et al, Nucl. Phys. 79, 241 (1966).
~4 G. Hancock (private communication).
"M. E. Rose, Phys. Rev. 91, 610 (1953).

(1959),
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I.0 MeY

3,5MeV

SCAN I20

~ I

*..

I I I I

IKP 200' 240 28' 32(P
4y

In addition to finding the best three-parameter fit,
the computer program calculated one- and five-param-
eter 6ts (i.e., including cos4$~ terms) and their corre-
sponding goodness-of-ht probability P from X' tests.
The resulting I' values, summarized in Table III, show
that a three-parameter fit is as good as, or better than,
other fits in all cases. In four of the eleven correlations,
I' fell outside the usual acceptabiHty range of 0.9&P
&0.1. Inspection of the data showed that these four
cases each had a possible "outlying" data point lying
more than 2.50. away from the best-fitting three-
parameter curve, whereas none of the other seven
correlations had points that far oR. Reanalysis of these
four cases, with the "outlying" point omitted in each
set, showed that three of the four cases had acceptable
I' values and that the correlation parameters were
only slightly changed, as indicated in Table II. Param-
eters from analysis where the "outlying" point was
included were taken as the accepted values for com-
parison to theory.

1.2 p

(~I II

I.O-

I~ 0.9 4~
8dp= YO'

gg Ed = I.OMeV

0 = 43MeV

40' 80' I20' l60 2CKP 240' 280t' 320
4y

FIG. 6. (a) Correlation geometry, de6ning the angles used here.
(b) p-y correlation for run No. 1; solid line 5"=1—0.085 cos2
g (@~—45 ). (c) p-y correlation for run No. 2; solid line 8'=1
—0.084 cos2 (@~—36').

I 0

~ 0.9-

a)Run 3
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Fd = l,8 MeV

0 = 2.9MeV

40 80 l20

I
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I \

I
I
I

h~g&&. , I

I

il

I

l60 200 240 280 &20'

smearing eRects introduced by Compton scattering in
the chamber wall, the multiplicative correction factor
is 1.037+0.006, based in part on an interpolation of
J~/J~ values measured. by Herskind" for photopeak
counting.

Tmz,z III. Goodness-of-6t probability from y~ test.

l0

0.9
8'= 50
Ed = I,BMeV

0 = 4.4MeV

40 80 l20 l60 200

"I

l & I
240 280' 520

Correlation 1-parameter 3-parameter
number 6t 6t

3-parameter
fit without

outlying
point

5-parameter
6t

l.2;
c)Run 5

1
2
3
4
5

9
10
11

«0.001
&0.001
«0.001
&0.001

0.02
«0.001
«0.001

0.03
0.8

«0.001
0.4

0.02
0.8
0.05
0.6
0.6
0.6
0.01
0.5
0.9
0.02
0.7

03

0.2

0.02
0.7
0.05
0.6
O.g
0.5
0.01
0.5
0.8
0.01
0,8

8„=70'
Ed = l.8MeV
0 = 5.7MeV

l

0 40' 80' I20' l60

III
II"

4p

200' 240 280' 520'

~'IIl. Herskind and Y. Voshizawa, Nucl. Instr. Methods 27,
104 (1964).

FIG. 7. (a) p-y correlation for run No. 3; solid line 8' = 1—0.061
Xcos2(g~ —40'}. (b} p-y correlation for run No. 4; solid line
W=1—0.077 cos2(@„—71'). (c) p-y correlation for run. No. 5;
solid Hne 8' = 1—0.088 cos2 (@~—96').
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V. DISCUSSION

A. Relevant Angular Correlation Theory

In the case of 3=1 stripping, the experimental param-
eters extracted for comparison with theory are the
correlation anisotropy e and, the correlation symmetry
axis &0. PWBA theory predicts that the laboratory
recoil axis is the symmetry axis for the correlation
pattern and that the correlation anisotropy is constant,
independent of E~ and, 8~„.Considerations on distor-
tions, and in particular DWBA theory, "predict that
pR is in general shifted away from the recoil direction
and that e is reduced, from the PWBA value.

For convenience, we will discuss our results in the
framework of a frequently used form of DWBA theory, "
but with slight modifications. Equation (3) introduces a
negative sign which is not conventional, and it also
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FIG. 9. (a) p-'I/ correlation for run No. 9; solid line t/t/' = 1—0.055 cos2(p~ —95'). (b) p-y correlation for run No. 10; solid
line 8'=1—0.113 cos2(@~—40'). (c} p-y correlation for run No.
11; solid line S'= 1—0.057 cos2(&~+3').

implies an altered, but useful magnitude for e. Our
results, then, should be compared with a theoretical
equation, in the notation of Ref. 7,
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c) Run 8
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FIG. 8. (a) p-y correlation from run No. 6; solid line l/t/"= 1—0.079cos2(qb~ —36'). (b) p-y correlation for run No. 7; solid
line 8'=1—0.064 cos2(@~—48'). (c) p-y correlation for run No.
8; solid line 8"=1—0.093 cos2(@~—75').

"G. R. Satchler and %. Tobocman, Phys. Rev. 118, 1566
(1960); R. Huby, M. Y. Refai, and G. R. Satchler, Nucl. Phys.
9, 94 (1958).

Here X is a distortion-dependent parameter, 0&X&1,
which in PWBA theory takes the value unity. Thus
ED~a~=X6p~p~. The theoretical form' '8 for g2 in the
present correlation is

g2 LOB/2 'I/2(222 Je)12tll/283/2I/2(2$$ Js)]
XLCI'F2(11J.)+ (2+75)CICRGR(121J,)

+C F 2(R212J,)$ (5)
1

Ln2(lkR J.)+»n2(RRV. )3
(1+*')(1+~')

XLF2(11J,)12(475)iIG&(121J,)+SF&(21J,)1.
~8 G. R. Satchler, Proc. Phys. Soc. (London) A66, 1081 (1953}.



A. P. BORDEN AND R. C. RITTER 159

—.I2
~ I )

-.08 —.Q4 Q

S=C /C,

1

.04 .08 .I2

Fro. 10. Plot of transferred neutron spin mixing parameter x
versus gamma decay multipolarity mixing parameter 5, as limited
by present correlation measurements for the 8"(d pp}B"*0»re-
action. As explained in the text, theoretical considerations much
favor the upper branch. Limitations on 8 as pictured are from
Ref. 9.

~, 0.113&0.01, is observed. This assumption is supported
by specific DWBA calculations presented in Sec. V C.

After correction for finite angular resolution, the
PWBA anisotropy is a=0.117&0.01. From Eq. (4) this
implies g)———(0.150&0.012), the value which we will
use in this analysis.

The use of the value of g~ in determining x from Eq.
(5) depends on a knowledge of J, and b The. value 2+
had been assigned" to the state J, based. on a measure-
ment" e= —0.24&0.05 (in our notation). This disagrees
both in sign and magnitude with the present result.
Taking our sign determination, a spin assignment of 1+
is not eliminated by present available data. "

On theoretical grounds the assignment of 2+ as the
spin parity of the first excited state of 8" is nearly
unassailable. This state seems to be established as the
analog of the 2+T=1 state at 16.11 MeV in C" (see
e.g., Ref. 13).Moreover, the likelihood for the alterna-
tive, that is the existence of another 1+ state within 5
MeV of the 1+ ground state of 8"seems small; a major
shell-breaking would be required for such a state. We
will therefore, proceed, on the assumption that J, = 2+.
In this case Eq. (5) becomes:

The functions g~ are tabulated in Ref. 28 and the
functions Iiq and G~ are tabulated in Ref. 29; 83~~ and
0~~~ are the normalized reduced width amplitudes for
the two possible j states for the captured neutron if
t„=1;C~ and C~ are the normalized reduced matrix
elements for M1 and E2 gamma transitions to the
final state; x—=8U)/Hg), ' 8—=C)/C)., and J, is the spin
of the first excited state of 8".

We apply this theory in two ways: in the spectro-
scopic analysis and, , less quantitatively, in the reaction
mechanism discussion.

B. Spectroscopic Analysis

We have not measured X directly in this experiment,
but it is useful to proceed on the assumption (One cannot
theoretically preclude the possibility of observing an-
isotropies larger than the PWBA limit since the effects
of compound, nucleus formation as a competing reaction
mode are unknown. We assume domination by the
stripping mode, citing the following items as support
for this assumption: The proton angular distribution in
this case shows a well-developed stripping pattern. The
proton detector was positioned on the stripping peak
in ord, er to diminish relative contributions from the
compound nucleus mode, if present. The observed cor-
relation pattern was oriented. approximately along the
direction expected for a PKBA stripping process and
it was of complexity I'&, consistent with an l = 1 neutron
capture) that the PWBA limit, X= 1, is closely approxi-
mated in correlation No. 10 where the largest value of
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FIG. 11. Components of shell model (jj) configurations in
the B",, and Bi'*0,» states, and the effect of adding p-wave
neutrons.

g2= (0.700—0.500'—3 138) . (6)
(1+x))(1+@)

Assuming J,= 2+ and gp
———0.150+0.012, we find by

Eq. (6) that x is positive and. restricted in magnitude
as pictured in Fig. 10. The restriction shown on 5, i.e.,
5= —0.085~0.063, is from the Strasbourg results, '
based on gamma-ray angular distribution and polariza-
tion measurements at 0.7-MeV bombarding energy. An
alternative value for 6)&1 permitted by that experiment
would be inconsistent with the measured lifetime of the
state (r= (3.4&1)X10 " sec)." if our value for g~ is
low (i.e., if the case a=0.117 in fact corresponds to
some X&1) the x values consistent with the correct g)
would be further restricted as can be seen from Fig. 10.

' F K Warburton and I F Chase
"L.C. Biedenharn and M. E. Rose, Rev. Mod. Phys. 25, 729 (1963).

(19S3). "E. K. Warburton (private communication).
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On a theoretical basis, we can limit the value of x
further. With the assumption that the 0.95-MeV state
is 2+, experimenters have determined""" its spectro-
scopic factor in B"(d,p)B"o Qq to be 0.6 to 0.7. Con-
sequently the state must have a wave function which
has a good overlap with that of the ground state of 8"
plus a 1p neutron. Shell-model theory" "has predicted
that the —,

' ground state of B"is largely s'p3~-„r and the
lowest 2+7= 1 state of the 12 nucleon system is largely
s'p», 'pJ/2 ~ Taken with the large spectroscopic factor,
these calculations imply that the transferred neutron in
this reaction should be mainly pz~z. Therefore, the value
of x' (and thus x) should be greater than unity and the
upper branch of the curve in Fig. 10 should be the
appropriate one.

Figure 11 is a chart which summarizes this situation.
It depicts changes in components of the shell model
states in this reaction, based on calculations of Ref. 16.

~4 12—0 w ~ewe e ~a ~ wwPWBA

i
'

0: III-

I I I I I

Limit(&)---------. 10

Q tLI

Ir. W
I- I-

—0.5o XI-%
(ha
Of

I ~ I

crI "15(f-
x

-12(f—)-CO
rr. xc-9(f—

EB-6''-
uI
-5(f- i

gOo~ o ---I--IE-pit---x
+5(f—

ILI
Cl

2

$ Present Experiment

$ From Beck at Ed = 700 keV

PWBA

I I I I I I I

4 6 ' 8 IO
DISTANCE TO POLE 0(NieV)

12

FxG. 12.Measured correlation anisotropy and symmetry axis shift
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~ See, e.g. , G. R. Satchler, in Lectures in Theoretica1 Physics,
edited by P. D. Kunz, D. A. Lind, and W. E. Brittin, Vol. 8C
(University of Colorado Press, Boulder, 1966),pp. 73—175.

C. Discussion of Reaction Distortions

It has been emphasized" that it does not make sense
to ignore distortion completely in any experimentally
realizable circumstance. Rigorous application of the D
concept, that is completely ignoring all but the first
term of Eq. (1), amounts to just that. A more moderate
goal of the concept is to establish criteria under which
the distortions could be predicted to be small. In the
present work, we have attempted to test for approxi-
mate, rather than absolute, validity of the D concept
under conditions (i.e., low Q and Eq) deemed favorable
by existing criteria.

If the D concept were upheld by our data, we would
expect our correlation parameters to systematically
approach PWBA predictions with d,ecreasing D. Angular
distribution studies' indicate that the region D=6 to 7
MeV might be a transition region in this respect. We
might therefore expect the anisotropy to have a large,
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FIG. 13. Distortion parameter X versus distance to the Butler
pole. Experimental values and various theoretical curves are
shown for the deuteron energies used in the present experiment.

"G. R. Satchler, Nucl. Phys. 18, 110 (1960}.

nearly constant value for D&6 MeV and. then typically
to take on smaller values for D&6 MeV. The symmetry
axis shift would be essentially zero for D&6 MeV. For
D) 6 MeV there might or might not be some symmetry
axis shift. The reason for this is that distortions of the
incoming and outgoing waves can have opposite con-
tributions to such shifts, " resulting in partial or total
cancellation. Accompanying cancellation effects d,o not
apply in this way to e.

The combined data exhibiting the behavior of the
measured correlation parameters. is shown in Fig. 12.
It is seen that the s~~unetry axis shifts follow the pre-
dicted trend up to D =4.5 MeV. As just explained, this
is a necessary but not sufficient condition for PWBA to
be dominant below D=4.5 MeV. However, this is con-
sidered to be good evidence' for the d.irect interaction
character of the reaction.

In this reaction the momentum cond, itions for can-
celling distortion effects" are most nearly met at the
lowest deuteron energies which we used, and these
generally correspond to lower D values. We therefore
must rely on the anisotropy trend. s to assess distortions.

As Fig. 12 shows, the above predictions of the D
concept are not borne out in the anisotropy measure-
ments. The largest anisotropy is not found at the
smallest value of D. As a consequence there is no way
that this data implies an absence of distortions at low
D. One would like to be able to make the additional
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With the data plotted in this way, we see that the
greatest departure of the experimental values of X from
PWBA predictions are at the intermediate value of
energy, 3 McV. Such a behavior is not predicted by the
DWBA curves. In general these DWBA curves closely
parallel the PWBA predictions in regions where our
data was taken (except for $0), and they are therefore
inadequate in accounting for the experimental data.

It seems particularly signi6cant that the highest
value of X occurred in our data at the highest bombard-
ing energy, 5.5 MCV, and on the stripping peak. This
agreement with traditional stripping expectations'~ is in
direct opposition to predictions of the D concept.

Ke are aware of two possible explanations for the
behavior of our da, ta:

Ed = 5.5MeV

I I I
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I'10. j.4. Symmetry axis Co versus distance to the Butler pole.
Experimental values and various theoretical curves are shown for
the deuteron energies used in the present experiment.

'4%. Tobocman, Phys. Rev. 115, 98 ($959).
35 R. H. Bassel, R. M. Drisko, and G. R. Satchler, Oak. Ridge

NationaI Laboratory Report No. ORNL —3240 (unpublished).
~' F. Percy and B.Buck, Nucl. Phys. 32, 353 (1962).

statement that variations in strength of the distortion
terms are indicated by the relative values ~ takes on.
Such analysis is, however, too simplistic if the nuclear
and Coulomb distortions cancel in an irregular manner
or if other types of irregular interference phenomena are
present. Cancellations of this first type have been dis-
cussed with respect to angular distributions. '4

In order to improve on this qualitative statement
about distortions, it is possible to calcula, te detailed
predictions of the correlation parameters by DWBA
theory, in which optical model potentials generate the
distorted waves. An examplary calculation of this type
has been done for us by G. R. Satchler, using code
SALLY. Thc deuteron optical potcntM, L used was from
Cin+d, and. the proton potential was typical of those
discussed by Percy."As only general features of these
calculations are examined here, we will not list details
of the optical potentials, and we will ignore the possible

shortcomings of applying these results to such a light
nucleus.

Figures 13 and 14 show the results of the DWBA
calcula, tions for three diferent treatments of the in-
ternal nuclear radial wave function, along with PWBA
curves and the experimental points. The measured
anisotropies have been transferred to the P scale under
the previously employed assumption that A. =1 for
a=0.ii3.

(1) The "other terms" in Eq. (1) are not becoming
unimportant as conditions are changed to reduce D.

(2) The PWBA term is not capable of taking on the
predicted properties.

With regard to the 6rst point above, our knowledge
of the terms of the expansion underlying Eq. (1) is very
incomplete. v We have calculated the values of cos8 at
the simpler singularities given in Ref. 7. They all
(except the Coulomb branch point) fall far away from
the Butler pole in terms of cos8. This is considered to
be evidence that they are unimportant, ' "but an abso-
lute evaluation wouM be needed to rigorously demon-
strate that they can be ignored. . Also there are a number
of complicated additional terms which have not been
accounted for. Terms responsible for compound-nucleus
formation are conceptually grouped in this category.

Failure of the PWBA term to vary as indicated in
Eq. (1) might be brought about by a "unitarity limit-
ing" process. EGects of such a limitation have been
considered previously in other contexts. ' In the present
reaction the limiting couM come about if the 6rst term
of Eq. (1) yields a cross section which exceeds the
unitarity limit for any of the few pa, rtial waves which
can contribute appreciably in the incoming channel at
low deuteron energy. A partial-wave decomposition of
the experimental angular distribution, needed to verify
this assumption, would seem to be difficult to interpret
for low partial waves. " The observed bland angular
distributions for this reaction, ' if interpreted as arising
only from the first term of Eq. (1), must be mainly due
to Low partial waves.
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