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TzuzLE I. B(E2, 2 -+ 0) values for the 1.52-MeV transition in
Ca~, in units e'F4. For the estimate in column 2, a radius
8=1.2A'f' F was used. The valuea given in column 3 is for an
effective charge of 0.5e.

Experiment
Weisskopf
estimate (fzzz)'z+ ~ (fzzz)'oy Bertsch'

74+17 4.6 3.2

a We thank Dr. T. A. Hughes for this result.
b See Ref. 4.
e See Ref. 3.

With the value E(B,)=4.8X10 spaz. z, ~ for ) =+a~,
taken from Fig. 4, the average scattering observed in
the two geometries leads to a width I'= (4.8&0.4) X 10—4

eV. Ii allowance is made for the range ——s'&X(+1,
the result of our study may be summarized as

I'= (4.8~1.1)X 10—' eV,

corresponding to a mean life of 1.4)&10 " sec. This

experimental result is compared in Table I with various
theoretical estimates.

Clearly, the 1.52-MeV transition in Ca4' is quite
collective. If, e.g., it is attributed to the recoupling of
two fz~s neutrons, the observed rate would imply the
large value of 2e for the eBective charge of an fzis
neutron. The transition is considerably more collective
than was expected on the basis of Bertsch's calculations,
and this presumably' calls for stronger mixing between
deformed and undeformed wave functions.
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A study of the (P,y) angular correlations involving the 1.28- and 2.03-MeV states in Si"populated by the
Si's(zf, p)Size reaction has been carried out at Gve deuteron bombarding energies between 4 and 6 MeV.
Angular-correlation measurements were carried out in the reaction plane and in that plane perpendicular
to the reaction plane which contains the incident-beam direction. The data were analyzed by means of the
distorted-wave stripping formalism. Statistical tensors, describing the orientation of the intermediate ex-
cited nuclear states, were calculated at each energy. Since the reaction-plane measurements on the 2.03-MeV
state alone were sufBcient for determining the statistical tensors describing the correlation over the sphere,
comparison has been made between the measured perpendicular-plane correlations and the correlations
predicted from these statistical tensors. In addition, a combined set of statistical tensors has been calculated
utilizing data from the reaction-plane and perpendicular-plane correlations. The magnitudes of the proton
polarizations have also been calculated for the 2.03-MeV excited-state reaction using the combined set of
statistical tensors. The observed correlations are in agreement with the predictions of a distorted-wave
theory and not with those of the plane-wave theory.

I. INTRODUCTION

'HIS paper reports on the investigation of the
(d,Py) angular correlations on Si's through the

6rst (1.28 MeV) and second (2.03 MeV) excited states
in Si". These investigations are an extension to lower
deuteron bombarding energies of the work of Kuehner,
Almqvist, and Bromley' at Chalk River, Canada.

The general validity of the distorted-wave Born ap-
proximation (DWBA) in describing deuteron stripping

*This work was supported in part by The National Science
Foundation under Grant No. GP-2210.

J. A. Kuehner, E. Almqvist, and D. A. Bromley, Nucl. Phys,
19, 614 (1960).

reactions is now well accepted. The proton and deuteron
wave functions used in the Born approximation are
calculated from optical-model potentials whose param-
eters have been determined over wide energy ranges
from Gts to elastic-scattering angular distributions.
Using these optical potentials and distorted-wave func-
tions in describing incident deuterons and outgoing
nucleons, reasonable fits to the angular distribution of
the emitted nucleon in stripping reactions can be ob-
tained. Current efforts in improving the DWBA descrip-
tion of stripping reactions involve the nature of the spin
dependence of the deuteron and nucleon potentials. A
number of theoretical investigations have been done in



Sl (d, pv)SI ' ANGULAR CORRELATIONS 1137

this area. ' ' Experimentally, the polarization of the
emitted nucleons is most sensitive to the details of the
spin interaction, and to a lesser extent so are (d,py)
correlations. The angular distributions of the emitted
nucleons do not appear to be very sensitive to the spin-
dependent' forces.

Huby, Refai, and Satchler, 7 hereafter referred to as
HRS, have developed a formalism for the distorted-
wave theory of stripping reactions in which they
examine those features of the theory which are inde-
pendent of the details of the distortion. The polarization
of the emitted protons and the correlation function
of de-excitation gamma rays are expressed as func-
tions of statistical tensors pJ, ~ which can be calculated
given the details of the reaction. Calculations of this

type have been performed at the Oak Ridge National
Laboratory using the code swLLv and the results are
compared with the experimental quantities measured in
this experiment.

The HRS formalism and also that of Tobocman and
Satchler' are primarily concerned with those features of
the DWBA theory which are characteristic of the theory
in general as distinct from its details. One of the purposes

' of this experiment was to investigate some of those
general features of the theory. Such measurements serve
to test the validity of the DWBA assumptions as well as
provide insight into the use of spin-dependent forces.

Although the HRS formalism assumes that the dis-
torting potentials are spin-independent, polarization of
the outgoing nucleons can still occur for all orbital
angular momentum transfer l„&j.. This polarization is
due to the distorting potentials alone. It is known that
the spin-independent DWBA treatment has not only
failed to fit large-angle proton polarization data but
predicts zero proton polarization for 3„=0 transfer when
considerable polarization has been measured for this
case. '~" However, the spin-independent treatment
may still have validity in the region of scattering angles
on or near the main stripping peak where the various
amplitudes are large.

' R. C. Johnson, NucL Phys. 35, 654 (1962).' D. Robson, Nucl. Phys. 22, 34 (1961).
4 G. R. Satchler, Nucl. Phys. 21, 116 (1960).' K. Hehl and C. Riedel, Nucl. Phys. 58, 201 (1964).' H. W. Barz, K. Hehl, C. Riedel, and J. Slotta, Nucl. Phys.

68, 231 (1965).
R. Huby, M. Y. Refai, and G. R. Satchler, Nucl. Phys. 9, 94

(1958).
8 R. H. Bassel, R. M. Drisko, and G. R. Satchler, Oak Ridge

National Laboratory Report No. ORNL-3240, 1962 (unpublished).
'G. R. Satchler and W. Tobocman, Phys. Rev. 118, 1566

(1960).' P. Hillman, Phys. Rev. 104, 176 (1956).
"M. S. Bokhari, J. A. Cookson, B. Hird, and B. Weesakul,

Proc. Phys. Soc. (London) A72, 88 (1958)."M. K. Juvic and S. D. Cirilov, Phys. Rev. 112, 1124 (1958).
"A. Isoya, S. Micheletti, and L. Reber, Phys. Rev. 128, 806

(1962).
'4 J. E. Evans, J. A. Kuehner, and E. Almqvist, Phys. Rev

131, 1632 (1963)."L. H. Reber and J.X. Saladin, Phys. Rev. 133, B1155 (1964)."R.W. Bercaw and P. B. Shull, Phys. Rev. 133, B632 (1964).

A number of (d,py) experiments have been per-
prmeds, z7—i9 tp check the prediction pf the HRS formal-

ism. The Si's(d, Py)Si" angular correlations from 6 to 9
MeV by Kuehner et a/. ' were a particularly stringent
test of the HRS formalism since the complexity of the
angular correlation permitted the determination of four
independent parameters, the p&, . They chose this re-
action for measurement since it permits the study of
two d-wave neutron capture situations, with j=3„+~,
and essentially identical kinematics. In the j=l„+-,
case (2.03 MeV), the emitted gamma ray to the spin sr

ground state of Si" has been measured as being a pure
Z2 multipole. "For the j=I„——,

' case (1.28 MeV) the
Z2/M1 mixing ratio has been measured" as 0.21&0.03.
Hence all the variables of the reaction were known
(angular momentum transfer, spin and parity of target
nucleus, the spins and parities of the intermediate
excited states, and the multipolarity of the decay gamma
rays). The only uncertainty in the reaction is the amount
of competing compound-nucleus contribution. The HRS
formalism considers only the direct stripping process.

In their determination of the statistical tensors, using
the assumptions of the spin-independent distorted-wave
approximation, Kuehner, Almqvist, and Bromley were
unable to make unambiguous assignments of the sta-
tistical tensors over the entire energy range studied since
the relationships among the theoretical parameters lead
to the solution of a cubic equation. Thus, for Zs(7 MeV
there were two roots of possible physical significance,
and hence two sets of statistical tensors, whose energy
dependence was different. In fact, the energy depend-
ence of the two sets of tensors indicated that at lower
bombarding energies the predicted angular correlation
would be very different for the two sets of statistical
tensors. Measurements of this angular correlation at
lower bombarding energies (Es(6 MeV) would thus be
a sensitive test of the theory and would also serve to
distinguish unambiguously between the two solutions.
In addition, angular correlations measured in planes
other than the reaction plane would serve to determine
the correct solution unambiguously. This then was our
final motivation in pursuing the Si"(d,py)Siss angular
correlation to lower energies.

II. EXPERIMENTAL APPARATUS

The beam from the Ohio State University 5.5-MeV
Van de Graaff accelerator was magnetically analyzed
and stabilized to 0.1% energy resolution. The beam was
bent through a 7-port switching magnet into a scattering

1 J. P. Martin, K. S. Quisenberry, and C. A. Low, Jr., Phys.
Rev. 120, 492 (1960)."J.Zamudio, C. R. Achari, and R. Roussel, Nucl. Phys. 51,
212 (1964).

» R. N. Horoshko, R. B. Weinberg, L. J. Lidofsky, and G. E.
Mitchell, Phys. Rev. 140, B1557 (1965).

20 D. A. Bromley, H. E. Gove, A. E. Litherland, E. B. Paul,
and E. Almqvist, Can. J. Phys. 35, 1042 (1957).» G. J. McGallum and A. Litherland, Bull. Am. Phys. Soc.
5, 45 (1960).
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chamber, where the beam was collimated to a spot of
0.040 in. in diameter on target. Finally, the beam was
collected in a Faraday cage at the rear of the scattering
chamber and integrated by a 0.1% current integrator.
Electric-field electron suppression was used on the
collector.

The scattering chamber used for the correlation ex-
periments was a 0.063-in. thick stainless-steel cylinder
10 in. in diameter with a hemispherical top. The chamber
walls presented a uniform attenuating thickness to
gamma rays over the upper half hemisphere. A solid-
state detector which was capable of being positioned
remotely was contained in the chamber for the detection
of the scattered charged particles. This detector was
collimated to subtend 0.012 sr. Tantalum foils thick
enough to stop the high intensity deuteron groups due
to the elastic and inelastic scattering from silicon and
oxygen, were placed in front of the particle detector.
The spectrum resolution was somewhat worse than that
obtained without foils. However, the admission of the in-
tense low-energy deuteron pulses would have led to sig-
nificant pulse pile-up in the amplifiers. The gamma rays
were detected by a remotely positioned 3-in. &3-in. NaI
scintillator mounted on an RCA 8054 multiplier photo-
tube. The scintillator was located external to the scatter-
ing chamber with the front face 7 in. from the target
center. The positioning of this detector, as determined
from the coincidences from positron annihilation, had
an absolute uncertainty of +1'.

The signals from both detectors were amplified in the
control room by Cosmic double-delay-line amplifiers
which are part of the Cosmic modular coincidence
circuit. After amplification the signals from the proton
and gamma ray counters went to separate single-channel
pulse-height analyzers and into the Cosmic fast-slow
coincidence modules. A separate signal from the particle-
detector amplifier was delayed by an amount greater
than the time resolution width of the coincidence
circuits and then put into a separate fast-slow unit in co-
incidence with the gamma-ray detector. Consequently,
one unit measured the sum of true plus accidental co-
incidence counts and the second unit measured acci-
dental counts alone. The time resolution width of the
two separate units was checked periodically. With a
resolving time of 45 nsec, a mean ratio of true to acci-
dental counts of 4:1 was obtained for the 2.03-MeV
radiation and 6:1 for the 1.28-MeV radiation.

Thin self-supporting targets of Si02 were prepared
from sections of a blown quartz bubble. Target energy
thicknesses were determined by measuring the apparent
shift of the Li'(p, m) threshold when the target was
inserted into the beam. This thickness corresponded
to =150 keV at 5 MeV.

III. THE HRS FORMALISM

In this section we should like to review that part of the
HRS formalism which is applicable to our investigation.

The correlation function for the emission of gamma
rays in the direction (8, p) when an excited level decays
from I~ to a lower level Iq can be written in a form
which is generally valid independent of the assumptions
that I~ was formed by the stripping mechanism:

W(k„,kg, 8, q) ~ Q FI (LL'IcIg) (2k+1)
L,I',k, q

Xpl, (Irt)Is) Cr Cr; 1'I '(0, y), (1)

where the pq, (I~,I~) are the statistical tensors describing
the polarization of I~ after it has been formed, the FI,'s
are the gamma-emisson coeKcients22; L (or L') is the
gamma multipolarity, allowing for multipole mixtures,
Cl. being the corresponding multipole amplitude. The
index k takes even values not greater than 2I~ or 21

When the axis of quantization is chosen in the direc-
tion n of kd xk~, q takes on only even values. If the
stripping mechanism is assumed, the pI„(I~,I~) are
subject to further restriction and can be expressed in
terms of another set of statistical tensors pk, (l/')

(2I~+1)'~'

pa, (Ia,Ia) =-

2 (2I~+ 1)

ggiflg «( 1)'tie(jj '—I~Is)pa, («')
x Z (2)

j, l j', 2' (u'oo~ko)

where pI, is the coeKcient tabulated by Satchler. "The
index k cannot exceed 21m, or 2j,„.The Oj& are the
"reduced width amplitudes" which contain the main
nuclear structure information, and I~ is the spin of the
target nucleus. The p~q are defined by

prq(/l') = Q (—1)'— '(tl'I —m'
~

ka)Bt„B*,,~, , (3)

where the B~ are the amplitudes for the absorption of
a neutron with quantum numbers (l,m).

For comparison with the higher energy data from
Chalk River, we use the notation of Satchler and Toboc-
man' and define the normalized tensors

d~c(«') =p~a(«')(( —1)'(«'oolko)(2l+1)"'poo(«')) ' (4)

The general correlation function for the axis specified
is now

lf'(g, t )=Z g~ d»&~(~)+2 Z(—1)'
q)0

(k —q)! '"
X Fr'(cosg)

~
dt,

~
cosq(p —nr;), (5)

(k+q)!

where

g„=rII.(j „j„I~I~)FI,

(LIMNI&)

.

2'S. Devons and L. J. B. Goldfarb, IIamdbuch der Physik,
edited hy S.Fliigge (Springer-Verlag, Berlin, 1957),Vol. 42, p. 362.

23 Q. R. Satchler, Proc. Phys. Soc. (London) A66, 1081 (1953).



148 Si''(d pp) Si'' AN GULAR CORRELATION S

i 500
i

0"(a,p)0

PI

I

Proton Spectrum

si {a,p) si

p= 45'
Ea= 4.2 MeV

FIG. 1. Part of a spec-
trum of protons emitted
at a laboratory detector
angle of 45' in the
Si (d,P) Si 2 reaction.
The peaks labeled P0,
P1, etc., refer, respec-
tively, to the proton
groups vrhich leave Si"
in its ground, first, etc.,
excited states.
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Satchler and Tobocman' give the following relation- the angular correlation. The distorted wave stripping
ships between the parameters: assumptions reduce the number of independent param-

eters to four (see Eqs. 7 and 8). Hence a determination
of these four parameters, the d&„completely specify the
angular correlation over the sphere.

and. the phaSe angle 4242=u22+2qr. In additiOn, Kuehner
et ul. ' have derived a fourth relationship among the dj, q

which can be expressed as

72 ('72) t/2—(1+d20) I d44I' —21
—

I I
d»l'I d44I cos4(~22 —~44)

35 E35i

—4(1—d20)(1 —d20')+(1 —d20) I d22I'=0. (g)

(A typographical error in the original equation'4 resulted
in a negative sign before the final term. ) Finally, the
phase angles atq appearing in Eq. (5) are defined by

d20= Id2qI exp( ttIot2q). —

For the general case of /„=2 transfer, the angular
correlation between the emitted protons and de-exci-
tation gamma rays has k,„=4 in Eq. (5) in a favorable
case. This occurs if the complexity of the correlation is
not further limited by the spin of the intermediate state
or the multipolarity of the emitted gamma ray, i.e., k

takes even values not greater than 2I~ or 2I. , In such
a favorable case, eight independent theoretical param-
eters, apart from normalization, are required to describe

24 J. A. Kuehner (private communication).

IV. EXPERIMENTAL RESULTS

Figure j. is the spectrum of protons measured at a
laboratory detector angle of 45' and for a deuteron
energy of 4.2 MeV. The angular distributions of the
protons leading to the 2.03-MeV second excited state
and 1.28-MeV first excited state are shown in Fig. 2.
Angular distributions of the I'j and I'2 proton groups
were not analyzed but were measured in order to locate
the position of the first stripping maximum. The particle
detector was then set at the peak of the stripping maxi-

mum (40') for all further angular correlation measure-

ments. A thick target yield curve of the E2 proton group,
Fig. 3, was taken at 100-keV intervals in order to locate
those energies where the correlation yield would be
maximized.

For the reaction leading to the second excited state
of Si", the excitation energy is 2.03 MeV, spin and

parity of the state Iri =5/2+, and an angular momentum

transfer is 1„=2.The ground-state gamma-ray transi-
tion is known to be a pure E2 transition. The reaction-

plane angular correlation can then be expressed as

W(22qr, y) =g A COSn(p —n„„) With 42=0, 2, 4, (10)
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FIG. 2. The angular distributions of
the protons leaving Si" in its 2.03-
MeV second excited state and 1.28-
MeV first excited state. The distribu-
tions are normalized to the same
collected beam charge.
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where

Ap/Ap= i dpp i (2.13—0.915dpp)

A4/Ap= —
~
d44

~
(1.46—0.626dpp) (12)

t The negative sign in Eq. (12) was omitted as a typo-
graphical error in Ref. 1."j

The results of the (d,ppy) reaction plane angular
correlations taken at deuteron energies of 4.2, 4.8, 5.2,
5.8, and 6.07 MeV are shown in Fig. 4. The solid curves
are the least-squares fits to the experimental data. The
error Gags on the experimental points are the standard

deviations due solely to statistical fluctuations. Table l
contains the experimental coefficients of Eq. (10) for
the 2.03-MeV radiation. For comparison, the results of
the Chalk River group are included so that the energy
variation may be observed. The experimental param-
eters do not show large fiuctuations over the complete
energy range. Also, the general character of the angular
correlations does not appear to change over the energy
range. These observations agree qualitatively with the
generally small energy dependence predicted by direct
reaction mechanisms.

The results of the azimuthal angular correlations for
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decay through the 2.03-MeV state is shown in Fig. 5.
The plane q =0, x was chosen solely for experimental
ease. The solid curves are again least-squares 6ts to the
experimental data. Table II contains the measured co-

eKcients for the 2.03-MeV radiation in the expansion

WLtt, 0(s.)j= P D„P„(cos8), (13)
n=0, 2, 4

where

and

Dp 1+0.5441dss I
cos2rrss —0 3191d441 cos4rr44

Ds 0 571dsp 0 0781ds21 cos2Qss+0. 4561d441 cos4c44

Dp 1+0.5441dps
I

cos2rrss —0 3191d«I cos4n44

D4 0 333+0 23gdpp+0 4661d»
I

cos2nss+0 137
I d441 cos4~44

(14)

(15)

TABLE I. Parameters in the expansion

W=(sos.,qr) =Q A„cosa(y n„„)—
for the 2.03-MeV radiation (e =0, 2, 4). TAnLz II.Parameters in the expansion W(8,0(p)) =Q„D„P„(coss)

in the plane perpendicular to the reaction plane.

Figure 6 shows the results of the (d, p&y) reaction- squares fits to the experimental data. The coeKcient
plane correlation for the proton group at 1.28-MeV ratios for the 1.28-MeV radiation appear in Table III.

Again, the results of the Chalk River group are included
for comparison.

Ap/Ap A4/A p

~22
(deg) (deg) 2.03-MeV radiation 1.28-MeV radiation

4.2
4.8
5.2
5.8
6.07

6.07
6.74
6.98
7.98
8.56
8.96

0.15+0.06
0.24~0.07
0.16~0.07
0.08~0.02
0.18~0.05

0.16~0.03
0.20~0.05
0.22~0.03
0.19~0.02
0.18~0.04
0.18~0.04

OSU
—0.20~0.05—0.15~0.04—0.19&0.04—0.10~0.03—0.15~0.05

Chalk River
—0.12~0.03—0.22~0.03—0.16~0.03—0.24~0.03—0.24~0.05—0.26~0.02

153~16 65~6
20~7 67~7
72~30 70~5
48~5 71~7
39~20 68+9

56~9 59~5
70~7 69~4
74~3 79~2
57~5 68~2
40+12 60~4
75~4 62~2

(a =0, 2, 4)
Zs Dp/Dp D4/Dp

(e=0, 2, 4)
Dp/Dp D4/Dp

4.2 —0.46~0.08
4.8 —0.28~0.11
5.2 —0.50~0.11
5.8 —0.40~0.08
6.07 —0.28~0.09

0.16~0.07
0.06~0.07
0.08~0.08
0.06~0.06
0.23~0.08

4.2
4. 8
5.2 0.11~0.06 0.007~0.05
5.8 0.02~0.08 0.03 ~0.06
6.07 0.02~0.07 0.02 ~0.06

TABLE III. Parameters in the expansion

W(rper, rp) =Q Bc eos(y —n )
for the 1.28-MeV radiation. (I=0, 2.)

600—
i (d p) si ep-45'

to the Second Excited State of Si

400—
O
CJ

R

excitation in Si' . In this ease, the angular-correlation
function is limited to terms in e= 0 and 2 by the ~ spin
of the intermediate state. The solid curves are the least-

4.2
4.8
5.2
5.8
6.07

6.07
6.98
7.98
8.58
8.96

Bp/Bp

OSU
—0.12 ~0.02—0.11 +0.01—0.13 ~0.03—0.12 ~0.02—0.11 ~0.03

Chalk River
—0.035~0.015—0.060~0.015—0.084~0.013—0.110~0.029—0.097+0.037

(deg)

83+3
45~5
55&10
51~6
66+4

61~16
31~10
41~8
35~10
43~13

200—

0
4.0

I

4.5
I I

5.0 5.5
Deuteron Energy in MeV

I

6.0

FIG. 3. A thick-target yield curve for the I'2 proton group. The
arrows indicate those deuteron bombarding energies at which
angular correlations were measured. The solid curve through the
experimental points serves only to guide the eye.

V. DISCUSSION

1. The Si s(d,Pry)Si" (2.03-MeV)
Angular Correlation

In the example of greatest experimental complexity,
the correlation through the second excited (2.03-MeV)
state, four experimental numbers are measured directly.
These are As/Ap, A4/Ap, ass, and a44. Since the DWBA
approximation limits the description of the polarization
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elements 8& are essentially independent of the nuclear
structure. This relative insensitivity of the B~ s to the
details of the final state permits the comparison of ex-
perimental data for reactions proceeding to different
levels in the same nucleus provided they have the same
orbital angular momentum transfer and, also provided
the cases are similar kinematically. The agreement be-
tween the measured parameters of the 1.28-MeV data
and the values predicted from the 2.03-MeV data were
satisfactory for the Chalk River data —we shall defer
until later in the paper our discussion and application
of this method to our data.
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FrG. 4. Proton-gamma angular correlations in the de-excitation
of the 2.03-MeV state in Si", measured in the reaction plane with
the proton detector set on the observed peak of the l„=2 stripping
angular distribution. The solid curves are the least-squares fits
to the experimental data. Error flags on the experimental points
are the standard deviations due solely to statistical fluctuations.
The angle p is measured with respect to a right-handed coordinate
system with the s axis directed along kg &(h„and the x-axis directed
along kq.
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of the state I& to four parameters, these parameters may
be directly calculated from the reaction-plane correla-
tion alone by the use of Eqs. (8), (11), and (12). Sub-
stitution of the measured numbers into Eq. (8) results
in a cubic equation in d&0. There appears to be no a priori
reason to indicate which of the solutions are spurious.

The Chalk River group removed the ambiguity of
their multiple solutions by assuming that the statistical
tensors determined from the 2.03-MeV angular correla-
tions applied equally well to the $.28-MeV correlations.
This assumption is based upon the idea that the matrix

l 50

370 240 2 I 0 l 20I 80 l 50

ey

FIG. 5. Proton-gamma angular correlations in the de-excitatio n
of the 2.03-MeV state in Si'9, measured in that plane perpendicular
to the reaction plane which contains the incident beam direction.
The geometry used is identical to that described in the caption
of Fig. 4.
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solutions of Eqs. (11) and (12) for ~dss~ and )d44) in
terms of dso are substituted into Eq. (14) or (15) which
leads to a single linear equation for dso. Using Eq. (14),
for example, leads to

Ct+eCs
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where

d2p =
Co+ eC4
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d = cos4n44, (17)

Cy= 0.665bd —0.166uC,
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C4= 0.200bd —0.498aC.
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Figures 7 and 8 show the results of the calculations for
(pso/poo), ~ p22/poo~, and

) p44/poo~ using the single linear
equation for d2p. The Chalk River data are included for
comparison. As can be seen, our solutions join smoothly
onto one of the two Chalk River solutions. The other
solution appears to be spurious.

For comparison, Tables IV and V contain the pA, q as
calculated at two deuteron bombarding energies, 5.2
MeV and 5.8 MeV. (Ds/Do) and (D4/Do) are the co-
efficients of the measured azimuthal angular correlation.
The pl, q are calculated both by means of the reaction-
plane correlations along (solutions 1, 2, and 3) and by
means of the combined reaction-plane and azimuthal-
plane correlations. The (D„/Do) can also be calculated
directly from the pI, q for each of the three possible
reaction-plane solutions. The predicted values of the
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FIG. 6. Reaction plane proton-gamma angular correlations in the
de-excitation of the 1.28-MeV state in Si'. The geometry is
identical with that described in the caption of Fig. 4.

An alternative analysis of our experimental data can
be done by using both the reaction-plane data and the
azimuthal-plane data to determine a "best" set of
statistical tensors over the measured energy range.
Although this method determines a set of parameters of
the HRS formalism which best fits the experimental
data, it is not necessarily a proof of the validity of the
HRS approximations due to the uncertainty of com-
pound nucleus contributions and spin-orbit sects.

In order to utilize both sets of correlation data, the

0.5

4.0 5.0 6.0 7.0 8.0 9.0
Ed(Me V)

Fro. 7. Values of the statistical tensor ratios pso/p„, obtained
from the reaction Si's(d, ps')Si2o (2.03 MeV), are shown as a
function of deuteron bombarding energy. The open circle points
are the values calculated from the combined reaction-plane and
azimuthal-plane angular correlations of this experiment. The
square and triangular points, for the deuteron energies between
6 and 9 MeV, are taken from Ref, 1.The corresponding plane-wave
prediction is shown as the dashed line. In this and succeeding
6gures the errors shown reflect the uncertainties in the least
squares values of the correlation coeS.cient ratios and phase angles.
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TABLE IV. Comparison of the measured azimuthal-plane co-
efficients, D„/Dp for the 2.03-MeV radiation with the coefEcients
calculated from the reaction-plane statistical tensors.

l50

D2/Do
D4/Do

p2o/poo

I P22/Poo I

f p44/poo f

Bd =5.2 MeV

Measured Sol. 1 Sol. 2 Sol. 3

—0.50 ~,0.11 0.74 —0.56 0.11
0.08 &0.08 —0.60 0.04 -0.29

—1.55 0.84 —0.36
0.18 0.52 0.36
0.19 0.58 0.38

Combined
(D2/Do)

0.94~0.13
0.53 +0.22
0.59~0.15

Combined
(D4/Do)

1.15+0.20
0.57 +0.20
0.62 &0.15

l00

-aa
(DKIRE ES)

TABLE V. Comparison of the meaured azimuthal-plane co-
efficients, D„/Ds, for the 2.03-MeV radiation with the coefficients
calculated from the reaction-plane statistical tensors.

50

(D2/Do)
(D4/Do)

p2o/poo

) p22/poo j

f p44/poor

Ed =5.8 MeV

Measured Sol. 1 Sol. 2 Sol. 3
—0.40 ~0.10 +0.81 -0.40 +0.24
+0.06 ~0.06 —0.06 —0.17 —0.43

—1.68 0.87 —0.50
0.19 0.26 0.17
0.10 0.30 0.19

Combined
(D2/Do)

0.83 +0.13
0.25 +0.13
0.29 +0.11

Combined
(D4/Do)

1.88 +0.50
0.33+0.13
0.38+0.12

80-
70-
60-

(DIIREEs) 50
40-
30-

fqf3

Dr. G. R. Satchler of the Oak Ridge National Labor-
atory has kindly calculated for us the statistical tensors
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Fio. 8. Values of the statistical tensor ratios Ip 2I/poo and
Ip44/Ipoo, obtained from the reaction Si"(d,P2y)Si29 (203 MeV),
are shown as a function of deuteron bombarding energy. The open
circle points are the values calculated from the combined reaction-
plane and azimuthal-plane angular correlations of this experiment.
The square and triangular points are taken from Ref. I. The plane-
wave predictions are shown as a dashed line.

6.0 8,04.0

(D„/Ds) by solution 2 agree best with the measured
values and also with the combined sets.

Figure 9 shows the energy variation of 0.22 and +44.
For comparison, the plane-wave values are also included
in the figures. The energy variation of 0,», the oscillation
about the plane-wave value, is reminiscent of the
angular variation of n» as calculated by Satchler and
Tobocman. ' Again the Chalk River data are included
for comparison.

2. DWBA Calculations

dj„ for this reaction" using the "zero range" formalism
without spin-orbit coupling, the code sALLv. The results
of the calculations of the dl„as a function of particle
detector angle is shown in Figs. 10, 11,and 12 for incident
deuteron bombarding energies of 4.2, 4.8, 5.2, 5.8, and
6.07 MeV. Our experimentally determined d&, are
plotted on the same curves at the single detector angle
of 40'. It should be emphasized that the curves plotted
in Figs. 10, 11, and 12 are mof fits to our experimental
data but rather are DWBA calculations using optical
model parameters taken as averages of Si+d, Al+d,
and Al+p fits."

3. The Si"(d Pip)si (1.28 MeV)
Angular Correlation

The reaction-plane angular correlation through the
first excited (1.28 MeV) sta, te in Si" may be written

W(-', ir, q) =+~ B cosri(q n, s), —

where e is limited to st=0 and 2 by the 23 spin of the
state. The value of Bs/Bs predicted by the HRS
formalism is

Bs (0.375) '~'(X'+2v3X —1)
~
dss t

B (X'+1)—-'(X'+2v3X —1)dss
(20)

"G.R. Satchler (private communication).

20-
3.0 4.0 5.0 6.0 7.0 8.0 9.0

E&{MeV)

FIG. 9. The statistical tensor phase angles n» and o!44 are shown
as functions of the incident deuteron bombarding energy. As in
Figs. 7 and 8, the open circle points are from this experiment
whereas the square and triangular points are from Ref. 1. The
plane-wave prediction is shown as a dashed line.
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+I

Ed~ 6.07 MeV

where X is the multipole amplitude ratio Eo/Ml for the
1.28-MeV radiation. This equation disagrees with Eq.
(17) of the Chalk River paper. ' Inserting the best value
for this ratio X=0.21&0.03 the expression may be
written as

Ed& 5.8 MeV

&o 1 04+0.057d2o

Bo (0.14&0.06)
~
doo

~

(21)

o 0

Ed= 5.2 MeV

Ed= 4.8 MeV

+I

0

which agrees with Eq. (18) of the Chalk River paper. '

g The data of Figs. 7, 8, and 9 constitute a complete set
of statistical tensors obtained at each incident energy
using the reaction-plane and the azimuthal-plane cor-
relation data. Hence these tensors can be used to calcu-

+I

Ed 4.2 MeV

I.O

0.5

Ed~ 6.07 MeV

-I
0 20 40 60 80 IOO 120 I 40

8p (degrees)

Ed~5.8 MeV

I.O

0.5

FIG. 10. The solid curves show the calculated values of the
normalized statistical tensors d20 as a function of proton detector
angle. These curves, and those in Figs. 11 and 12, were calculated
using the code sAr.Lv by G. R. Satchler of the Oak Ridge National
Laboratory. The solid curves are not fits to the experimental data.
For comparison, the experimental points shown are calculated
from the combined reaction-plane and azimuthal-plane angular
correlations. The plane-wave predictions are shown as dashed
curves.
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F&G. 12. The solid curves show the calculated values of the
magnitude of the normalized statistical tensors d44 as a function
of proton detector angle. The solid curves are not fits to the experi-
mental data shown. (See caption of Fig. 10.) Plane-wave predic-
tions are shown as dashed curves.

Ed= 4.8 MeV
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FIG. 11.The solid curves show the calculated values of the magni-
tude of the normalized statistical tensors d» as a function of
proton detector angle. The solid curves are not fits to the experi-
mental data shown. (See caption of Fig. 10.) Plane-wave predic-
tions are shown as dashed curves.

late the correlation parameters for the reaction via the
1.28-MeV state. To the extent that these calculations
agree with the measured correlation parameters they
may be interpreted as supporting the assumption that
the matrix elements are independent of the detailed
structure and total angular momentum of the final
nuclear state.

Table VI contains the values of Bo/Bo calculated from
the complete set of statistical tensors obtained from the
2.03-MeV correlation as well as the values of Bo/Bo
measured by the 1.28-MeV angular correlations. Within
the relatively 1arge statistical uncertainties of the values,
there appears to be reasonable agreelnent between the
values.
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TABLE VI. Comparison of the 1.28-MeV reaction-plane co-
efficients with those calculated by the statistical tensors from the
2.03-MeV reaction-plane data. 0.2

Es (MeV) Measured (Bs/Bo) Calculated (Bs/Bo)

4.2
4.8
5.2
5.8
6.07

—0.12&0.02—0.11+0.01—0.13~0.02—0.12~0.02—0.11+0.03

—0.06~0.03—0.09~0.03—0.06~0.03—0.03~0.02—0.05~0.03

0, l

O
LL

In their analysis of their experimental data, the Chalk
River group compared the predicted values of (Bs/Bp)
for their different statistical tensor solutions with the
experimentally determined values. Both the energy
variation and magnitude of the experimentally deter-
mined (Bs/Bs) appeared to agree better with one
particular solution (the triangular points in Figs. 7, 8,
and 9). Our analysis of the reaction-plane data shows
no such clear-cut distinction. If anything, using a similar
analysis alone on our data, we favor solution 2 (see
Tables IV a,nd V) over that of solutions 1 or 3. (Our
solution 3 would correspond to the Chalk River
solution 1.) Indeed, it is our solution 2 which is most
consistent with (a) the reaction-plane angula. r correla-
tion, (b) the azimuthal-plane angular correlation,
(c) the predictions of the coefficient (Bs/Bs) for the
1.28-MeV decay. Surprisingly enough, it is also the one
solution of the three which is closest in magnitude to
the plane-wave limit.

4. Polarization of Outgoing Protons

Although the spin independent DWBA approxirna-
tion has proven inadequate in predicting the polariza-
tions of the emitted protons, it may be instructive to
calculate the magnitude of the polarization from the set
of statistical tensors that we have measured. The polari-
zation vector lies along the quantization axis, kdXk„,
and the polarization magnitude taken from HRS gives

Q/ pso) '
p44

' "'
I'= &- —+

(3+5)(2j+1) 2 2%2 ppp2 ppp

(22)

where j= the spin of the state.
The polarization of the protons for the case l„=2 is

plotted in Fig. 13 as a function of energy for the "best"
fit set of parameters. If one assumes, as one does in this
analysis, that only one j contributes to the reaction
involving the 2.03-MeV j= ~5 state, then

l~l &ll/(~+1) (23)
or

l
P

l &2/9 or 22%%u&.

The dotted curve in the figure is the polarization as
calculated from the SALLY code with the same param-
eters as those used in Figs. 10, 11, and 12.

In addition to predicting the polarization of the

4.0 5.0 6.0 7.0 8.0 9.0
Ed in MeV

F&G. 13. Predicted polarization magnitudes for protons at the
peak of the l„=2 stripping angular distribution from the reaction
Si"(d,P2y) Si" (2.03 MeV). The circular points are from this experi-
ment whereas the square and triangular points are taken from
Ref. 1. The dashed curve is taken from the DYVBA calculation
referred to in the text. The plane-wave prediction for the magni-
tude of the polarization is zero.

protons leaving Si" in its second excited state, the
statistical tensors can be used to predict the polarization
of the proton leaving Si" in its first excited state. Again,
that this be true is an assumption of the HRS spin-
independent formalism. It would be of interest to com-
pare measured polarizations in the vicinity of the
stripping peak with those predicted by the statistical
tensors derived from (d,pp) correlations. Only a small
number of proton polarization measurements on excited
state reactions" "are found in the literature due to the
difficulty of separating proton groups from closely
spaced levels. However, Reber and Saladin, '5 using
magnetic analysis of the emitted protons, have meas-
ured the polarization of protons from excited nuclear
states including the Si"(d,p) Si" 1.28-MeV polarization.
Their incident deuteron energy was 15 MeV and the
measured polarization in the vicinity of the stripping
peak was —0.18. The value we calculate, using
our measured statistical tensors at 8~=6.0 MeV,
is & (0.24+0.03).

VI. CONCLUSION

We have found it possible to fit the Si's(d, py)Si"
angular correlations assuming the HRS formalism. For
the reactions studied, only four statistical tensors are
required to predict the general (p,y) angular correlations
over the complete sphere. The reaction plane angular
correlations involving the 2.03-MeV state alone yield
these four statistical tensors. Hence we compared the
azimuthal correlation coefficients, predicted from the
reaction plane statistical tensors, with the measured
azimuthal coeKcients (see Tables IV and V). At the
energies E~=5.2 MeV and 5.8 MeV the agreement is
within statistical accuracy. On the basis of the agree-
rnent of the HRS formalism and the measured correla-
tions, we have joined the many experiments which show
the general validity of the distorted-wave stripping
theory. In addition, by extending the angular correla-
tions to lower bombarding energies than used at Chalk
River and by making azimuthal-plane correlations, we
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have removed the ambiguities of the multiple statistical-
tensor solutions which occur when one analyzes only the
reaction plane correlations for t=2 transfer. However,
the analysis of our measurements, at these low bombard-
ing energies, in terms of an extreme direct-reaction
model could be considerably in error because of the
unknown compound-nucleus contributions to the re-
action. In addition, we have analyzed the data with a
spin-independent formalism although strong spin de-
pendence has been observed in a number of experiments.

First, we examine the possible compound nucleus con-
tributions and their effect upon the analysis. There
appears to be no doubt that compound-nucleus reactions
are present over our energy range. Kuehner, Almqvist,
and Bromley" observed distinct compound nucleus
contributions in the study of the Si"(d,p)Si" angular
distributions in the energy range of 6 to 10 MeV. They
observed prominent resonance structure in their exci-
tation curve particularly at proton detector angles off
the forward stripping peak. They estimate a compound
nucleus contribution between 15%%u~ to 30%%uz. Read, Cal-
vert, and Schork" at lower bombarding energies and for
a lighter target nucleus than ours, Be'(d,py)Bem at
Eq=3.37 MeV, also observe strong compound-nucleus
contribution in their correlation data taken at proton
angles off the stripping peak. Finally, the extensive
investigation of Wildenthal, Krone, and Prosser" on
the Si"(d,p) reaction below 3 MeV show strong com-
pound nucleus contributions up to one-half of the ob-
served cross section.

Since the amount of compound-nucleus contribution
to our reaction under study was unknown and since in
addition, interference effects between the direct and

compound parts of the correlation are not understood,
our analysis hinges upon minimizing the compound-
nucleus contribution experimentally. Our attempt to
minimize the effect of the expected compound-nucleus
contribution to the reaction was done in two ways.
First, the proton detector was placed at the angle corre-
sponding to the maximum of the forward stripping peak.
The assumption is that at this angle, where the stripping

'6 J. A. Kuehner, K. Almqvist, and D. A. Sromley, Nucl. Phys.
21, 555 (1960)."F.H. Read, J. M. Calvert, and G. Schork, Nucl. Phys. 2$,
386 (196i).

'SS. H. Wildenthal, R. W. Krone, and F. W. Prosser, Jr.,
Phys. Rev. 135, 3680 (1964).

cross section is a maximum, the ratio of compound
nucleus reaction to stripping reaction would be mini-
rnized. Second, the target was made thick so that hope-
fully we would average experimentally over a large
number of compound resonance states. The similarity
in the shape of the angular correlations as a function of
bombarding energy probably indicates that we have
averaged over sharp compound resonances. At the
present time, however, there appears to be no way of
extracting that part of the angular-correlation coefB-
cients which are due solely to stripping reactions.

One of the purposes of this experiment was to check
the general predictions of the HRS spin-independent
formalism with the idea that deviations from such pre-
dictions would serve as indications of spin-dependent
forces in the reaction. The presence of compound-
nucleus events precludes such a simple interpretation.
However, even should complicating compound-nucleus
events be absent from the reaction, our particular choice
of proton detector angle, the maximum of the forward
stripping peak, appears to be an unfortunate one for
observing such deviations. From an inspection of
Figs. 10, 11, and 12 one can see that in the region of the
forward stripping peak the plane-wave value and the
DWBA calculated value are close in magnitude and are
well within the statistical accuracy of the measured
values. It appears that a more stringent test of the spin-
independent formalism, and hence the ability to obtain
more information on the spin-dependent forces, would

be to measure angular correlations with the proton
detector off the stripping peak and for backward angles.
It is also at the backward angles that proton polariza-
tions have been measured as being large compared to
polarizations near the stripping peak. We are currently
conducting (d,py) angular correlations at a fixed bom-

barding energy but as a function of proton detector
angle.
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