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The removal cross section cr{Q) for the interaction of m+ and w with aligned ' 'Ho has been measured at
E = 115, 165, and 240 MeV employing a single crystal holmium target with a nuclear alignment

8, = —0.44. The range of 0 was from 0,05 to 0.55 sr. The data on o {0)and b, cr{O), the difference between

the aligned and unaligned cross sections, are compared with the predictions of a coupled-channels optical
model calculation employing parameters from recent muonic x-ray data.

I. INTRODUCTION

Pion beams offer unique advantages as probes
for the extraction of nuclear structure information.
The appropriate choice of pion energy and charge
state makes it possible to explore selectively either
the neutron or proton distribution in the target
nucleus. This feature has been exploited in sev-
eral recent experiments to measure differences
in the average radii of the neutron and proton dis-
tributions. " The pion mean-free path in nuclear
matter is generally short, reaching a minimum of
about 0.5 tm at the peak ot the (3, 3) resonance,
which makes the pion effective as a probe of the
nuclear surface region. This effectiveness is

further enhanc ed by the fac t that, at the peak of the
resonance, calculated cross sections tendtobe inde-
pendent of the particular model employed. The
Kisslinger model, ' Laplacian model, 4 effective
radius model, ' and Glauber model, all give simi-
lar results' provided the geometrical parameters
which describe surface features remain unchanged.
Jacob and Kofoed-Hansen' have pointed out that,
in the case of nuclei with large deformations, pion
scattering experiments from aligned targets should
answer some fundamental questions about the de-
formed structure; e.g. , what are the details of the
nuclear matter distribution responsible for the
observed multipole moments and do the neutron
and proton distributions differ significantly?
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These considerations have motivated a study of
the total cross section for the interaction of pions
with aligned '6'Ho nuclei in the (3, 3) resonance
region. '"Ho is a favorite choice for oriented
target experiments since it is monoisotopic and
its large hyperfine interaction energy' makes
orientation by thermal equilibrium techniques
possible at relatively high temperatures. The
most reliable measurements of the charge distri-
bution moments come from Coulomb excitation"
and muonic x-ray data" which are in good agree-
ment with a quadrupole moment of 7.5 b or, equiv-
alently, a deformation parameter p, = 0.33. The
hexadecapole moment is less well known, but it
is generally conceded to be small; a. value of 0.52
b' is obtained from muonic x-ray data. " The data
obtained with oriented '"Ho targets employing pro-
ton, "z,"and neutron" beams as probes are well
explained by assuming that the proton deformation
parameters apply to the neutrons as well, but this
does not rule out differences of the order of 10-
15'po which should, in principle, be detectable in a
pion total-cross-section experiment. In addition,
total-cross-section measurements might be ex-
pected to reveal such features as the variation in
surface diffuseness proposed on the basis of
muonic x-ray" and electron scattering" data.

The experimental technique employed is de-
scribed in detail in Sec. II, with particular empha-
sis on the aligned '"Ho target. Section III presents
a theoretical analysis of the data employing an
ordinary local optical potential model together
with the adiabatic coupled-channels formalism as
suggested by Silbar and Sternheim. ' Compa, risons
are given with calculations employing the Kisslin-
ger potential in the distorted-wave Born approxi-
mation (DWBA) formalism to indicate the degree
of model dependence in the theoretical results.
Section I7 discusses the significance of the data
and suggests some possible directions for future
experiments.

II. EXPERIMENTAL METHOD

A. Pion beam line and detection system

The experiment was carried out on the low-ener-
gy-pion (LEP) channeP' at LAMPF, and Fig. 1
shows a schematic diagram of the experimental
layout. Detector D1 is a scintillator used to re-
ject multiple-pion events, detectors D2, DV, and
D8 are thin scintillation counters which provide
the geometrical definition of the beam, and D3
is a DISC Cerenkov counter" which serves to dis-
criminate between pions and contaminant muons or
electrons. The multiwire proportional counters
D4-D6 were employed as beam profile monitors.
Good pion events were electronically tagged by
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FIG. l. Schematic diagram of experimental arrange-
ment. Dl, multiple event rejector; D2, D7, D8, beam
defining counters; D3, DISC Cerenkov counter; D4, D5,
D6, multiwire proportional counters; Sl, holmium tar-
get; S2, blank target; Tl-T10, scintillator stack.

The crystal structure of holmium metal is hexa-
gonal-close-packed, and at low temperatures the
atomic magnetic moments form a spiral structure
about the c axis with individual moments canted
at an angle of ~10 with respect to the basalplane. "
Cooling a single crystal of the metal to tempera-
tures where kT is comparable to the energy of the
hyperfine interaction between the 4f electrons and
the atomic nucleus results in a nuclear alignment
which has the e axis as an axis of symmetry. Only
the even-rank orientation tensors" are nonzero,
and the normalized second-rank tensor B„,writ-
ten hereafter as B„h tahse value -0.46 [P,(60') j
at zero temperature. This corresponds to almost
complete alignment of the nuclear spin axis per-
pendicula. r to the beam direction. It is thus pos-
sible to construct target for cross-section mea-
surements which requires no external magnetic
field, a feature which has been employed pre-
viously by Marshak, Richardson, and Tamura"
in the design of an aligned '"Ho target.

The holmium target employed in the present ex-

signals from D1, D2, D3, DV, and D8, and typical
average counting rates were of the order 10' good
pion events/sec. The subsequent removal of a
tagged pion from the beam by interaction in the
'"Ho target was detected by the series of concen-
tric circular scintillation counters of increasing
diameter designated as 71-710 in I"ig. 1. The re-
corded data consisted of coincidences between a
good pion event and different combinations of T1
through T10. All operations involving data record-
ing and storage were controlled by an on-line
PDP-11/45 computer.

The pion detection apparatus was the product of
an extensive developmental effort, and has been
employed in the measurement of numerous other
total cross sections. A more complete description
of the apparatus will accompany the publication of
several papers which are currently in preparation.

B. Aligned ~65 Ho target



PION CROSS SECTION MEASUREMENTS ON ALIGNED. . . 2369

periment consisted of two slabs cut perpendicular
to the c axis from a large single crystal. 2' These
slabs were soldered to a 3.6-cm i.d. copper ring
which was attached to the mixing chamber of a
'He-'He dilution refrigerator. Cd-Bi eutectic
solder was used for all joints. The target had a
useful diameter just under 3.6 cm and an average
thickness of 1.02 mm, with a seam running through
the center (which did not materially affect the
cross- section measurements). The target size
allowed a margin of about 7 mrn between the edge
of the beam spot and the copper ring, so alignment
of the target was not critical. Calibrated carbon
resistors, "attached to each half of the holmium
target and. also to the copper support ring, served
as temperature monitors.

Before soldering, the two halves of the target
were spark-planed to uniform thickness and chem-
ically polished. X-ray diffraction patterns were
recorded at 16 separate points og the target sur-
face after soldering- to check the alignment of the
crystal axes and to inspect the surface for damage
resulting from the cutting and soldering opera-
tions. These patterns, as well as earlier ones
taken during the spark cutting operations, were
all of excellent quality, demonstrating clearly that
the target was a good single crystal. The error
in alignment of the crystal axes on the basis of
these x-ray patterns was estimated to be &1 and

any surface damage was confined to a thickness
«2.5 p, m.

The dilution refrigerator system which was used
to cool the holmium target was of standard design
and similar in most respects to a system de-
scribed previously for use with a polarized "Co
target. " The external Dewar windows were 25- p.m
Havar foil, and V.5- and 25- p, m Al foil was em-
ployed on the thermal radiation shields. In all, the
total scattering material in the path of the beam
included 42 mg/cm' of Havar and 22 mg/cm' of Al
in addition to the 890 mg/cm' represented by the
holmium target itself. The lowest temperature
of the refrigerator in absence of a heat load was
below 0.03 K, but no effort was made to reach very
low temperatures since the nuclear alignment in
'"Ho is almost at its maximum value at 0.08 K.
This temperature was reached approximately 1-,'

hours after starting the 'He-4He circulation from
a temperature of 1.5 K, and a small amount of
heat was then applied to the mixing chamber to
stabilize its temperature. The heating coil wrapped
about the mixing chamber also made it possible to
warm the target rapidly from 0.08 to 1.5 K to begin
the "warm target" part of a run cycle.

The calculated values of the nuclear alignment
are a, = -0.44 at 0.08 K a d a, = -0.02 at 1.5 K
giving a net difference B,= -0.42+ 0.02. The val-

ues a' = 0.32 K and p = 0.06 K were chosen for the
hyperfine coupling paramet'ers based on a consen-
sus of data from several authors. ' The quoted un-
certainty includes uncertainty in the temperature
of the target due to possible beam heating effects
as well as uncertainties in the resistor calibra-
tion, alignment of crystal axes, and hyperfine
parameters.

C. Procedure for recording data

It is standard procedure in total-cross-section
measurements to make frequent comparisons
between the target and a reference blank target
which has the same support structure. The re-
moval of particles attributed to the target is de-
termined by subtraction, and the frequent cycles
tend to eliminate systematic errors from long-
term drifts in the electronics or the beam param-
eters. In the present experiment, the blank target
assembly was suspended from the bottom of the
dewar which housed the aligned target (see Fig. 1).
Dummy frames and foils were provided to simulate
the Dewar windows, as well as an identical copper
target holder with the holmium crystal omitted.
The blank target was alternated with the real one
at intervals of about two minutes, and the appara-
tus for moving the targets was controlled automat-
ically by the PDP 11/45 computer with the inter-
change being effected upon the accumulation of a
predetermined number of pion events. The ac-
curacy of the blank substraction was checked by
comparing the results against a cross-section
measurement made in more conventional geometry
where the extraneous mass around the target was
kept small. The results were in agreement within
the statistical accuracy (8%) of the measurements.

Comparison between the aligned and unaligned
states of the target was made by cycling the target
between a temperature of 0.08 K (8, =-0.44) and a
temperature of 1.5 K (B,= -0.02). Such cycles
should affect no target parameters other than the
nuclear alignment in a systematic way. A typical
measurement began with about three hours of run-
ning with the holmium target at 1.5 K during which
time approximately 5 x 10' pions were recorded for
both the target and blank. This was followed by a
1—,
' hour cool-down to 0.08 K and 6 hours of running

to obtain 10' recorded pion events. The target was
then warmed in a few minutes to 1.5 K and an ad-
ditional 5 x 10' events recorded.

The raw data were reduced to cross sections
c(A, ) corresponding to removal of a pion from the
solid angle 0, subtended by the ith detector. Sub-
traction of the 1.5-K results from the 0.08-K re-
sults then gives the corresponding values of
n.o (0,) which results from the nuclear alignment
in the target. The usual procedure is to correct
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for Coulomb effects and extrapolate to 9=0 in an
attempt to obtain an essentially model independent
total cross section. '4 However, in the case of a
heavy nucleus, the Coulomb effects are large and
the differential cross section strongly forward-
yeaked, which makes the validity of the usual
analysis procedure questionable. Qne way out of
this difficulty has been proposed by Cooper and
Johnson. " In this paper, we adopt an alternative
approach of a direct theoretical fit to the experi-
mental values of cr(A) and 4a (A). This analysis
is described in the following section.

III. DATA ANALYSIS

A. Theoretical calcuhtions

The removal cross section o (A) [or 4o (A)]
which is derived from the raw data is the cross
section for removal of a pion from solid angle 0
and is given by

cable to heavy nuclei has been proposed by Cooper
and Johnson, "and an analysis of the data on o (A)
from this experiment is currently in progress
utilizing this approach. It is hoped that this analy-
sis will provide accurate absolute values of the
total cross section o. The purpose of the present
paper is primarily to present the results for
&o (A), and for this purpose we have chosen to fit
the data directly, evaluating the right side of equa-
tion (3.2) by a theoretical calculation. The reasons
for this choice will be discussed in more detail at
the end of the analysis. For the present, we ob-
serve that such an approach, although model de-
pendent, may still provide useful information in the
(3, 3) resonance region where different models
have been shown to give substantially the same
results for pion cross sections. '

The evaluation of equation (3.2) is conveniently
accomplished by employing an optical theorem for
o which is a generalized form of Eq. (15) of Ref. 25:

(3.1) 4mc= —lm TrpF (0}.E N (3.3)

The first term on the right is the contribution
from reactions and inelastic scattering and the
second term represents the elastic scattering
contribution. p is the density matrix which de-
scribes the orientation state of the target and E
is the total elastic scattering ampbtude. Equation
(3.1) may also be written in the form

o(A)= v+ I Trp(FF'-F„F'„)dA'

[TrpF„F~+ o„„(8'}jdA', (3.2}

0'= 0' + TrpEgE~dQ

where F~ is the Coulomb amplitude, EN is the nu-
clear amplitude, and o„„(8)is the inelastic differ-
ential cross section. (The contribution of this term
was assumed to come entirely from the first two
excited states of the ground state rotational band
in the case of '"Ho.)

The preceding equation may be employed to ex-
tract the total cross section o from data on o(A).
The usual procedure is to calculate the second
term on the right, which contains all Coulomb
effects, subtract it from a (A), and extrapolate the
result to 0=0. A simple extrapolation procedure
works well provided that the region where E~ ~ E„
is confined to small values of 0 where the con-
tribution of the third term on the right side of
equation (3.2) is small, e.g. , in the case of light
nuclei with Z ~ 20.

An extrapolation procedure which is also appli-

The amplitude E~ differs from E„only in its
explicit dependence on the Coulomb phase shifts o,:

[FN(8'Hu, u'=g e "' "fvv'(((8)

[F()((8Hz, u'=P +'"' "f)Iu, &( (8) ~'
(3.4)

V= — ~ (5, + t),}p(r),
(Nc)'Ak'

(3.5)

p r dr=1,

where 5, and b, are the usual Kisslinger param-
eters.

The elastic scattering amplitude E and the in-
elastic cross section a„„(8)may be calculated
from an optical model, and two possibilities
present themselves here. The Kisslinger poten-
tiaP is commonly employed in optical model cal-
culations of pion scattering in the (3, 3) resonance
region, but because of the complicated nature of
this potential it has not been incorporated into a
coupled- channels code. Calculations of pion
scattering from nonspherical nuclei must there-
fore treat the nonspherical part of the potential
by a perturbation approach such as the distorted-
wave Born approximation (DWBA}. Alternatively,
Silbar and Sternheim' have suggested the use of an
ordinary local optical potential with a variable
effective radius which permits calculations to be
done with existing coupled-channels codes.
Such a potential may be written
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%e have adopted the suggestion of Silbar and
Sternheim' for the present data analysis because
the coupled-channels ayproach should be more
correct in its treatment of the geometrical features
of the nucleus. However, a comparison between
coupled-channels calculations with an ordinary op-
tical potential and the 0%HA-Kisslinger approach
shows very similar results for typical cases, as
indicated in Figs. 2 and 3. The 0%HA expression
for o' which was used to calculate the curve in Fig.
2 is derived in Appendix I, and the 0%BA results
for the differential cross section o(8) and &o(8) in
Fig. 3 were reproduced from published calcula-
tions of Iverson and Rost." Over the range of
energies covered in the present experiment, the
values of o in I"ig. 2 are in agreement within 5%
and values for &o agree within 15%. Differences
in &r(8) and &cr(8) are small out to about 20', and

by this time the contribution to the removal cross
section &r(Q) is almost negligible. It seems reason-
ably certain, therefore, that the 0%HA-Kisslinger
approach would not differ from the present one

by more than 5% in c(Q) or 15% in &o(Q). This
degree of model independence is reassuring, in
view of the very significant differences in the two
models, and is consistent with other observations
of model independence in the (3, 3) resonance re-
gion.

For the present data analysis, a proton coupled-
channels code employing the adiabatic approxima-
tion was modified to solve an approximate Klein-
Gordon equation of the form

(-V'+ p')g =[8' —2E(V+ V,)]P, (3.6)

where p, is.the mass and V, is the Coulomb poten-
tial. The criterion for validity of the adiabatic
approximation, "that the energy of the scattered
particle be large in comparison with the energy
separation of levels in the ground state rotational
band, is well satisfied in the present case. Values
of 5, and 5, in expression (3.5) for V were derived
from the energy-aver aged pion-nucleus amplitudes
of Sternheim and Auerbach. " In the case of a nu-
cleus as heavy as '"Ho, the energy dependence
of the effective radius in the model of Silbar and.

Sternheim' is negligible. The deformed nuclear
matter distribution was assumed to have the form
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FIG. 2. Calculated curves of the total cross section o
and the difference in aligned and unaligned total cross
sections h,a for positive pions incident on ~6 Ho. The
nuclear alignment is 82 =-0.42. The calculations were
performed with the geometrical parameters of Bef. 26:
Ro =5.7 fm, pg =0.33, p4 =0, a =0.605 fm. The DWBA
expression for Ae is given in Appendix A.

FIG. 3. Calculated curves of the differential cross
section, 0(8), and the difference between aligned and
unaligned differential cross sections. Acr(6}, for posi-
tive pions incident on ~~ Ho. The Kisslinger-9%HA
curves were reproduced from Bef. 26 and scaled to a
nuclear alignment 8 2

= —0.42. The geometrical param-
eters are also those of Bef. 26.
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r R(e)
p(x, 8)=p, 1+exp

C

R(8) =R,t 1+ P,P,(e)+ P,Y', (e)]
(3 'I)

and the geometrical parameters were taken from
recent muonic x-ray data":

80=6.14 fm,

P =0.322,

P, = 0.040,

@=0.49 fm,

Oc=6.14 fm

(3.8)

8„is the Coulomb radius, and the Coulomb poten-
tial was taken to be that of a uniformly charged
prolate spheriod with deformation P,.

B. Results

The results of the fits to o(A) and «(A) are
presented in Figs. 4 and 5. These fits involve
no free parameters, and the strongly correlated
nature of the data should be kept in mind when

evaluating the goodness of fit. The discrepancy
between the experimental and theoretical values of
c(A) at small values of Q is at least partially at-
tributable to multiple scattering. Note that, in the
case of &cr(Q), the usual multiple scattering cor-

rection does not appear since it is independent of
nuclear alignment and cancels when the subtraction
is performed. For A&0.2 sr, the fits are reason-
ably good. In this region, o(A) is dominated by
the contribution from c,(Q) in Eq. (3.1) since the
elastic scattering is strongly forward peaked.

The fits to the &o(Q) data are very good at 165
MeV, near the peak of (3, 3) resonance, where the
data indicate a small but statistically significant
effect of about 50 mb. At the other two energies
the data tend to be systematically less than the
theoretical prediction and are consistent with zero,
although the theoretical curves are similar to
those at 165 MeV. 8ecause of statistical uncer-
tainties in the data, however, it is impossible to
determine whether the calculation fails at energies
off the (3, 3) resonance or whether the entire body
of data should be treated as consistent and aver-
aged. 'The second interpretation leads, for exam-
ple, to a value of &c(Q) = 22 + 10 mb at A= 0.5 sr
which differs significantly from the theoretical
prediction of 48 mb, and could imply that some
modification is needed in the description of the
deformed nuclear matter distribution.

In principle, it should be possible to apply Cou-
lomb corrections to the data and extrapolate to
zero solid angle to obtain estimates of &o. This
was the first approach actually tried, and it led
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FIG. 4. Experimental data on the removal cross sec-
tion cr(Q) from the present experiment with theoretical
curves from the coupled-channels calculation described
in Sec. ID. tThe data from which this figure was con-
structed are available from PAPS {Hef. 31).'j
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FIG. 5. Experimental data on 40(Q), the difference be-
tween the aligned, and unaligned values of 0(Q). The
theoretical curves were obtained with the coupled-
channels calculation described in Sec. III. [The data
from which this figure was constructed are available
-from PAPS {Bef.31).)
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a(8) = a,[1+y1', (6)] . (3.9)

Figure 6 shows the effect of y on the calculated
curve of «r(A) for 165 MeV v'. Since the pions are
strongly absorbed in the tail of the nuclear poten-
tial, negative values of y, which make the nucleus
more spherical in the tail region, decrease &o(A).
A value of y= -0.36 has been proposed for "'Ho
on the basis of muonic x-ray data, "but a factor of
5 improvement in the statistical precision of the
present data mould be required to distinguish this
ease from the one for y=0.

Since positive pions interact more strongly with
protons and negative pions with neutrons in the

75-
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I
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FIG. 6. Calculated curves of 2 ~(Q) for 165-MeV m'

illustrating the effect of variation in the surface dif-
fuseness parameter y. The data are from the present
experiment.

in most cases to small or negative values of &o

because of the downward trend of the first tmo
points in five out of the six eases. This downward
trend is not understood and is not reflected in any
of the calculated curves. We suspect that it may
not indicate a rea1. cross-section trend, however,
because it would imply that the alignment effect
on the forward elastic cross section is opposite in
sign from the geometrical effect. For a nucleus
which must bear strong resemblance to a totally
absorbing black spheroid, this would be difficult
to explain. We have therefore preferred to present
the entire body of data on &a(A) together with the
theoretical curves.

Finally, we may ask how sensitive the present
experiment is to an angular variation in the diffuse-
ness of the nuclear surface or to a difference in
the neutron and proton deformation parameters.
A variation in surface diffuseness can be intro-
duced by allowing the parameter a in equation
(3.7) to vary with angle according to the prescrip-
tion.

30—
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FIG. 7. Calculated curves of 5(Q), the difference
between h, o(O) for positive and negative pions, at 165
MeV illustrating the effect of varying the neutron deform-
ation parameter P2„while fixing the proton deformation
parameter at 0.33. The data are from the present ex-
periment.

(3, 3) resonance region, the difference between
&a(A) for positive and negative pious is sensitive
to the neutron deformation, assuming the proton
deformation is known from Coulomb excitation"
and muonic x-ray results. " Figure 7 shows a
calculation of this difference from P„=0.33 and
P„=O at 165 MeV. The present data is certainly
consistent with P„=0.33, but here again much bet-
ter statistical precision mould be required to ob-
tain useful new information on nuclear structure.

IV. CONCLUSIONS

The results of the present experiment show a
small but significant effect of nuclear alignment on
the removal cross section a(A). Extrapolation of
the results to 0 = 0 to obtain b, o is uncertain, how-
ever, because of the apparent anomalous behavior
of bc(A) at small solid angles, and it seems pre-
ferable to base conclusions on data for 0& 0.2 sr
mhere the main contribution comes from reactions
and inelastic scattering. Confining our attention
to this region, we find that that the data are in
reasonable agreement with theory at 165 MeV, but
the experimental values of b, a(A) are systematically
less than the theoretical ones at 115 and 240 MeV.
Better statistical precision in the data is required
to determine if this disagreement is significant and
to extract new information on nuclear structure
from the data.

Although improvements in statistical precision
should be possible in experiments such as the pres-
ent one, the measurement of differential cross sec-
tions with aligned targets may represent a more
prom, ising direction for future experiments. The
most sensitive experiment would involve a com-
parison between the cases of nuclear alignment in
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the plane of scattering and perpendicular to it, as
in the two electron-scattering experiments on a
aligned "'Ho carried out at Stanford University. "
An experiment conceived along these lines has
been proposed for the EPICS channel at LAMPF.

The possibility of employing high-energy beams
in experiments with aligned targets to study A-de-
pendent effects has been suggested by Goldhaber;"
Presumably, one might distinguish between multi-
ple successive processes and processes requiring
the cooperative interaction of several neighbqring
nucleons by studying cross sections corresponding
to different orientations of a deformed nucleus.
The present experiment clearly establishes the
feasibility of performing such experiments in the
immediate future.
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APPENDIX A. DWBA EXPRESSION FOR 5o

The scattering amplitude F„may be written as
the sum of two parts

{A1)

where F, is the spin-independent part. The spin-
dependent part may be calculated in the distorted-
wave Born approximation

1 2E""=-4—.(n )

r M' 0 "& ~ ~~'& r d r (A2)

where U"' is the spin-dependent part of the scat-
tering potential. For the Kisslinger potential in
the case of a nucleus with quadrupole deformation
parameter P„

, (I'
~

V "'
~
M) = pp(fM3m ~fI')(fZ20 ~fff) (-f,e'Z(r) r;(r)+ f,rr [Z(r) r,"(r")r ]),

F(r) = ~0 rr —rr
(A3)

Plugging in the usual expansions for the distorted waves X' ' and X" and using erluations (3.3) and(3. 4) of
Sec. III leads to the result

(30v)'"Ap a f 3f l(D~A) — "
lm ~ r r - r er &'r - '„r (3l + l)(20l0

~

$'0)u'(f+ i)(2f + 3) l'l ~ (A4)

where

fr ~ r
= —bP'Gr —&rGrr + b.r" rrr

n r ~ r ~(A5)

Expressions for G„Gg, G,g &
and h. .. are given

in Ref. 26, and 5, and b, are the usual Kisslinger
parameters.
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