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In this paper we present the results of the
analysis of 7t+-He4 elastic scattering at an in-
cident pion laboratory momentum of 610 MeV/c.
The data for this investigation were obtained
from 17 500 frames exposed in the Argone Na-
tional Laboratory —Carnegie Institute of Tech-
nology 10-in. He' bubble chamber' at the Ar-
gonne National Laboratory.

Events were measured on conventional dig-
itized projectors and processed through geom-
etry (NI'54) and kinematic fitting (GRIND) pro-
grams. To insure good measurements, fidu-
cial volume and beam track criteria were im-
posed in selecting the data. Acceptable events
were required to have beam momentum in the
range 550-650 MeV/c to avoid as much as pos-
sible the variations of energy-dependent param-
eters and still have a statistically significant
sample of events. The mode of the beam dis-
tribution was 610 MeV/c. The total number
of events that satisfied the elastic criteria was
869, of which 194 had a discernible recoil track
and were fitted as a four-constraint (4C) class,
while the rest were 1C fits. The X' cuts for
both topologies were based on a, I%%uc confidence
level. Because of the large scanning losses
involved with small-angle scattering, we did

not aecePt events with 6jlab& 10'. This cut elim-
inated the background from m+- p, ++ v& decays
and at the same time made the contribution
of the Coulomb amplitude vanishingly small,
The events in each individual bin of the differ-
ential cross section (Fig. 1) were corrected
for scanning biases by requiring isotropic dis-
tributions for the azimuthal angle of the inter-
action plane. Since the muon contamination
of the beam was unknown, we have normalized
our total cross section to 111.4 mb, the result
of the counter experiment of Chavanon et al. '
The experimental elastic cross section is then
30.7 mb.

Two models were used in fitting the exper-
imental results: a strong-absorption model sug-
gested by Palevsky's analysis of p-He~ elastic
scattering, s and the multiple-scattering model. '

(a) Strong-absorption model. '—In the strong-
absorption model the elastic-scattering ampli-

q =((I-e)g(l)+ e] +i pdg/d, l
l

(2)

g(l) =11+exp[(L;l)/g]) '.
The parameters I.p and P are related, respec-
tively, to the nuclear radius R and spatial dif-
fuseness d of the interaction region by

L + '=kR, f =—kd.

The parameter p, represents the effect of the
real part of the nuclear phase shift while q is

(4)
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FIG. 1. Differential cross section for m+-He4 elas-
tic scattering. Curve A is the impulse approximation,
curve I3 is the multiple-scattering model, and curve
C is the strong-absorption model.

tude is given by
~ QQ

f(e) =—Q (21+1)[1—g exp(2jo )]P (cose), (1)
2k) 0 l l

where o~ is the Coulomb phase shift (taken equal
to zero), and qf the nuclear reflection coeffi-
cient which is parametrized to give a closed-
form expression for the differential cross sec-
tion. In this analysis we used for the param-
etrization of g~ the Woods-Saxon functional form
g(i) ':
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the transparency coefficient. The differential cross section is then

where E(&8) is the Fourier transform of dg/dl and is given by

F(t;8) =~t;8/si nh( )tT;8)

The total cross section is

o = 2~R'(I-e) [I+—,'~'(d/R)'],

while the complex potential in the high-energy approximation is given by

V(r) =—2 k' ' 5'(l)dl
& (m'+k')'" k [l'-(kr)']'"'

(b) Multiple-scattering model. —In the multiple-scattering model the basic assumption is the addi-
tivity of the phase shifts of the individual interactions that a particle undergoes as it traverses the
nucleus. Thus the phase shift is given by

exp{i'(b, s, ~ ~ ~ s ))=exp{i[)( (b-s )+ ~ ~ ~ +X (b-s )])r1 1 A A

where X is the phase-shift function for the jth nucleon, b is the impact parameter, and sj is the fixed
position of the jth nucleon relative to the axis of collision. The scattering amplitude as a function
of momentum transfer q can be written as

A
(q«) =—' e'

q (]r ])&1- II r — . J exp[iq (b—e.)]f.(q, )d. q. Ifi 2~» f
xy. ({r))b(A Q r ) II dr d b. (IO)1' n=1 n~ 1

%e assume the ground state of He to be adequately described by a Gaussian wave function

q (]r ])= C exp(—,P (r, —r.)',
648 ~(j i j

where C is a normalization factor and 8 is the rms radius. For the individual n+-N scattering am-
plitudes we have used the form

i +.]o)
f.(q) =l (ko. exp{—b.q ], (12)

where
Ref .(q)

j Imf (q)'

The parameters bj and pj were determined by performing a least-squares fit of Ifj(q)l' to the known
l.egendre polynomial expansions of w+-p elastic-scattering differential cross sections. Our fits
show that the "shape" parameters bp and b~ are nearly the same, so that we may write bp = b„=b

The expansion for the differential cross section is

do ' )
(q) ~,

n=1
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where the n-fold scattering amplitude is

(n) 1 1 2 2 R /18 2 2 2 4
(q)= —— b+-R e exp[ —q (b+—R )/n]

n 2k 9 f1& ~ ~ ' &g =1 &1 ~nn

(15)

and A) =[(f+p )/4n]kv a is the coefficient in
Eq. (12). The n = 1 term in Eq. (15) is the sin-
gle scattering term and represents the contri-
bution of the impulse approximation.

Results. —The experimental differential cross
section is shown in Fig. 1. The error bars
include the statistical errors and the uncertain-
ties of the corrections.

The impulse approximation (curve A) and
multiple scattering (curve B) are obtained us-
ing R = 1.41 F which is in agreement with elec-
tron-scattering results after the correction
for the finite size of the proton. The param-
eters pp, pz, and b are determined directly
from m+-P experiments at this energy. The
values are +1.80, +0.25, and 2.73 (GeV/c)
respectively; the sign of p& is indeterminate.
The multiple-scattering model yields an elas-

100—

10

tic cross section of 28.9 mb and a total cross
section using the optical theorem of 95.2 mb.
It is clear that both the experimental angular
distribution and elastic cross section are in
reasonable agreement with the theoretical re-
sults', it should be emphasized that this agree-
ment is produced with no adjustable parame-
ters. Figure 2 shows the sensitivity of the cal-
culations with respect to the parameters.

In the strong-absorption model analysis the
theoretical expression Eq. (5) is fitted by least
squares to the experimental distribution. The
fitted values of the parameters are R = 1.41 F,
d =0.30 F, e =0.24, and p, =+0.69 compared
with the p-He4 results' R = 1.56 F, d = 0.29 F,
e =0.188, and p, =+0.55. The sign of p. is inde-
terminable, because the Coulomb scattering
is insignificant in the range of interest. To
obtain a repulsive real part to the potential
p(x), p. must be negative. The potential shown
in Fig. 3 resembles very much that obtained
from the p-He' experiment. ' The elastic cross
section is 30.6 mb and the total cross section
using Eq. (7) is 118.1 mb. At this point it should
be stated that this is the first time that either
of these models has been applied to m+-He~

elastic scattering and it seems that either gives
a satisfactory fit to the experimental results.
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FIG. 2. Variation of the differential cross section
for elastic z+-He4 scattering with different parame-
ters in the multiple-scattering model. The solid
curve is the result of the theory withe=1. 41 F, p&=1.80, p„=0.25, and b= 7 2(G8eU/c) 2; the dashed
curve is the result of increasing B to 1.56 F; the dot-
dashed curve is the result with R =1.41 F and p~

=p„=0.
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FIG. 3. The real and imaginary parts of the optical
potential V(x) given by Eq. (8).
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ERRATA

PION ELECTROMAGNETIC MASS DIFFERENCE
FOR PHYSICAL PIONS. I. S. Gerstein, B. W.
Lee, H. T. Nieh, and H. J. Schnitzer [Phys. Rev.
Letters 19, 1064 (1967)].

The coefficient of 5 in Eq. (9) should read

[——,'+ —,
' ln2+-,' ln(A'/m ')]

EVIDENCE FOR ELECTRON- TO-PHONON IN-
TERACTION IN InSb. D. H. Dickey and D. M.
Larsen [Phys. Rev. Letters 20, 65 (1968)].

Figure 1, on p. 66, was inadvertently printed
upside down.

instead of

[--', + 41n2+8 in(A'/m ')].

This correction makes a negligible change in our
result. This was brought to our attention by Pro-
fessor T. D. Lee, who informed us of the calcu-
lation of K. Ng.

ON INFINITIES IN ELECTROMAGNETIC MASS
DIFFERENCES TO ANY ORDER IN n. P. Oel-
sen [Phys. Rev. Letters 20, 525 (1968)].

Reference 1 should also contain the following
paper: M. B. Halpern and G. Segre, Phys. Rev.
Letter s 19, 611 (1967).

825


