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Analysis of the Proton-Helium Scattering at l GeV*
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The proton-helium elastic scattering data at 1 GeV are analyzed using the effective-
channel approach. The calculated spin-averaged cross section is in good agreement with
the experiment from Saclay up to 35 deg, effectively with no free adjustable parameters.
An estimate for the average excitation energy and for the ratio Ref /Imf of the nucleon
amplitude is obtained.

The proton-helium elastic scattering at med-
ium energies has been. studied extensively in the
past, both experimentally' and theoretically. '

The analysis of the data has usually been carried
out using either the multiple-diffraction theory
of Glauber' or the coupled-channel approach' of
Feshbach derived from the multiple-scattering
theory' and optical potentials. ' Although both
approaches were able to fit the earlier data' rea-
sonably well with acceptable sets of values for
the parameters which appear in the formalisms,
the. study was unable to provide improved infor-
mation on the target correlations and on the off-
shell behavior of the nucleon interactions, More
recent data from Saclay' show a quite different
angular distribution from the previous result. '

It is the purpose of this note to report the re-
sult of a calculation of the p-o. cross section us-
ing the effective-channel theory. " In this ap-
proach, all the inelastic channel effects are con-
sistently parametrized by a single effective in-
elastic channel function y defined simply by

y = No 'QVPg~, fy*(r, R)p(r, R)dsr = 1,

where g, (r) is the helium ground-state function
generated by the target Hamiltonian Hr(r), with
eigenenergy Eo, and P and Q are the projection
operators defined as P= g,)g&, and Q=1-P.
N, (R) is the normalization factor which depends
on the projectile-target center-of-mass coordin-
ate R. The form (1a) follows from a perturbation
theoretic consideration of the total inelastic scat-
tering function Q4, , which may be written, in the
closure approximation, ' as

Q4', —yo(r, R)w(R), (1b)

with go= QVPg (r), where V is the projectile-
target interaction. Thus, qo is to simulate the
inelastic channels. However, since y, contains,
in general, excessive high-momentum compo-
nents, we correct it by replacing V with V, thus
obtaining (1a). V is here chosen to be similar in

(Ta+ V+J —E') w(R) = —V,tuo(R), (2b)

in which u, and so are the scattering functions to
be solved. In (2a) and (2b), Ta is the projectile
kinetic energy operator, and

v(R)=(q ~Hr +v —Eo~q);. -E,
Vo.(R) =

&40 lvlq, )-„v,= &q, [V[q);,

J (R) = (p ((Ta p))-, =fd'r p*(r—, R)Tpp(r, R),

(3a)

with ( );denoting the integration over the target
variables r, and where

E = Iim &9 IHr - Eo I e»-„
(3b)

E

In (3a), V is the projectile-target potential chosen
to be of the form

V=+ v(r,. —R), (4)i= 1

with the effective two-nucleon interaction defined
by

v(s) =g(p —i)e ' ~'s —=v(s; E).
Thus, the potential T' in the function y is the
same form as V of (4) with P replaced by P'. In
(2), both the relativistic kinematic corrections
and the transformation from the p-nucleon to p-
a center-of-mass system' are omitted for sim-
plicity, but they are explicitly included in the ac-
tual calculation. In terms of the solution of (2),

form to V, but with one adjustable parameter p'.
This parameter p' will be determined in terms of
the total cross section, as will be discussed later.
Thus, within this approximation, the total scat-
tering function 4,. can be represented by

P4', + Q—C, = (,(r)u, (R) + p(r, R)w(R). (1c)

Using y and (o, we obtain' a set of coupled equa-
tions given by

(T-, + V„-E, ')u, (R,) = —V, w(R), (2a)
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the cross section is given by

(6a)

where

C~= (,(r) exp(iK~ R), (6b)

g=690+70 MeV, p =0.2+0.3,

p = 0.2 + 0.05 fm'.

We note especially the large uncertainty in the
value for p given in (7), which is consistent with
the present uncertainty' '" in the ratio y, where

y
=—(Ref/Imf)e „and where f is the spin-aver-

aged nucleon-nucleon amplitude. The target
wave function (,(r) was chosen to be of the sim-
ple form'

go(r) = 8 '~'(v/m)9~' exp(- vier, 'j2),
with one adjustable parameter v, which was
chosen to give roughly the correct binding ener-
gy

2f3Q

(8)

v=0. 57+0.05 fm '.
Both for v and („ the Gaussian form was chosen
in order to facilitate integrations involved in the
quantities defined by (3), and not because it sim-
ulates the physical situation better. The center-
of-mass correlation is included in the calculation
by imposing the constraint on the internal vari-
ables, r=(r„r„r„r,), that

4
r,. =0.

The scattering equations (2) are solved for u,
and zv by first analyzing them into partial waves.
For the lab energy of 1 GeV, approximately

and q, is given by (lc). We neglect the Coulomb
effect in our calculation.

We now discuss briefly the parametrization of
various quantities which appear in the coupled
equations (2). Firstly, the effective nucleon-nu-
cleon potential v(r, R; E) contains three param-
eters g, p, and P. Their values have been fixed
by fitting the cross section, calculated by solving
a relativistic two-particle equation with this po-
tential v, to the spin-averaged p-p and p-n cross
sections. ' ' The potential used, then, represents
an energy-dependent effective interaction. With-
out additional terms in v, which may need an ex-
change term, we have obtained a reasonable fit
to the nucleon-nucleon elastic cross section for
angles 8, s 35' with the parameter values

30-40 partial waves were needed to obtain the
cross section out to angles 8, = 35'.

The cross section for the case in which the in-
elastic excitation effect is neglected (with V, =O)
is given in Fig. 1, and denoted by 0~. Also given
is the full cross section 0 which contains the dis-
tortion effect. The experimental value 0, „p from
Saclay' is also plotted for comparison. Although
the overall inelastic effect represented by Q4,.
seems small, the contributions of the individual
terms contained in V of (3a) are quite large,
when taken separately. Up to 0 =35', the fit
is reasonable, when the parameter values defined
above in (7)-(S) are used. Because of a poor fit
of the nucleon-nucleon cross section, however,
we do not expect our calculation to be as mean-
ingful for angles larger than 35', although the
effect of v seems to be more dominant at these

I
/

1
/

I

IO

I

IO

op
U~ p

IO

I I I I I I

IO 20 30
ec~(DE G)

FIG. 1. The elastic proton-helium cross section at
1 Gev lab energy (in mb/sr) as a function of the center-
of-mass angle 0. The circles represent the experimen-
tal points obtained by the Saclay group (Ref, 7). The
dashed line neglects the distortions and thus includes
only the Voo part, while the solid curve is the full cross
section obtained by solving the coupled equations (2).
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p =0.20 +0.05,

which in turn gives

y = [Ref/Imf]e 0= -0.25+0.05,

(12)

(13)

which should be compared with the presently
available value, '" —0.1 sy ~ —0.5. This value
would be affected somewhat by the correlation
and spin effects in the p-n system. "' In addition
to the variation in p, we have also studied" the
effect of the parameters p, v, g, and p'. As the
input parameters are varied over their allowed
range of values, the cross section changes suf-
ficiently to mask any additional effects due to
dynamical correlations and off-shell effects.
Therefore, it seems premature to attribute any
discrepancies between the theory and experiment
to new physical phenomena at this stage of the

angles. The parameter p' for the curve c in Fig.
1 is chosen to be

p'=1.5+0.5 fm',

such that the resulting total cross section, via
the optical theorem, is made slightly lower than
the experimental value. ' This was done to make
the calculation consistent with the nucleon-nu-
cleon input, where a similar situation was studied
earlier in terms of the spin-averaging effect. '
Thus, p' was effectively determined a posteriori
by the total cross section. Consequently, within
the uncertainty in the input parameters as given
by (7), (9), and (10), there are effectively no
free parameters in the entire calculation. The
average excitation energy E, which comes in the
energy E' of (2b), is a sensitive function of this
parameter p' and we have calculated it to be

F. =48+15 MeV.

In the evaluation of E by (3b), a proper adjust-
ment has been made for the fact that the (collec-
tive) center-of-mass variable has to be extract-
ed"" from the target function (,(r).

In the course of the study of the effect of varia-
tions of the parameters involved on the cross
section, we have found that the p-u cross sec-
tion (spin averaged) at the first diffraction min-
imum (6, = 24') is rather sensitive to the pa-
rameter p in the effective two-nucleon potential

Recalling the fact that the value given in (7)
has a large uncertainty, it was possible to im-
prove the accuracy of p by fitting the p-o. data
near the diffraction minimum. The dependence
on p of the p-o. cross section is such that the val-
ue used in our calculation is

development. However, we have effectively
shown that the latest p-n data' are completely
consistent with the available input data on the nu-
cleon interaction and the ground-state target
structure. On the other hand, for the purpose of
obtaining new dynamical information, an analysis
of the inelastic scattering data in conjunction
with the elastic scattering seems to be more de-
sirable.

The formalism being used here can be adapted,
with minimal changes, to incorporate directly
the two-nucleon amplitude in (2) and (3), in place
of the effective potential v of (5). However, a
preliminary calculation indicates that the cross
section is reproduced less well at large angles.
Reasons for this are not yet clear, but there are
several major differences in the physical content
of the two theoretical formulations which require
further analysis.

The computational part of the work reported
here has been carried out at the University of
Connecticut Computer Center, which is in part
supported by a National Science Foundation grant.
We would also like to thank Dr. G. Rawitscher
for the use of his computer program on the solu-
tion of coupled equations.
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Measurements were made to detect differences in the velocity of propagation of y rays
and electrons in the energy range 15-20 GeV, by using a time-of-Qight technique with 1-
psec sensitivity and a Qight path of 1 km. A relative velocity difference larger than 1
—P, (- 5~ 10 ) would imply a breakdown of special relativity. No significant difference
in the velocities of light and electrons was observed to within 2 parts in 10~.

Previous efforts have been made to detect a
frequency-dependent shift in the velocity of light
from visible wavelengths up to GeV energies.
All such experiments are in essence attempts to
detect some departure from the predictions of
special relativity.

The most recent contribution preceding the
present work was made by Brown et al. ' Using a
time-of-flight (TOF) technique, they compared
the velocities of short pulses of visible light and
7-GeV y rays. The results gave a relative veloc-
ity difference of (1.8+6)x10 '. An additional
measurement using 11-GeV electrons and visible
light gave a relative velocity difference of (- 1.2
+2.7)x10 '. The precision of these measure-
ments was limited in part by the time resolution
of photomultiplier detectors.

In the present experiment at the Stanford Linear
Accelerator Center the relative velocities of -15-
GeV y rays and electrons with energies ranging
from 15 to 20.5 GeV were measured by using an
rf separator (RFS) synchronized with the acceler-
ator's rf system as the timing element. Ultimate
time resolution was limited, in part, by the char-

acteristic bunch length of the Stanford Linear Ac-
celerator Center beams, -5 psec or 5 deg of rf
phase. Results more than 1 order of magnitude
smaller in 6v/c at energies higher than the pre-
vious best measurements were achieved.

Electrons accelerated to 15 GeV in about -', of
the full length of the accelerator strike a thin,
annular target at the end of sector 22, scatter,
and produce bremsstrahlung photons [Fig. 1(a)].
Measurements were made both with and without
further acceleration. With acceleration, elec-
tron energy increased continuously to 20.5 GeV
at the end of the accelerator. After a common
flight path of 1015 m a small fraction of the pho-
tons and scattered electrons strike two thin tar-
gets which serve as positron sources for the
beam transport system [Fig. 1(b)]. The upstream
(downstream) target fills the upper (lower) half
of the beam aperture. Their axial displacement
within the field of vertical bending magnet B60,
in conjunction with subsequent collimation and
momentum analysis, is such that only 13.5-GeV
positrons produced by electrons (photons) in the
upper (lower) target are retained in the transport
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