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Quasi-Elastic Scattering near Zero Recoil Momentum

I.R. B.ELTQN AND DAPHNE F. JAcKsoN

Department of Physics, University of SNrrey*, London, England

(Received 21 October 1966)

Finite resolution in the detectors in a coplanar symmetric (P,2p) experiment leads to out-of-plane scatter-
ing which is dominant over in-plane scattering when the cross section has a minimum. The amount of Ailing in
that this causes is calculated and compared with experiment.

1. INTRODUCTION

"T is well known that the dift'erential cross section in
& - the high-energy symmetric coplanar (p, 2p) reaction
for the case in which the target proton has angular
momentum l/0 has a minimum at the scattering angle
corresponding to zero linear momentum P of the target
proton in the laboratory system. The momentum of
the recoiling core, which is the more commonly used
quantity, is of course Q= —P. Theoretical predictions
of this minimum, ' ' using the distorted-wave impulse
approximation, have invariably made this minimum
too deep, compared with experiment, unless distorting
potentials of quite unreasonable size were employed.
An attempt to obtain the filling in of the minimum by
folding in a Gaussian factor to simulate finite resolution
in angle and energy was also unsuccessful. ' All analyses
so far, however, have been made on the assumption
that in a symmetric coplanar experiment the vector Q
must lie along the line of the momentum of the incident
proton. This is, of course, strictly correct for perfect
angular and energy resolution, and it is approximately
correct even at finite experimental resolution, provided
that Q is not small. The situation is quite different for
small Q, when the direction of Q may depart substan-
tially from this line until, for very small Q (depending
on the experimental resolution), all directions of Q will

contribute to the reaction. This effect enhances the
differential cross section near the minimum, while it
clearly has little inhuence elsewhere. '

2. FORMALISM

We shall perform the analysis in terms of the motion
of the center of mass of the two out going protons, and
it will therefore be convenient to use the "di-proton"
formalism of the previous paper. 4 In the center-of-mass

system of incident particle and target nucleus, let the
momenta of the incident proton, the target proton, the
two scattered protons, and the di-proton (i.e., the
center of mass of the two scattered protons) be k0, I,
k&, k2, and k&, respectively. I.et the corresponding

* Formerly Battersea College of Technology.
' D. F. Jackson and T. Berggren, Nucl. Phys. 62, 353 (1965).
' H. Tyren et al. , Nucl. Phys. 79, 321 (1966).' The existence of this effect was pointed out to the authors by

Professor B. Gottschalk.
4 D. F. Jackson, preceding paper, Phys. Rev. 155, 1065 (1967).

This paper is referred to as I.

momenta in the laboratory system be po, P, p1, p2,
and p~. Then'

k0 (1 C)p0q kl p1 t p0i k2 —p2 Cp0&
(1)

kg= pg —2cpo) K= P—cpp )

where c= 1/(2+1). The scattering angles are defined by
A A A A

82 ——cos '(k0 kr), 82=cos '(k0 k2),

while the direction of k& is given by the polar angles

&0=cos '(ko. ka), rp=azimuthal angle about k0. (3)

We take the s axis along ko and define the y-z plane as
that in which the coplanar symmetric experiment takes
place, i.e., for which 01=02=0, say, co=0.

In all the experiments, ' ' ' the energy resolution has
been substantially better than the angle resolution, and
in this analysis we shall assume it to be exact, i.e., we
shall take the values of yo, y1, and y2 to be fixed. The
finite angular resolutions will, however, lead to varia-
tions in the magnitude of ~y~+p2~, i.e., of y~. De-
partures from the mean are as likely to be positive as
negative, and, since we shall eventually perform an
average, the eftect of the finite angular resolution on
the variation in magnitude of pz only enters in second
order. It will therefore be neglected, so that pn may
also be assumed fixed. Hence we shall be concerned
entirely with contributions to the cross section at fixed
energies from angles co/0. For the symmetric non-
coplanar experiment, the maximum value of this angle
is given by half the vertical opening angle of the
detectors, while for nonsymmetric scattering, owing to
the finite horizontal opening angle of the detectors, the
vector y~ is confined within an ellipsoidal cone, with
axis along yo defined by the detector opening angles.
We shall replace this by a circular cone of half-angle co,

which corresponds to the same solid angle as the
quoted values of the solid angle 0 subtended by the
detectors:

22r(1 —cos00) =0, i.e., a& (0/2r)'12.

Using (1) and (3), it is easily shown that, to first order
in c, the out-of-plane angle in the laboratory system col,

5 J. P. Garron et al. , Nucl. Phys. 37, 126 (1962).
G. Tibell et a/. , Arkiv Fysik 25, 433 (1963).
J.C. Roynette, thesis, University of Paris, 1966 (unpublished).
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is given by

cos&o = coso/I„—2c (po/ps) (1—coso/r, ),
so that co differs from ~& only in second-order terms,
which are negligible.

From conservation of momentum, we have

V„(ap,as')ds'

product of the two distorted waves then leads to the
sum of two integrals

(5)

Ibo+P= P/2,

sot atin ermsoo that in terms of Q= —P, we have, for the symmetric
case,

Q =Po +P22 —2PoP/2 COSH,

Q, = —ps sino/, Q, = p/2 coso/ —po.

To first order in co, we then have

0 B y z B&y z 8 0 ~

To examine the effect of the Q, component on the
differential cross section [I.Eq. (1)],

do "2 Igi" I',
do,jdo,2' m

n with oscil-we note that in plane-wave approximation wit
lator wave functions (I, Sec. 2 A) we have

0 0 f/5/2m —'Q b +1 ~ $5/2Q e
—',Q252 (7)

w ere ish b is the oscillator-length parameter. e therefore
expec gy 0t +' to increase parabolically wit ~, w

'
gi

— f- laneremains cons an,t t for small&a. To relate the out-o -p
effect to the distorted-wave effect, which also ea s o
contributions rom ef th transverse momentum com-
ponent Q„we wri e gi int in the distorted-wave formalism
(I Sec. 2 B),

V/2(p, s')ds', (13)

' —'+ ' For an oscillator wave function 1P/ (r)where p =x y. or
this yields

0 '(g +g. )e's&. , ~, )~—g 2/2 b2
gy OC

;/Qzx+Qzz)
ex S

(xyz) e Q,
2,/2 bz—dr (15)g~+ ~ g Zy gs x z g', ,

— /2b

This demonstrates clearly that the transverse momen-
m has an effect similar to that of a distortion of

the incident and scattered waves. t may
the further approximation, " by which V„and U& are
rep ace y al d b an average potential and e„an ~& by an

locity so that the s integration in ( )average ve oci y
o a hase S which isb takenfrom —~ to+~, leads to a p ase w ie a

o
' ' ' '=0 for

'
d d t of s In this approximation g~ =

KB,=0, in contrast to either the more accurate W
calculation or the exact partial-wave analysis performed
in the next section. Conclusions base on this further

those relating to localization, areapproximation, e.g. ,
therefore of doubtful validity.

3. NUMERICAL RESULTS

gi"—— x2/ *(ks,r)1pb" (r)x~+(ko, ar)dr,

where a= (A —1)/A, and we use the WEB-approxima-
tion expressions for the distorted wave ' '.

x// *(k//, r)
—= e '"e'D/2 (k/i, r—),

x +(k ar) =e"5 "D (ko ar),

The evaluation of g, near Q=O was actually per-
d b means of the partial-wave expansionorme y

[I E . (7)], and results were obtained for Li an
at 150 MeV. The oscillator parameters, b=1. 2 F

) a
= i. 2 F fol

I.i' and b=1.64 F for C", have been obtained from

too

90

Ds(r) =exp-
Apg p

V/2 (r k/is)ds

D„(ar)= exp
hv„

V„[a(r+ kos) ]ds . (12)

Here U„and U~ are the complex optical potentials for
h 'd t oton and the scattered diproton, an

orwardv„and v~ are the corresponding velocities. For forwar
hich we have here, we can integrate a ong

the s axis, i.e., replace k& by ko in D&1, &,r&, so a e

FIG. 1. Out-of-
plane scattering in
the (p,2p) reaction
at 150 MeV. The
curves correspond to
A: Li', b=2.24 F;8: Li', b=i.72 F;
C: C" b=1.64 F.
The laboratory scat-
tering angle el, has
been chosen so that
Q=O, and is 42.6'
for Liv, 41.5' for C".

80
gg,"i'

70
(F'l

60

50

40
soi

20

10

0. 0
14 28' 4 2' 5.6

4)b.

D. F. Jackson, Nucl. Phys.h s. 35 194 (1962).' T. Berggren and G. Jacob, Nucl. Phys, ' P. A. Benioff, Phys. Rev. 129, 1355 (1963).
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