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TEST OF THE CLUSTER-KNOCKOUT MODEL USING THE REACTION Li (P, Pa)df
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The reaction Li (p,po. )d was studied as a function of angle at 61.5 MeV. The cross sec-
tion was measured for ten proton angles. Using the quasifree knockout approximation,
the Li (p,pn)d angular distribution was compared with the free p-o. elastic-scattering
angular distribution. The agreement between the two is extremely good.

In recent years a number of cluster-knockout
reactions, such as (P, Po.), have been studied,
and have been found to be consistent with the
quasifree cluster-knockout model obtained using
the impulse approximation. In order to test this
model more thoroughly, we have studied the re-
action Li'(p, po. )d as a function of angle at 61.5
MeV. In the impulse approximation the cross
section for the reaction Li'(P, Pa)d can be written
as

d 0'

dQ dQ dE

= (kinematic factor)
do'

where (do/dQ) f p ~ is the free P-a elastic-scat-
tering cross section resulting from the replace-
ment of the off-the-energy-shell t matrix for the
p-o. reaction by the on-the-energy-shell t ma-
trix. The exact value of (dg/dQ) l p ~ to be used
in the above expression, however, is not unique-
ly determined, as some ambiguity exists in the
choice of energy and scattering angle at which
the free cross section is to be evaluated. The
kinematic factor is a smoothly varying function;
but its specific form depends on the choice of
free cross section. For the choice of (do/dQ)lp n
we have followed the prescription used by Ep-
stein' in which the energy and observed scatter-
ing angle are transformed into the system in
which the o. particle is initially at rest.

Tbe quantity p(q) is the momentum wave func-
tion of relative motion for an n particle and a
deuteron in Li', where q is the momentum mea-
sured in the rest fz arne of the Li' nucleus. In
general, this is only one component of a cluster
expansion for the Lis ground-state wave function.
One hopes that by studying the cluster-knockout
reaction, y(q) ean be determined. This deter-
mination would not only result in the momentum
distribution of the cluster, but also the cluster
parentage of the target-nucleus ground state.
However, one must first show that the impulse

approximation is valid in the treatment of clus-
ter-knockout reactions.

To this end, we have measured the Li8(p, po, )d
cross section as a function of angle in order to
compare the knockout cross section with the free
p ne-lastic-scattering cross section. The Li'
nucleus was chosen as a target for two reasons.
Firstly, the small separation energy of Li6 into
an o. particle and a deuteron, and the success of
cluster-model calculations for Li6 based on an
(a+d) structure, ' indicate that the Li' ground
state has a large overlap with (a+d). Secondly,
previous measurements' on tbe reaction Li'(p,
pn)d at 57 MeV show large contributions from
the quasifree knockout process and are consis-
tent with the impulse approximation.

The reaction Lis(p, pn)d has been studied pre-
viously by Huhla et a1.4 at 155 MeV. In order to
test the impulse approximation at 155 MeV, they
also measured the Li (p, pd)n cross section.
Since y(q) is identical in both measurements, the
ratio of the two knockout cross sections should
be equal to the ratio of the free P-d and the free
P-o. elastic-scattering cross sections. They find
reasonable agreement between the two ratios.

Two other experiments, similar to our mea-
surements, have recently been performed to test
the impulse approximation for cluster knockout.
Pugh et al. ' have studied the reaction Li'(a, 2a)d
as a function of angle and energy and have com-
pared the angular and energy dependence of the
(o. , 2o.) cross section with that of the free o.-a
cross section. They find remarkably good agree-
ment. The other experiment was a study of the
cross section of Be'(p, po. )He' as a function of
angle at 160 MeV. ' Again reasonable agreement
was found between the cluster-knockout cross
section and the free P-a cross section.

The 61,5-MeV proton beam from the Oak Ridge
isochronous cyclotron (ORIC) was used to bom-
bard a 0.8-mg/cm' self-supporting Li' foil. Co-
incident proton and e-particle events from the
reaction Li6(p, po. )d were detected in two counter
telescopes which were coplanar and on opposite
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sides of the beam. The cross section was mea-
sured for ten proton angles ranging from 45' to
140'. The corresponding n-particle angles were
chosen so that it was kinematically possible for
the deuteron to have zero recoil momentum for
some point on the three-body kinematic curve in
the two-dimensional energy spectrum of Ep E~-.

In the impulse approximation this zero-recoil-
momentum point also corresponds to the zero-
momentum point of the alpha cluster before the
collision; i.e., qd recoil=-q~. Therefore, the

(P, Pn) cross section at the zero-recoil point
should be proportional to

~
p(q=0)~'. As ~y(q

= 0) (' should be independent of the kinematic con-
ditions, the knockout cross section at the zero-
recoil-momentum point should be proportional to

the product of the phase-space factor (a known

kinematic expression) and the free (P-o.) cross
section, if the impulse approximation is valid.

In previous (P, Pa) experiments' near 60 MeV
we have found that the maximum in ~p(q) ~' is of-
ten shifted from the point q'recoil= 0. We, there-
fore, first measured the (P,Pa) angular correla-
tion for 8~ = 105' by varying the a-particle angle
from 29' to 32'. We found that the peak in ~y(q)~'
is within +0.5' of the zero-recoil-momentum
point at 8& =30'. For all other proton angles the
n-particle angle was chosen to include the zero-
recoil-momentum point.

The data for the ten proton angles and the ap-
propriate n-particle angles are shown in Fig. 1.
The zero-recoil-momentum point is indicated
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FIG. 1. Li (p, po. )d spectra as a function of proton energy. The arrows on the energy axis indicate the zero-re-
coil-momentum point. The arrows labeled 2.18 and 4.5 indicate the positions of excited states of Li which undergo
n decay.
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with an arrow on the energy scale. At all angles
there are strong contributions from quasifree
knockout. It is interesting to note that at all an-
gles the quasifree peak is shifted slightly away
(-5 Me V/c) from the zero-recoil-momentum
point. In addition to the "quasifree" knockout
contributions in the data, there are also contri-
butions from the sequential process

P+ Li'-P+ Li'*

IOO.O-

A 310 MeV

B 39.8 MeV

& 105')
& 105')
.5 MeV

10.0.-

proceeding through the 2.18- and 4.5-MeV states
in Li', The positions of these states are indicat-
ed by arrows in Fig. 1. For Hp

= 60' the 2.18-
MeV state has been eliminated by a low-energy
threshold (-8.5 MeV) on the o, -particle counter
which was used to eliminate deuterons in this
counter. Because of the kinematic relationship
such a threshold leads to an upper proton-energy
limit of approximately 50 MeV. As a result of
this limit the q=0 point in the 45 data was cut
off. Hence, the data at this angle are somewhat
unreliable.

The quasifree knockout data for all angles Hp) 75' have reasonably similar shapes when plot-
ted as a function of recoil momentum, and have
a full width at half-maximum of 75+ 7 MeV/c.
This width is approximately 20%%uo larger than the
width measured by Ruhla et al.' This effect will
be investigated more carefully when a more de-
tailed comparison of theory and experiment is
performed. For Hp

= 45' and Hp = 60' we have fit-
ted an average shape to the data on the low-ener-
gy side of the curve in order to extract the maxi-
mum value of the cross section.

The maximum quasifree cross section for each
Hp was then divided by the kinematic factor, and
plotted as a function of center-of-mass angle in
the proton-alpha system. In the impulse approxi-
mation this plot should be proportional to the cen-
ter-of-mass cross section for free P-o. scatter-
ing. Figure 2 shows a plot of the data

1 d 0'

kinematic factor do dQ dE

compared with measured values of free P-a scat-
tering cross section from 31.0 to 93.0 MeV. ' The
error bars on the Li'(P, Pn)d data include both
statistical uncertainties and an estimate of the un-
certainty in the extraction of the maximum cross
section. In addition, we estimate that the uncer-
tainty in the absolute value of the cross section is
about 30%%.
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FIG. 2. (d a/dgpdQ d& ) && (kinematic factor)- as a
function of the center-of-mass scattering angle for the
p-e system compared with free p-n scattering. The
free p-e cross sections were taken from the summary
of Ref. 7. The normalization of the (p,pn) cross sec-
tion is indicated in Ref. 8.

In Fig. 2 we see that with the exception of the
Hp

= 45' point, the data follow the expected shape
of the free P ncross se-ction at 61.5 MeV over a
change in free cross section of more than a fac-
tor of 4. At the most forward angle, Hp =45, the
results fall below the free cross section, but
since the q =0 point was eliminated from the data
by the energy threshold, this measurement can
only be considered a lower limit.

A 2S oscillator wave function has been fitted to
the experimentally determined

i y(q) i'. The re-
sults give an (n+d) cluster parentage of (30
+10)%%uo for Li . This value seems signiiicantly
lower than expected, but is in reasonable agree-
ment with other measurements. The small clus-
ter probability generally obtained from cluster-
knockout analyses may indicate the importance
of multiple-scattering effects. However, more
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careful calculations must be performed before
one can draw any such conclusions.

At the present one can say that the cross sec-
tion for the reaction Li'(P, Pa)d follows the free
P n-cross section extremely well as predicted by
the impulse approximation and lends support to
the use of the impulse approximation in the anal-
ysis of cluster-knockout reactions even at these
relatively low energies. The small value ob-
tained for cluster-parentage coefficient is some-
what puzzling and indicates that multiple-scat-
tering effects may have to be included. If these
effects are important they could lead to an over-
all reduction in cross section, and possibly a
distortion of the

~ y(q) ~

2 as a function of q. Fur-
ther experiments should be performed in which
one attempts to study the distribution

~ y(q) ~

'
with rather high accuracy under various condi-
tions.
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Electromagnetic effects of catastrophic processes are examples of physical phenome-
na in which the usual treatment of the Lorentz gauge gives incorrect results. The re-
cently proposed new formulation of the Lorentz gauge leads to results identical to those
of the Coulomb gauge.

In earlier work we have called attention to the fact that the computational procedures currently fol-
lowed in quantum electrodynamics in the Lorentz gauge use state vectors that are not consistent with
the proper form of the subsidiary condition. '~' In Ref. 1 we developed a new formulation of quantum
electrodynamics in the Lorentz gauge in which this difficulty is overcome. We showed that because of
the adiabatic nature of scattering processes, there is no physical discrepancy between the two formu-
lations in the case of collisions, though the off-shell transition amplitudes of the old formulation are
inconsistent with the consequences of the proper subsidiary condition. In this paper we will demon-
strate that for catastrophic processes, the conventional form of the Lorentz gauge and the Coulomb
gauge lead to different physical predictions, and that the new formulation of the Lorentz gauge dis-
agrees with the old formulation, but agrees with the Coulomb gauge. ' Thus if one were to apply the
Lorentz gauge in its conventional formulation to such catastrophic processes, one would be making a
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