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TESTS OF THE PERIPHERAL MODEL FOR A CLUSTER KNOCKOUT REACTION*f
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The reaction ~Li+, 2o. )d was studied at 50.4, 59.0, 60.5, 70.3 and 79.6 MeV. The angu-

lar distributions and energy dependence of the off-energy-shell n-o. cross section were
extracted and compared with those for free Q. -e scattering. The agreement between the
two is excellent, as predicted by the peripheral model in the quasifree approximation,
but the quasifree approximation is not precise enough.

In the last few years there has been increasing
interest in cluster knockout reactions, which
potentially can give information about correla-
tions between groups of nucleons in the target
nucleus. ' A variety of reactions has been stud-
ied, including the (p, pd), (p, pt), (p, p'He), (p,
pa), and (a, 2o') reactions at bombarding ener-
gies up to 1 BeV, and analyzed using the "quasi-
free" or "peripheral" model to extract nuclear
structure information. However, few tests have
been made to verify the reaction mechanism and
the tests so far reported have not been very de-
manding.

As a suitable starting point for a systematic
study of the reaction mechanism we have chosen
the reaction 'Li(n, 2n)d, and have studied the
cross section for this reaction as a function of
scattering angle and of bombarding energy. The
observed cross section is found to depend in a
striking way on these variables. The peripheral
model in the quasifree approximation gives an
excellent qualitative description of these depend-
ences, while the detailed comparisons of theory
and experiment indicate the necessity for further
theoretical and experimental work.

The peripheral model' describes the reaction
A(a, ab)C by the diagram of Fig. 1(a), where the
lower vertex represents the virtual decay A -b
+ C and the upper vertex represents the elastic
scattering of particle a from the virtual particle
b. If we ignore the particle spins, the cross
section for emission of a and b into the solid
angles dA, and dQb with the kinetic energy of a
within dE~ is given by

in terms of the pair b, C. The quantity (da'/dQ)ab
is the elastic a-b scattering cross section at the
upper vertex. Because this scattering is off the
two-body energy shell, the cross section is not
obtainable directly from free a-b scattering
measurements and it is customary to make the
quasifree approximation in which (do/dQ)ab is
replaced by the measured a-b cross section at
some nearby point on the energy shell.

The characteristic feature of expression (1)
which results from the peripheral model is its
factorizability. 3 This factorizability may be
tested by seeing whether the cross section de-
pends in the expected way upon each of the quan-
tities

~ y(qc) ~2 and (dv/dQ)ab when the other is
held constant. Unfortunately our knowledge of
what to expect is limited. Since the cluster
structure of nuclei is not well known enough to
make accurate predictions of y(qc), tests of the
dependence of the cross section on qz are limited
to qualitative observations. One such feature is
the dependence of

~ y(qc) ~' on the relative orbital
angular momentum L of the pair b, C: Since
~ y(qc) ~

must behave like qc2~ near qc =0, the
cross section should vanish at q~ =0 if L+0.4

This feature has been observed in the cluster
knockout reaction 'Li(p, pt)o. at 55 MeV. '

Tests of the dependence of the cross section (1)
on (do/dQ)ab require a, knowledge of the off-en-
ergy-shell cross section, usually obtained by
making the quasifree approximation. Ruhla et
al. ' have applied a test of this type by comparing
the reactions 'Li(p, pa)d and 'Li(p, pd)o.', which
have the same p(qc), at 155 MeV. The ratio of

do'

dQ dQ dF. b

x (kinematic factor). (1)

The function p(qc), where qc is the momentum
of C measured in the rest frame of A, may be
interpreted as a momentum-space wave function
for that component of A which can be described

(a) (b)

FIG. 1. (a) Peripheral diagram for a knockout reac-
tion. (b) Sequential diagram for a reaction proceeding
via an excited state A* of the target nucleus.
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the cross sections was approximately equal to
the ratio of the free P-a and P-d cross sections.
This comparison was, however, essentially at
a single bombarding energy and scattering angle.
Very recently' the angular dependence of several
(P, Pn) reactions has been observed to be as pre-
dicted by the quasifree approximation.

For the present work we have selected a single
reaction, 'Li(n, 2n)d, and studied systematically
the dependence of the cross section on both scat-
tering angle and bombarding energy. Within the
framework of the peripheral model we have elim-
inated the dependence of the cross section on

l qI(qd}l by comparing cross sections always at
the same value of qd, namely qd =0. We could
then, subject to a constant normalizing factor
l qI(0) l', deduce the values of the off-energy-
shell (dv/dQ)nn and compare the angular and en-
ergy dependence of the off-energy-shell and free
n-n scattering cross sections.

We chose the target 'Li because it is known to
have an important (n+ d) component in its struc-
ture. ' We chose the (n, 2n} reaction because the
free n-n scattering cross section, which has
been extensively studied, 'y' has a rapid and char-
acteristic dependence on both scattering angle
and bombarding energy, which present a severe
test for the reaction mechanism if they are to be
reproduced in the cross section for the (n, 2n)
reaction. We chose initially to compare cross
sections at qd =0 because this offers the best
chance of success for the peripheral model. In
addition, previous measurements of the reaction
'Li(n, 2n)d had been made at 62 MeV"; these
showed a large peak in the cross section near
qd =0 which was interpreted as due to the knock-
out of L =0 alpha particles.

A beam of alpha particles from the Oak Ridge
isochronous cyclotron was used to bombard a
self-supporting 'Li target of thickness 0.6 mg
cm~. A variety of bombarding energies was
used, 50.4, 59.0, 60.5, 70.3, and 79.6 MeV. At
each bombarding energy coincident alpha parti-
cles from the reaction 'Li(n, 2n)d were detected
in ~E-E silicon surface-barrier detectors. The
two detectors were at angles t9, and (9„coplanar
with, and on either side of, the beam direction.
For each pair of angles, spectra of the coinci-
dent alpha particle energies E, and +, were re-
corded on a Victoreen 20000-channel analyzer.
From these spectra events were selected which
satisfied the kinematics for the reaction ~Li(n,
2n)d and these events were displayed as a func-
tion of E,.

Figure 2 shows the E, energy spectra at 70.3
MeV for 8, =44.25 and six values of 82. The ab-
solute cross-section scale for the experiment is
uncertain within ~40%, but internal comparisons
should be reliable within counting statistics. In
each spectrum the arrow indicates the location
at which the contribution from alpha-particle
knockout is expected, namely, the value of E,
for which the momentum qd of the recoil deuteron
is smallest. The knockout peak is largest near
8, =44.25 since only at that angle can the recoil
deuteron momentum be exactly zero. The other
peaks in the spectra shown are due to sequential
processes described by diagrams like that of
Fig. 1(b). Here the intermediate state Ai' is the
long-lived 2.18-MeV state of 'Li. Spectra simi-
lar to those of Fig. 2 were obtained at about 50
pairs of angles with special emphasis on the
"quasifree angle pairs, " for which qd =0 is kine-
matically possible.

To compare the 'Li(n, 2n)d cross section with
the free n-e elastic scattering cross section,
we extracted from the spectra at the "quasifree
angle pairs" the value of (dojdQ, d&~'dE, ) at qd = 0.
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FIG. 2. Energy spectra from the reaction 6Li(n, 20. )d
at 70.3 MeP and 8& =44.25 deg, for various values of
82. The arrow in each spectrum indicates the expected
position of the knockout peak.
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The correct location in each E, spectrum was
given by a relativistic three-body kinematics
program together with the E, calibration obtained
from o. -'Li elastic scattering measurements.
The cross section at this value of E, was insert-
ed into Eq. (1) to obtain" a value for 14(0)1 (do/
dO)o, &. If the peripheral model is correct this
gives, apart from the unknown constant factor
I
4'(0) Ia, the off-energy-shell o. -n cross section

for this reaction. If the quasifree approximation
is used as a guide, this off-energy-shell cross
section should depend on Ec m and 6c m in
much the same way as the free cross section.

The deduced off-energy-shell cross sections
are plotted as a function of {)c m in Figs. 3(a)-
3(c) for the three bombarding energies Eo =79.6,
70.3, and 59.0 MeV. The cross sections have
been normalized to unity at (9c m =90' to sim-
plify comparison with the free cross sections
measured at nearby energies, ' shown as solid
curves also normalized to unity at 6)c m =90'.
The a-n c.m. energy in the reaction sl.i(o., 2n)d
might be taken either as Ec m =E&, calculated
assuming that the incident particle strikes a
stationary free alpha particle in the target nu-
cleus, or as Ec m =Ef, the c.m. energy of the
two outgoing alpha particles. Ef is less than E.
because of the 1.47-MeV binding energy of 'Li,
while for free scattering Ec m =E; =Ep (=-,'E,
nonrelativistically). The angular dependence of
the off-energy-shell cross section is clearly very
similar to that of the free cross section, and a
systematic variation with energy is also clearly
present and similar to that of the free scattering.

To illustrate the energy dependence of the off-
energy-shell cross section, we show in Fig. 3(d)
the measured values of I p(0) Ia(do'/dQ)~~ at ec m=90' plotted as a function of E;. All the points
have been divided by I p(0) Ia 2.5 fm' sr ' to ob-
tain the best overall agreement with the free-
scattering cross section which is shown as a
solid line. The agreement between the energy
dependence of the off-energy-shell cross section
and that of the free cross section is remarkably
good.

The qualitative success of the peripheral model
and quasifree approximation is clearly excellent.
When we try to achieve a detailed quantitative
agreement we find, however, that the quasifree
approximation is not adequately specified. In
the quasifree approximation there is no unique
prescription for the correct values of Ec m and

at which to evaluate the free cross section
for use in Eq. (1). For the comparison in Fig.
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FIG. 3. (a)-(c) The off-energy-shell Qo/dQ}~~ de-
duced from the reaction SLig, 2n)d at 79.6, 70.3, and
59.0 MeV, plotted against 6jc m for the n-n collision.
The solid curves are values of (do/dQ)o ~ for free
scattering taken from Ref. 9. The results are normal-
ized to unity at ac m = 90'. (d) The off-energy-shell
(da'/dQ)~~ deduced from the reaction 6Li(e, 2n)d at
8c.m. =90', plotted against E~, the n-n c.m. energy
before the collision. The data points are normalized
using I q&(0)It =2.5 fm3 sr t. The solid curve is (dc/
dQ)~~ for Oc m

= 90 taken from Refs. 8 and 9.
(e) The same as for (d) except that the data are plotted
against Ef, the n-n c.m. energy after the collision,
and the normalization is obtained using

I cp(0)I =1.9
fm' sr-'.

3(d) we assumed that Ec m =Et . In Fig. 3(e) we
plot the same data as a function of Ef.. The fit is
at least as good, but the deduced value of 1{a(0)Ia

is changed by 30% to
I y(0) Ia =1.9 fm' sr '. The

energy dependence at Hc m. =90' thus does not,
with the presently available data, distinguish be-
tween Ec m =E& and Ec m =Ef. The angular
distributions in Figs. 3(a)-3(c) do however give
clearer indications of the values of Ec m to use
in making the quasifree approximation. The
choice Ec m =Ef gives an excellent fit to the an-
gular distribution at E, =70.6 MeV. However,
this choice is not so successful at 70.3 and 59.0
MeV, where still lower values of Ec m fit the
data better. '2

Our analysis of the cross sections at cgcO is
still at a very early stage. We have found that it
is important to take into account the variations
of (do/did)oo within each energy spectrum, such
as those of Fig. 2, before extracting information
on I q(qd) ~'. In a preliminary analysis we have
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used a simple phenomenological (o +d) cluster
model for 'Li, derived from the e-d scattering
phase shifts and the 'Li binding energy. We find
that the value of

~ y(0) P obtained from the data at
Oc.m. =90' is roughly a factor of 4 lower than
predicted. Furthermore the observed width of

~ y(~) P is too small. Use of a cutoff radius for
the o. -d wave function improves the agreement
with experiment in both these respects.

To summarize, we have studied the reaction
'Li(a, 2o. )d systematically over a wide range of
angles and energies. The peripheral model in
the quasifree approximation provides an excel-
lent qualitative description of the results. How-

ever, the choice of what on-energy-shell cross
sections to use in applying the quasifree approxi-
mation is not precisely enough specified, since
the various ways of making the choice give pre-
dictions differing by much more than the experi-
mental uncertainties. A better way of predicting
the off-energy-shell cross sections is needed.
Additional experimental data are needed, parti-
cularly in the energy region below 55 MeV, since
the existence (or absence) of resonances in the
'Li(o. , 2a)d yield would give valuable information
on the reaction mechanism. It would also be ex-
tremely useful to perform an experiment to test
the reaction for invariance under the Treiman-
Yang rotation' ~'; this would provide a test of
the peripheral nature of the reaction without re-
quiring any detailed knowledge of the interactions
at the vertices, hence avoiding the quasifree ap-
proximation altogether.
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COSMIC-RAY NEGATRON AND POSITRON SPECTRA BETWEEN 12 AND 220 MeV*
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The interplanetary negatron and positron spectra from 12 to 220 MeV have been deter-
mined with a balloon-borne magnetic spectrometer. The observed charge ratio e+/(e+
+e ) =0.3 indicates that the flux most likely consists of a mixture of "primary" nega-
trons and interstellar "secondary" negatrons and positrons. We deduce an absolute solar
modulation of the interstellar positron flux which decreases with decreasing magnetic
rigidity below about 80 MV.

Measurements of the shape and the charge
composition of the interplanetary electron' spec-
trum are important to studies of physical phe-
nomena in the interstellar and interplanetary me-
dia. At present, two source mechanisms are
considered major potential contributors to the
equilibrium cosmic-ray electron flux in the gal-
axy. "Primary" electrons are directly acceler-
ated in "hot" loci in the galaxy, e.g. , supernovae,
and "secondary" electrons are produced in colli-
sions of high-energy cosmie-ray nuclei with in-
terstellar matter. Positrons in significant num-
bers are expected only from the collision source,
and their spectrum can be calculated. '~3 Com-
parison of the calculated spectra with our mea-
sured results, which include information on both
the energy spectrum and charge composition of
the electron flux between 12 and 220 MeV, allows
us to determine the relative proportions of inter-
stellar primary and secondary electrons and to
impose restrictions on the propagation and solar
modulation of the observed cosmic-ray electron
fluxes.

Our measurements were performed near the
top of the atmosphere with a bal. loon-borne mag-
netic spectrometer. The detector system4 con-
sists of an array of scintillation counters, a 1-kG
permanent magnet, wire spark chambers with
magnetostrictive readout, and a Cerenkov coun-
ter. The instrument has a geometry factor equal
to 3.7 cm' sr between 25 and 200 MeV/&, de-
creasing at lower momenta to 1.5 cm' sr at 6
MeV/&. The momentum resolution for electrons
below 100 MeV/c is limited primarily by scatter-
ing and equals about 25% full width at half-maxi-
mum, independent of momentum. Above 100
MeV/c, the momentum resolution is a function

of the intrinsic angular resolution and is linear
with momentum, rising to 50% full width at half-
maximum at 200 MeV/c.

The data presented in this paper are derived
from three high-altitude ballon flights launched
from Fort Churchill, Canada, on 15 July, 20 July,
and 28 July 1968. Average float altitudes were
2.45, 2.40, and 2.35 g/cm' of residual atmo-
sphere, respectively, with variations of +0.15
g/cm'. The data discussed below were measured
during the nighttime period when the local geo-
magnetic cutoff was below our analysis thresh-
old. Since no statistically significant temporal
variations in the measured electron flux were ob-
served among the three flights, the data have
been combined for increased statistical accuracy.

A large fraction of the low-energy electrons ob-
served at an atmospheric depth of 2.4 g/cm'
originate in collisions of cosmic-ray nuclei with
atmospheric nuclei above. The separation of
cosmic-ray electrons from atmospheric secon-
daries is nontrivial. Our technique is to express
the atmospheric depth dependence of the mea-
sured positron or negatron flux && (d), for an en-
ergy interval i, as

Z. (d)=a. s. (d)+b. p. (d),

where d is atmospheric depth, s (d) is the depth
dependence of the flux of (atmospheric) secondary
positrons or negatrons, P+(d) is the depth depen-
dence of the flux of primary positrons or nega-
trons, and a and b+ are parameters which rep-
resent the relative contribution of the secondary
and primary components. The parameters a
and & were determined by a least-squares fit to
seven data points from 2.4 to 42 g/cm' atmo-
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