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Quasifree p-p Scattering in the Reaction H(p, 2p)n from 21.5 to 56.4 MeV

J. L. Durand, J. Arvieux, A. Fiore, and Cl. Perrin
Institut des Sciences Nucleai es, 88 Grenoble, France

(Received 1 March 1971)

Quasifree p-p scattering has been studied in the reaction H(p, 2p)n between 21.5 and 56.4
MeV. Results have been fitted with simple impulse-approximation models which reproduce
the position and shape of the quasifree peak but give too high an absolute value for the cross
section.

Simple impulse-approximation models' are very
suitable for explaining quasifree (QF) proton-pro-
ton scattering at bombarding energies Eo higher
than 150 MeV. At energies lower than 20 MeV
these models reproduce the position well, ' and
with less accuracy the shape of the QF peak, but
the absolute value is too high. In some cases this
factor is found to vary with energy. ' In Ref. 3 it
is found to be constant between 6.5 and 13 MeV.
Quasifree scattering (QFS) in the breakup of deu-
terons by protons has already been studied in the
intermediate-energy region and a paper' reported
data collected in three different laboratories. Our
results concern the d(p, 2p)n reaction and have
been obtained from 21.5 to 56.4 MeV using the
Grenoble variable-energy cyclotron. Targets were
98%%u~ enriched (CD,)„foils of 2 and 4 mg/cm' de-
pending on the incident energy. For the chosen set
of angles (8, =-8, =42') the momentum transferred
to the spectator neutron approaches zero. The two
protons are detected in coincidence by two tele-
scopes each composed of a 100-IU.m ~ surface-
barrier Si detector and a thick (4 to 't mm) Li-
drifted E detector. Each event is characterized by
five parameters: the energies E, and E, of the two
protons detected at times t, and t„ the energy loss-
es AE, and bS, in the AE counters; and the time
interval At=1, —t, . These parameters are stored
on magnetic tapes driven by a PDP-9 on-line com-
puter. Particle identification is made by computer
analysis of the recorded events. The time parame-
ter At permits a subtraction of background counts
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FIG. 1. Differential cross section d 0/dOfd+2dE f
versus Ef at Eo =21.5 MeV cleft) and 40 MeV (right).
The solid curve is a fit using the KWC model. N is a
normalization factor.

(corresponding to random coincidences between
particles scattered into two different beam pulses)
from the total counts to give the true coincident
spectra. The energy E, is then plotted versus E,
and projections are made over the axis E,. In Fig.
1 is given the triple-differential cross section
d'o/dQ, dQ, dE, versus E, for E, = 21.5 and 40 MeV.
The quoted errors are statistical only. Absolute
normalization uses the 'H(P, P)'H elastic scattering
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TABLE I. Differential cross section d~cr/dO&dQ2dE&

at the maximum height of the QFS peak. The indicated
error includes statistical and systematic uncertainties.
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Laboratory Detection Cross section
incident energy angles at the QFS peak

(MeV) (deg) (mb/MeV sr )
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zation
factor

0
EJ
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21.5
25
30
35
40
41.5
49.4
56.4

42.5-42.5
43-43
43-43
43-43
43-43
43-43
42.5-42.5
42.5-42.5

4.28 +0.43
3.5 +0.52
4.3 +0.43
3.4 +0.51
3.3 +0.50
4.49 +0.45
3.96 +0.40
4.39+0.44

0.25
0,23
0.32
0.28
0.30
0.41
0.41
0.51

data; uncertainty on the absolute cross section is
of the order of +10'. The experimental results
are displayed in Table I.

The experimental results have been fitted with
the Kuckes-Wilson-Cooper (KWC) model"' which
relates the QFS cross section to the P-P scattering
cross section by

o' do

dQ dQ d~
=I &(P,)l' d„1 2 1 free

where p(p, ) is the Hulthen wave function of the deu-

teron, P is a phase space factor, and (da/dQ)~ ~ is
the free elastic P-P cross section. For this latter
value we have taken the free P-p cross section' at
0, =90' for the energy available in the exit chan-
nel. One observes that the peak position and shape
are fairly well reproduced at 40 MeV, but there is
a tendency for the calculated shape to become
wider than the experimental one at low energy.
The absolute magnitude is characterized by a nor-
malization factor X which is the ratio of the calcu-
lated to the experimental cross section. This fac-
tor varies from 0.25 at 21.5 MeV to 0.51 at 56.4
MeV. So the experimental absolute cross section
is never reproduced by the above simple model be-
low 60 MeV.

In Fig. 2 is given the differential cross section
d'g jdQ, dQ, dZ, at the maximum height of the QFS
peak versus the incident energy Ep These results
are in good agreement with those given in Ref. 7.
The solid curve represents KWC calculations of
the type described above. The dotted line is the
result of a calculation of the inhomogeneous term
of the Faddeev equation where the antisymmetriza-
tion and the spin-isospin dependence have been
taken into account. ' Rescattering and higher-or-
der terms are neglected. The two calculations
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FIG. 2. Differential cross section d o/do&dQ2dE& at
the maximum height of the QFS peak versus the inci-
dent energy E0.

give about the same results above 20 MeV. One
sees that the simple impulse approximation gives
the shape of the spectra, but the absolute value

disagrees by a factor approaching unity as the in-
cident energy increases. Despite the careful
choice of the detection geometry which should en-
hance the QFS mechanism, this shows that higher-
order terms are not negligible at the energy con-
sidered. This agrees with exact calculations" of
the three-body breakup performed with an unreal-
istic separable nucleon-nucleon interaction.

Another phenomenological approach consists of
the introduction of a cutoff radius r, in the deuter-
on wave function. ' This modified simple impulse
approximation agrees well with experiments ex-
cept below 14 MeV. In this approach the incident
proton is supposed to interact only once with one
particle of the deuteron where the two nucleons
forming the target are at a distance larger than a
critical distance r, . This last free parameter
alone permits one to fit both the absolute value and

the shape of the QF peak.
There is another approach based on graph series

or Faddeev equations which attempts to explain the
discrepancy by rescattering effects without intro-
ducing any new parameters. This method has been
applied with success to the nucleon-deuteron sys-
tem in the elastic scattering ca,se." The same
type of calculation applied to the QFS would be
very interesting and is being performed at Greno-
ble."

We wish to thank R. Darves-Blanc for help in

handling the data and J. Pouxe for technical sup-
port. G. Paic is gratefully acknowledged for send-
ing us results prior to publication.
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The differential cross section for the reaction 6 Zn(d, 6Li)6 Ni at 27.2 MeV, leading to the
lowest 0+ and 2+ states was measured. The angular distributions show a diffraction pattern
and forward peaking characteristic of a direct process. A distorted-wave Born-approximation
(DWBA) calculation, in the zero-range approximation, with states represented by radial wave
functions with %=5 and %=4 nodes for I =0 and L =2, respectively, was performed. The
form factors correspond to the wave function of an 0. particle moving in a %'oods-Saxon poten-
tial. From the optical-model analysis the relative strength of the 0+ and 2+ states can be de-
termined within 20% error. In addition, a DWBA calculation including structure factors ob-
tained on the basis of the pairing-plus-quadrupole model, with a coherent sum over the cen-
ter-of-mass radial quantum number N, was used. The predicted ratio 0(2+}/o'{0+}is 0.8 of the
experimental value, with no significant difference in the shape of the angular distributions in
both analyses.

A number of papers' ' have emphasized the di-
rect character of the (d, 'Li) reaction in light nu-
clei. In order to investigate whether this is also
the case in the medium-mass region, and whether
the cross sections are large enough to be useful
as a tool in nuclear-structure studies, we mea-
sured the differential cross sections for the reac-
tion "Zn(d, 'Li)"¹at 27.2 MeV.

A self-supporting foil of enriched "Zn (98.5%)
was bombarded with the 27.2-MeV deuteron beam
of the Buenos Aires Synchrocyclotron, with an en-
ergy spread of 300 keV. An over-all energy reso-
lution of 450 keV full width at half maximum was
obtained.

The experimental setup included two independent
detection systems operating simultaneously. One
of them consisted of a conventional EE-E telescope
of solid-state detectors which allowed the passage
of the light particles.

The other one was a single detector thick enough
(100 p, m) to stop only the most energetic lithium
ions. The detectors, placed in symmetrical posi-
tions off the azimuthal plane, allowed for a contin-
uous cross-check of the data for the same angle.
The results are plotted in Fig. 1.

TABLE I

V raR az 8 D rN, a% roc
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

Deuteron b

Lithium
71.9 0.96 0.99
300 1.50 0.65

56 1.35 0,75 1.25
40 1.50 0,65 2.50

a Woods -Saxon derivative.
From Ref. 4..

The angular distributions for the 0'(g.s.) and 2'
(1.34 MeV) of "Ni show the diffraction structure
and forward peaking characteristic of a direct-re-
action mechanism. There is an indication of the
surface localization of the reaction in the rather
large decrease of the cross section at larger an-
gles.

The solid lines in Fig. 1 correspond to a DKBA
calculation carried out with the code DWUCK in the
zero-range approximation. The form factors we
used correspond simply to the wave function of an
z particle moving in a Woods-Saxon potential of
radius, diffuseness, and depth (around 200 MeV)
such as to bind, at the appropriate energy, the
states represented by a radial wave function~ with


