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The disintegration of deuterons by protons was investigated in a kinematically complete experiment de-
tecting neutrons and protons. Measurements were made at 42 different pairs of angles, in and out of the
scattering plane, using an associated charged-particle time-of-Aight technique and a proton counter tele-
scope. Experimental results are compared with spectator-model calculations, using the impulse approxima-
tion, and a Chew-I. ow extrapolation is presented. At a few sets of angles the n-p final-state interaction was
observed.

INTRODUCTION

1HE nucleon-deuteron (X D) interaction -in many..aspects represents the simplest "complicated" sys-
tern that can be studied with the hope that the results
can be given an exact interpretation in the near future.
The accumulated experimental evidence for the p-D
interaction, using incident protons of widely varying
energies, has indicated that these are two dominant
processes: (a) the process involving the 6.nal-state
interaction (FSI) of two nucleons (ttp or pp), and
(b) a direct process involving the scattering from one
nucleon with the remaining nucleon almost unaffected
by the process, i.e., quasifree scattering (QFS). Proc-
ess (a) has been extensively investigated to obtain
information about the low-energy E-lV scattering pa-
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rameters. ' Process (b) has not been studied extensively
in the p-D system, although the process has been
widelp. used for spectroscopic studies on heavier nuclei.
It seemed to us that the general lack of data on the
QFS of nucleons from the deuteron, the apparent
disagreement between D(p, 2p) experiments at difer-
ent energies, ' 7 and the lack of proton-neutron cor-

' See, e. g. , W. T. H. van Oers and I. Slaus, Phys. Rev. 160,
853 (1967);%.T. H. van Oers (unpublished); also H. Bruckman,
W. Kluge, and L. Schanzler, Phys. Letters 248, 649 (1967).

2 A. F. Kuckes, R. Wilson, and R. F. Cooper, Jr. , Ann. Phys.
(N. Y.) 15, 137 (1961).

3 R. E. Warner, Phys. Rev. 132, 2621 {1963).
'S. M. Bunch, C. C. Kim, and H. H. Forster, Rev. Mod. Phys.

37', 528 (1965).' K. Kuroda, F. Takeuchi, and T. Yuasa, in Proceedings of the
International Conference on Nuclear Structure, Tokyo, 1967
(unpublished) .

' I. Slaus, J. W. Verba, J. R. Richardson, R. F. Carlson, L. S.
August, and E. L. Petersen, Phys. Letters 23, 358 {1966).' B. Kuhn, H. Kumpf, K. Moiler, and J. Mosner, in Ferro Body
Problems, Light Nuclei and Nuclear Interactions, edited by G.
Paic and I. claus (Gordon and Breach, Science Publishers, Inc. ,
New York, 1969);B.Kuhn, H. Kumpf, K. Moiler, and J. Mosner,
Nucl. Phys. A120, 285 (1968).
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FIG. 1. Layout of the experimental area.

relation measurements justify the measurement of the
D(p, pn) p reaction in that region of momentum space
where the maximum contribution to the QFS process
can be expected. From the experimental point of view,
the neutron-proton correlation experiment has advan-
tages over the proton-proton correlations. These lie
in the fact that p-p, but not e-p, coincidences can be
caused by the hydrogen contamination in the target,
and in the fact that the detection of low-energy neu-
trons is easier than that of low-energy protons. The
measurement of the p-n correlation spectra provides
two important pieces of information relevant to the
study of the QFS process: (1) the absolute magnitude
of the cross section and (2) the shape of the spectra.
The existing (p, 2p) data have indicated substantial
departures from the predictions on both points. Ke
concentrate on the measurement of spectra at differ-
ent sets of angles, changing thereby the basic param-
eters in the QFS analysis. In addition, one series of
measurements was made where we moved one counter
out of the horizontal plane in order to compare the
noncoplanar results with the theoretical predictions.

Proton-neutron correlation spectra have been mea-
sured at 42 different sets of angles in and out of the
scattering plane. Several sets of angles were chosen
so as to favor the emission of e-p pairs with low
relative momentum to see the effect of the FSI process
and its importance relative to the QFS.
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primary approach is to remove or shield all sources
of such background. In our experiment, the target
(15-mg/cm' deuterated polyethylene) is placed in a
vacuum chamber, and the experimental area is ar-
ranged so that the beam (46-MeV protons) cannot
hit anything near the target. The beam-defining slits
and the Faraday cup are well shielded, as shown in
Fig. 1. The beam-handling area is covered with 4.5 in.
of steel and j.8 in. of concrete to reduce skyshine.

Since the above techniques cannot completely re-
move neutron and y-ray background, and do not
affect accidental coincidences due to y rays and neu-
trons produced in the target, the electronics is ar-
ranged to reduce the accidental count rate as much

EXPERIMENTAL TECHNIQUE A.ND
DATA ANALYSIS [GATE

l
-I GATE

p

In neutron-proton correlation experiments, it is nec-
essary to pay particular attention to accidental counts
arising from the y-ray and neutron background. The

to

64 x 64 rnernory

Fro. 2. Simpli6ed block diagram of the electronic circuits.
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as possible. Figure 2 shows a block diagram of the
electronic arrangement. A time-to-height converter
(THC) examines the time between the start of the
neutron pulse, as determined by fast crossover, and
the slow crossover of the linear signal after a double
RC amplifier. This time interval is different for y-ray
pulses and neutron pulses from the 5)&5-cm NE213
liquid scintillator. This method of pulse-shape dis-
crimination (PSD) not only works well, but the neu-
tron energy signal and the PSD signal can be dis-

played on a two-dimensional matrix. This display
enables the neutron —y-ray discriminator to be care-
fuHy set so that all neutrons are counted, even if this
results in accepting a few low-energy p rays.

The y rays in the proton counter are eliminated by
requiring a AE-E coincidence between a 10-mil Pilot 8
plastic scintillator and a NaI(Tl) crystal. The NaI(Tl)
crystal gives 1.5% energy resolution for the protons,
and the plastic scintillator generates a fast signal that
can be used for timing the neutron flight. Experi-
mental time resolutions of 1 nsec are generally ob-
tained. For each set of angles, 8„(proton angle),
e„(neutron angle), and @„„(the angle between the
proton and neutron scattering planes), coincident
events between one of the outgoing protons and the
neutron are recorded in a 64)(64 two-dimensional
array, energy (proton) versus time of flight (neutron).
The counts are accumulated in the memory of an
SDS 925 on-line computer. After each run, the total
counts are transferred to magnetic tape for later
anal& sis using an IBM 360-75 computer. Circuit delays
and timing are introduced to guarantee that the
maximum and minimum detectable neutron energies
are contained within the boundaries of the 64)&64
array.

Even though non-target-associated background is
virtually eliminated, there are still accidental coinci-
dences due to events in the target. Since the time
of flight is recorded, these accidentals can be easily
subtracted by examining the number of counts one
or two beam bursts away in time (35 or 70 nsec).
In this way the complications of having separate ac-
cidental or background runs are avoided. The beam
current is then limited solely by the number of target-
associated accidentals allowed.

The neutron-detector threshold is set by using the
Compton edge of Cs"'7 p rays. The ratio between the
amplitude of the pulse heights for protons and elec-
trons is such that this threshold corresponds to I'„~
2 MeV. '

Several geometries are used. The maximum angular
acceptance for both counters is always less than &2'.
The proton-counter solid angles are either 2.95)(10 '
or 3.65)&10 ' sr. The proton flight path is usually

"R. Batchelor, 'A. B. Gillroy, J. B. Parker, and J. M. Towle,
Nucl. Instr. Methods 13, 70 {1961);also, R. J. Schuttler, Oak
Ridge National Laboratory Report No. ORNL-3888, 1966 (un-
published) .

40 cm, while the neutron Aight path is usually 100 cm.
Some measurements are also made with neutron flight
paths of 150 and 200 cm. A brass stopper prevents
protons from reaching the neutron detector. This
stopper could be removed for energy calibration runs

using proton-proton scattering. In order to keep the
neutron counter in a constant neutron background,
we decided to move the proton counter for both the
coplanar and out-of-plane measurements.

There are three principal steps in the data reduction
program: (1) energy calibration, (2) projection of the
cross section on the proton axis, and (3) projection
of the cross section on the neutron axis.

The background in the coincidence spectrum shows
enhancements from p-d elastic scattering and p-C'-'

elastic and inelastic scattering. These enhancements
are used to provide energy calibration information for
the proton detector. For most of the runs, the lowest
energy obtained from background enhancement is
from p-d elastic scattering, and is not less than 10
MeV. To provide calibration data at lower energies,
we perform p-p scattering at relatively large proton-
counter angles using a normal polyethylene target.
The net energy of the incoming beam at a point
halfway through the target is calculated and used to
obtain. the energy of the elastically scattered protons
from hydrogen, and of the elastically and inelastically
scattered protons from O''-. The energy loss is cal-
culated for the scattered protons in the remainder of
the target, for the various foils that separate the
target chamber and the proton detector, and for the
passing counter.

The angle of the target relative to the incoming
beam is set to minimize the loss of energy by protons
emerging from the target at diferent proton-counter
angles. Because of the experimental configuration,
those elements which cause proton energy loss change
in effective thickness with changes in the proton-
counter angle. Therefore, the first step in projecting
the cross section on the proton energy axis is to
create a table of energies with the independent pa-
rameter as the energy at the center of the target, in
a range assumed to be 1—46 MeV in steps of 0.2 MeV,
and the dependent parameter as the energy remaining
at the point of entry to the sodium iodide counter.
By comparison and interpolation with the previously
determined calibration of the proton counter, the
actual proton energies and energy intervals as a func-
tion of channel number are determined. In contrast
to the actual energy calibration, this resulting curve
is highly nonlinear and changes with proton-counter
angle. It is, therefore, determined individually for each
set of experimental angles.

Peak-finding techniques are used to determine the
kinematic locus. The enhancement in the background
due to the protons elastically scattered from deuterons
is always above the proton-channel limit of the kine-
matic locus (i.e., at higher proton-channel number).
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TABLE I. Efficiency of the neutron counter, calculated for a
XE213 liquid scintillator. The scintillator used is a cylinder
5.08 cm long and 5.08 cm in diameter. Threshold neutron energy
L„=2 MeV.

Efficiency Efficiency

2.0
2. 5
3.0
3.5
4.0
4. 5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0
10.5

0.0182
0. 1321
0. 1502
0. 1562
0. 1530
0. 1647
0.1682
0. 1674
0.1658
0.1634
0.1600
0. 1566
0. 1531
0. 1434
0.1459
0.1424
0.1331
0. 1358

11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
16.0
17.0
18.0
20.0
22. 0
25.0
30.0
34.0
38.0

0.1327
0. 1298
0. 1272
0. 1255
0.1240
0. 1224
0. 1204
0. 1107
0. 1111
0. 1106
0.1113
0. 1138
0.1204
0.1237
0. 1256
0. 1180
0.1122
0. 1035

In most of the proton channels, the largest number
of counts below this occurs along the kinematic locus.
Although the number of counts in the background
region is generally small, it has been adequate to
employ the test of standard deviation to determine
the limits of the peak under which the counts are
added. Background under the kinematic locus is de-
termined by one of two methods. Because of the
pulsed nature of the cyclotron beam, the background
data, when projected on the neutron time-of-Right
axis, show an enhancement with a period equal to
the period of the cyclotron radio frequency. It is,
therefore, argued that the background in the spectrum
j. rf cycle from the kinematic locus is the best measure
of the background to be subtracted. In the first
method of background subtraction, this is done on a
channel-by-channel basis. In one important set of runs,
an error in timing caused us to miss counts in the
first four or five channels, and the last four or five
channels of the 64 channels on the time-of-Right axis.
In this case, background is determined by examina-
tion of the variation of background as a projection
on the neutron axis for the region above the p-d
elastic energy. Althongh it is expected that the back-
ground is made up of a superposition of Gaussian
distributions on a general background, it is assumed
that this background can be approximated with a
cosine curve. Approximate parameters for this assumed
cosine curve are determined, and, by renormalization
to the background region outside the peaks along the
kinematic axis, the background under each peak is
calculated and subtracted. The net counts per unit
energy interval has thus been determined. Before the
cross section can be calculated, however, it is neces-
sary to calculate the neutron-counter efIiciency, and
to introduce a normalization factor for target thickness
and integrated beam current. The neutron time-of-

TABLE II. Uncertainties in the determination of the absolute
experimental total cross sections. The uncertainties are given
for particle energies of about 22 MeV.

Source Character

Estimated
uncertainty
effect on the
cross section

(%)

Solid angle of the neutron counter
Neutron-counter efficiency
Xeutron-counter threshold

relative to neutron efficiency
Xeutron energy calibration

relative to neutron efficiency
Knowledge of incident beam

energy relative to neutron
efficiency

Xeutron absorption
Finite geometrical effects
Monitor-counter position
Monitor-counter solid angle
Monitor-counter counts
Monitor-counter dead time
Uncertainty in measured

D(p, p) D cross section
Background subtraction

Systematic
Systematic
Systematic

Random

Random

Systematic
Systematic
Systematic
Systematic
Random
Random
Systematic

Random

a0.6
&2.3
&2
&1
a0. 1

&2

9 S. N. Bunker, J. M. Cameron, R. F. Carlson, J. Reginald
Richardson, P. Tomas, %V. T. H. van Oers, and J. 4V. Verba,
Nucl. Phys. A113, 461 (1968).

Right axis does not provide an absolute measure of
the neutron energy because the total delays in the
circuits are not known. However, since the proton
energy is known, the neutron energy can be calculated
from three-body kinematics. By relating these cal-
culated neutron energies to the peaks along the kine-
matic locus, the calibration in terms of neutron energy
along the neutron axis is provided. A table (Table I)
of neutron efIiciency versus neutron energy is then
used to determine the counter eS.ciency for each
neutron energy. During each run, a monitor counter
records the number of protons elastically scattered
from the deuterons in the target. Using previously
determined absolute cross sections for p-d scattering, '
and the known solid angles, a normalization for each
run is obtained. Finally, the projection of the cross
section on the proton axis is obtained.

For projection of the cross sections on the neutron
axis, similar information to that described above is
used. The peak-finding technique is essentially the
same, the neutron energies and efficiencies are obtained
as described above, background is determined as above,
and, using the normalization factor, the cross section
is calculated.

The experimental cross sections are subject to several
sources of uncertainties, listed in Table II. It is im-
portant to point out that most of the quoted uncer-
tainties are dependent on the energy of the observed
particles. The uncertainties given in Table I are for
energies of particles around 22 MeV.

The solid angle of the neutron detector was cal-
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D(p, pn)p ot 46MeV
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ANGLE OF MOVABLE PROTON COUNTER (Hp)

Fro. 3. Proton-neutron correlation spectra pro]ected on the proton energy axis for d'6 g g pf r d'6erent an le settin of the proton detector in
the scattering plane. The neutron detector was fixed at 8=45', while the movable proton detector covered the angular region 20'—

culated using the distance from the target to a point
halfway through the scintillator, and it is probable
that the eAective solid angle is slightly larger. The
neutron detection efficiency introduces the most im-
portant uncertainty. The efficiencies used in the present
experiment are given in Table I, and are calculated
using the voRTRAN program of Kurz, ' modified for
the case of NE213. The parameters used in the pro-
gram were density factor, 0.041; composition of
NE213-CHy 2ye' light resolution, 0.13; and threshold
energy (equivalent to electrons), 0.589 MeV. The un-
certainties here occur primarily in the cross sections
used. The uncertainty in the neutron-detector thresh-

old (&100 keV) a6'ects the neutron eKciency in the
entire energy range, but primarily at low neutron
energies. An uncertainty in the cross section is also
introduced by the uncertainty in the neutron energy
calibration (500 keV), and the uncertainty in the
beam energy (&200 keV) through the shape of the
efficiency-versus-energy curve. The uncertainty in the
neutron absorption represents the maximum number
of neutrons that can be removed by the air, the brass
stopper, and the glass window before the neutrons
actually reach the liquid scintillator.

The finite geometry eGects represent mostly the
out-of-plane contributions to the counting rate caused

6.0-'
D(p, np)p

E =46M

50

40

L
CI

LLI

30-

b 20-

I.O-

20
90 80 70 60 50 40 30

angle of movable proton counter (8&)

~ ~F G. 4. Same as Fig. 3 except that the neutron detector was fixed at 8„=30'.The arrows indicate the position of the mm
spectator energy.

'o R. J. Kurz, University of California Lawrence Radiation Laboratory Report No. UCRL-11339 (unpublished) .
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FIG. 5. Noncoplanar neutron-proton correlation spectra for
8~=8~=45' projected on the proton energy axis for &„„=180',
170', 1N', and 150'.

by the height of the detectors and the vertical diver-
gence of the beam (&13 mrad).

Since we used a monitor counter for normalization
to obtain the cross sections, errors in its angular
position due to setting, to beam walks (&0.4'), and
to its distance from the target (&S%) influence the
cross sections.

The results obtained in various runs were repro-
ducible in absolute cross section within 10%, and it
is our belief that the &11% absolute uncertainty that
one deduces from Table II, combined with a relative
uncertainty of typically 6—8%, represents a fair esti-
mate of the precision of this experiment.

EXPERIMENTAL RESULTS

The aim of this experiment is primarily the study
of I-p QFS. Extensible measurements are made by
varying the proton-counter position through a wide
range of angles, keeping the neutron counter at two
angles, 45' and 30 . Also, out-of-plane measurements
are obtained by keeping the angles of both counters
at 45' relative to the incoming beam, but changing
the angle between the two scattering planes from
180' to 90.

A general and most prominent feature of the ob-
served spectra is a distinct enhancement in the spectra
at the positions where the energy of the unobserved
(spectator) particle is a minimum for a given kine-
matical situation; and the enhancement increases as
the minimum spectator energy decreases. This feature
can be seen in the isometric projections presented in
Figs. 3 and 4. Because of rather high cutoG energy
in the proton telescope (8 MeV), the spectra in Figs.
3 and 4 do not clearly exhibit the enhancements due
to the interaction in the final state of the two protons.
The high-energy peaks are mainly due to phase-space

enhancements, but may also include final-state I-p
e6'ects. Not surprisingly, the same patterns are visible
in the noncoplanar spectra, as shown in Fig. 5 for
diferent values of @„„.

The data are compared with a calculation using
the simple-impulse-approximation (SIA) cross section
given by Kuckes, Wilson, and Cooper. ' The principal
feature of this treatment is that it assumes that the
incident nucleon interacts with only one nucleon in
the deuteron, and that the nucleons are represented
in the final state by plane waves. Instead of calculating
the nucleon-nucleon off-energy-shell scattering ampli-
tude, the amplitudes for the elastic and quasifree
scattering in plane-wave Born approximation are com-
pared and, finally, the QFS cross section is expressed
in terms of the elastic cross section in the following
manner':

(QE +QEp)&(QE Ep)i&~

n-' (QEO) (E.+2E,)'(Ep+2E, )'

X
E-(v'En) ~(8, E)

2(QE ) —(QEO) cos8„+(QE„) cos8 „
In this expression, E„=2.226 MeV and Ay=59. 8 MeV
are the parameters of the Hulthen wave function
representing the deuteron, + is the incident proton
energy, E„, E„, and E, are the energies of the scat-
tered neutron, proton, and spectator proton, respec-
tively, 8„ is the scattering angle of the neutron, and
H„„represents the angle included between the neutron
and proton counter in the plane determined by them
and the target. The definition of 8„„, as given below,
allows the use of the Eq. (1) for coplanar and non-
coplanar geometries:

cos8 „=cos8, cos8„+sin8~ sin8„cosg„„, (2)

where 8~ is the proton scattering angle. The quantity
0 (8, E) represents the on-energy-shell differential cross
section for neutron-proton elastic scattering in the
center-of-mass system. The center-of-mass angle 8
changes with 8„and 8» unless 8„=8» when 8=90'.
However, because of the rather small variation of
~ (8, E) with angle, we have used in all our calcula-
tions data for 8=90'. The energy E, which represents
the energy of a proton bombarding a neutron at rest,
is equivalent to the energy available in the center-
of-mass system of the detected proton and neutron
in the three-body exit channel of the D(p, pl) p re-
action. The energy E, given in a relativistic calcula-
tion by

E= (I!M )EE„En+E~„+E„Mn
—(E '+2E M )"'(Ei,'+2E~„)'"cos8„„), (3)

varies considerably with angle, thus changing the value
of n(8, E) to be used at a given pair of angles. For
instance, in the case of H„ranging from 20' to 80
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with 8„=45', the center-of-mass energy in the e-P
system varies from 14.8 to 28 MeV, which means the
use of ~(8, E) values ranging from ~25 to ~10 mb/sr.
The fit obtained at diGerent angles 8„keeping 8„
constant is represented in Figs. 6(a)—6(p). These fits
are obtained by normalization to the peaks. The 6ts
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obtained with 8„=45' are good representations of the
situation occurring at 0„=30', so that the comparison
is not shown for 8„=30'. The simple theory gives a
reasonable prediction of the shapes of he cross-section
curves up to a spectator energy of about 3 MeV. Listed
in Table III are peak cross sections d'o/dQ„dQQE~
measured at the point where the spectator has mini-
mum energy, the calculated energy E i

from Eq. (3)],
the extrapolated value of 0(8, E) at 8=90' from the
compilation made by Wilson, " the cross section E=
n'(8, E) actually used in the normalized theoretical
fits of Figs. 6(a)—6(p), a,nd the corresponding spec-
tator energy, all of which are expressed as a function
of proton angle.

Table III shows a considerable disagreement be-
tween the maximum observed cross sections and those
given by the theoretical treatment, a disagreement
that cannot be explained by the experimental un-
certainties. It has been shown by Chew and Low~
that a disagreement is to be expected for values of
the spectator energy lying in the physical region
(E,)0). One assumes that the cross section, in a
restricted energy range, is dominated by the inhuence
of a pole located at E,= —-2E, and that the on-
energy-shell approximation would be fully valid at
the pole location. The ratio of experimental to theo-
retical cross sections calculated in the simple theory
should extrapolate to unity for E,= —1.1 MeV. The
ratio 0. ~i/~&a, is shown in Figs. 7(a) and 7(b). The
ratios displayed there are those obtained taking the

(p)

Fzo. 6. (Continued}.

"R. Wilson, The Aucleon-nucleon Interaction (John Wiley 8t
Sons, Inc. , New York, 1963).

'2 G. F. Chew and F. E.Low, Phys. Rev. 113, 1640 (1953).
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TABLE III. Values used in the Chew-Low extrapolation.

(@3~/4~~PI p)
(mb/sr2 MeV) (MeV)

cr(e, 8)
(mb/sr)

E
(mb jsr) (MeV)

20.0
25.0
30.0
35.0
37.5
40.0
42. 5
45.0
47.5
50.0
52.5
55.0
57.5
60.0
62.5
65.0
67.5

1.2
2.4
3.7
6.0
6. 1
7. 1
6.4
5.5
4.9
3.3
2.9
2.2
1.3
1.0
0.8
0.5
0.4

14.8
15.2
16.5
18.1
19.0
20.0
21.0
21.9
22.8
23.6
24. 5
25.2
25.9
26.5
27. 1
27.5
27.8

25.0
24.0
21.5
18.5
17.0
15.5
14.5
13.5
13.0
12.5
12.0
11.5
11.2
10.9
10.5
10.2
10.0

4.30
7.28
7.70
9.80
7.20
7.60
7.SU
6.22
6.25
5.05
5.70
5.50
4 ' 70
6.65
6.05
5.05
3.60

0.56
0.49
0.30
0.10
0.05
0.02
0.01
0.05
0.13
0.27
0.48
0.74
1.04
1.45
2.00
2.50
3.00

maximum cross sections given in Table III and the
theoretical cross sections calculated using the o(E, 8)
from Table III. The data are displayed in two groups.
Figure 7(a) shows the ratio obtained for data when
8 +8„&87.5', and Fig. 7(b) shows that ratio obtained
when the sum is greater than 87.5' (at fj +co=87.5'
the energy E, reaches zero at one point of the spec-
trum).

The line shown in Fig. 7(a) is the result of a least-
squares fit. It is interesting that the line as drawn
in Fig. 7(a) intercepts the value E,= —1.1 MeV at a
value of the ratio o.»~/oo, ~, of 1.2&0.1 instead of 1.0.
The uncertainty in the absolute measured cross sec-
tion (&11%),plus the uncertainty in o(8, E), might
be responsible for the departure from the unit ratios
at J,.= —1.1 MeV. However, the ratios shown in Fig.
7(b) cannot be reconciled with the predicted results.
The ratios obtained by using integrated cross sections,
within the limits E,&2 MeV, show the same feature
seen in Figs. 7 (a) and 7 (b) . The Chew-Low plots
could also be affected by variations of neutron efti-
eiency with energy. The points for 0„+0„&87.5' cor-
respond to a range of neutron energies and eKciencies.
However, the use of the efIiciencies calculated by
Kurz's program should minimize errors of this type.
%hen 0„+0„&87.5, the neutrons are observed at
essentially constant energy, so that a change in the
table of e@ciencies would not change the slope of the
Chew-Low plot. The results for the case when 0„=30'
and 0„+0„&87.5 are essentially in agreement with
the results just presented. In the 0„+0„&87.5' region,
we have only two points when 0=30, and it is dif-
ficult to give any appraisal on the basis of these
two points.

In order to complete the set of data on the
D(p, pn) p reaction in the particular part of the mo-
mentum space favoring the quasifree n-p scattering,
we have also performed noncoplanar measurements
of correlation spectra. The spectra obtained at 0„=

0„=45 and $„~=180', 170', 160', and 150', together
with the curves predicted by the SIA, are shown in
Fig. 5, and Fig. 8 shows the peak cross sections in
the spectra as a function of the angle between the
two scattering planes. The solid curve in Fig. 8 was
calculated using the values of the n pelastic -scat-
tering differential cross section as given by %ilson
and, subsequently, normalizing the Anal result by 0.51.
The disagreement of the points marked by circles in
Fig. 8 with the solid curve at &„„=180' and 170'
stems from the eGect of the angular aperture of the
counters, which has not been folded into the theo-
retical treatment. It is surprising that the present
calculation reproduces the shape of the experimental
curve so well. It should also be pointed out that, up
to a spectator energy of 4 MeV, the ratio of o.»&/o;h~, .

is constant, much as in the cases in the plane with
0„+0„&87.5'.

In the course of the measurements, two pairs of
angles were picked at which the emission of a singlet
e-p pair with zero relative energy is possible. Since
the outgoing low-energy protons have energies below
the detection threshold, the FSI of the n ppair is-
observed in the projections on the neutron axis, where
the energy calibration and energy resolution are poorer.
The results of the measurements at these two pairs
of angles show the presence of both the FSI peak
and the QFS peak. It is interesting to point out that
the QFS is the predominant process even though we
are kinematically removed from the best experimental
situation (8„+0~~90'). This feature of the prepon-
derance of the quasifree mode of interaction sur-
prisingly has been confirmed" at lower energies in
the reaction D(p, pp)n at E„=8—11 MeV where, be-
cause of the low energy, and hence large de Broglie
wavelength, QFS is not expected to take place.

The experimental spectra are shown in Figs. 9(a)

"A. Niiler (private communication).
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'4 K. M. Watson, Phys. Rev. 88, 1163 (1952) ."A. B. Migdal, Zh. Eksperim. i Teor. Fiz. 28, 3 (1955) /Eng-
lish transl. : Soviet Phys. —JETP 1, 2 (1955)j.

and 9(b). For comparison, the same figure shows the
theoretical spectra obtained from the separate con-
sideration of the QFS and FSI processes. Both curves
were independently normalized to the data. The curve
fitting the high-energy peak in the spectra was ob-
tained by using Eq. (1), with the difference that the
subscripts n and p are exchanged. The shape of the
low-energy peak was compared with the Katson-
Migdal expression, "" which predicts

CPo P

d0 dQQE (—1/a+-2rok')' '

where p is the three-body phase space given by

(v'E. )E~

2(QE„)—(QEO) cos8~+ (QE„) cos8„„'

a is the scattering length, ro the effective length, and
k= (me/h')"-. The quantity e refers to the center-of-
mass energy of the two-nucleon system, and m is the
nucleon mass. The calculations are performed using
a„„=—23.678 F and ro=2.515 F.

A review of Figs. 6(i)—6(o) indicates that both p-p
and n;p FSI's are present, although not clearly de-
Gned, owing to projection on the wrong axis for clear
definition of the n-p case and to the high proton
threshold in the p-p case.

Coplanar correlation spectra taken at symmetrical
angles 8„=8„are shown in Fig. 10. The shapes of
the experimental spectra are in good agreement with

I I I I I I I I I I I I I

l.5—
D{p, pn)p

I I

Ep =46MeY

I.O—
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0
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I.5—

b

I.O

0
22 262 6 IO !4 IS

En in MeY

FIG. 9. Proton-neutron correlation spectra projected on the
neutron energy axis for two different sets of angles. The theoretical
curves have been independently normalized to the data.

the predictions of the simple theory. The pair of
angles 51'-51 is such that both n-p and p-p final
states should be observed. There is evidence for both,
but the QFS still predominates

DISCUSSION

The observation of both m-p and p-p FSI's suggests
that they might partially account for the behavior of
the Chew-Low plots, for the data in the plane with
8„=45'. When 8„ is &45, we are in a kinematic
region in which there are no competing processes.
However, when 8„)45', it seems possible that there
are also contributions from the FSI's. Figure 11 shows
a kinematic contour plot that demonstrates the vari-
ous regions. The contours centered at 42.5 and 23
MeV, and extending to 3-MeV spectator energy, in-
dicate the region of QFS.

Figure 11 also shows the contours of internal energy
in the final-state p-p and n-p systems. An examina-
tion of the data in Fig. 9 indicates that the ri-p FSI
becomes very weak as the internal energy approaches
2 MeV, and that there is little distortion of the QFS
peak. The 2.0-MeV contour of the p-p final state
then indicates a rough limit for this eGect. Other
experiments"' have indicated that the proton-proton
FSI does not extend significantly beyond ~4-MeV
internal energy. A comparison of Figs. 6(j) and 11
shows no apparent contribution of the p-p FSI past

~' B.E. Corey, E.L. Petersen, R. F.Warner, R. W. Bercaw, 'and
J. E. Poth (unpublished. )

'7 C. C. Chang, E. Bar-Avraham, H. H. Forster, C. C. Rim,J.R. Richardson, P. Tomas, and J. W. Verba, Phys. Letters 283,
175 (1968).
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4-MeV p-p internal energy. However, preliminary
calculations by Warner, " using the distorted-wave
Born-approximation (DWBA) approach of Henley,
Richards, and Yu," of only the p-p final-state con-
tribution to our results indicates a constant value in
the kinematic region dominated by the QFS. This
tail, in the range 45 &8~&65', is about one-half of
the (nearly constant) peak cross section at 8-MeV
proton energy. If we estimate this contribution from
Fig. 6, and subtract it from the QFS peak, there is
no signifjIcant change in the Chew-Low extrapolation.
It does not appear that the FSI's can be directly
responsible for the high peak cross section in the
region in which 8~&45', and, therefore, for the extraor-
dinary behavior of the Chew-Low plot in this region.

The theoretical treatment has not taken into ac-
count the cross-section terms introduced in more
sophisticated approaches such as: (a) the Born- (im-
pulse-) approximation-type calculation, where contri-
butions are included (i) in which the observed particle
is actually a high-energy spectator, a,nd (ii) owing to
the interference term between this and the usual SIA
treatment~& (b) the double-scattering corrections";
and (c) the inclusion of a FSI term"

It is difFicult to reach conclusions about the im-
portance of interference terms to the magnitude of
the QFS peak. On the one hand, it seems that the
correction factors are more prone to a6ect the sides
of the peak in the spectra, ~ and that the measure-

"R. E. Warner (private communication).
'9 I'.. M. Henley, F. C. Richards, and D. U. I.Yu, Nucl. Phys.

A103, 361 (1967).~ A. H. Cromer and E. H. Thorndike, Phys. Rev. 131, 1680
(1963}.

"A. Everett, Phys. Rev. 126, 831 (1962}.
'2 M. L'Huillier, Institut de Physique Nucleaire Orsay Report

No. IPNO/TH. -141, 1969 (unpublished) .

ment of the sz-p FSI peak indicates no evidence for
a strong interference with the quasifree peak. As fur-
ther evidence, we have the agreement of the spectator-
model calculations in the spectra in which, even for
relatively high spectator energies (~2.5 MeV), no
drastic deformations occur. On the other hand, the
fact that the p-p FSI might have a significant, but
nearly constant, contribution under the QFS peak
would suggest that one needs to subtract the FSI
"background" before drawing conclusions. A mea-
surement in the region of low p-p internal energies
should be able to provide useful information about
the interference of p-p FSI and e-p QFS processes.

The basic difhculty with the prediction of magnitude
may be in the Born approximation itself. This theory
prescribes that the cross sections should be compared

90—
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70--

40--

30—

IOI—

I I I I I I I

0 4 8 I2 l6 20 24 28 32 36 40 44
Ep MeV

FrG. 11.Kinematical contour plot of the possible processes
in the 8„—E„plane for 8„=45'.
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at energies corresponding to the same momentum
transfer. The change of that requirement in more
complete theories may lead to better agreement in
the Chew-Low extrapolation. An alternative way of
improving the calculation might be the replacement
of the term o(E, 8) in Eq. (1) by the off-energy-shell
scattering cross section. A series of measurements
carried out at other angles where the various effects
have different separations would throw light on the
questions about interference, while a series carried
out at a fixed set of angles at different energies both
below and above the present one would be of interest,
since the change of incident energy is probably the
best way of moving the scattering process to diferent
depths o6 the energy shell. Sets of such experiments,
besides their value for the appraisal of the approxi-
mate treatment, would be helpful for a comparison
with exact solutions of the proton-induced deuteron
breakup developed along the lines of the recent works
of Schulman" and of Noble. '4

(2) The shape of the measured spectra are satis-
factorily fitted by the spectator model.

(3) The noncoplanar experiment demonstrates that
the quasifree process tends to be coplanar except for
the broadening allowed by the target internal wave
function.

(4) Within the frame of the SIA approach, it has
not been possible to explain the absolute cross sec-
tions. A Chew-Low extrapolation attempt is partially
successful in relating the observed cross sections to
the free scattering cross sections, but also indicates
that other e6ects enter.

(5) The results should be compared with further
calculations including interference and FSI terms. This
will necessitate an examination of various degrees of
approximation, including the Born approximation.

(6) The dependence of the cross section on off-
energy-shell eSects should be examined. Although
there is no direct evidence that these are important,
they remain an important unknown factor.

CONCLUSIONS

(1) The fact that the QFS process is strongly
related to the energy of the spectator particle has
been demonstrated.
"L. Schulman, Phys. Rev. 150, 1129 (1967) ."J.V. Noble, Phys. Rev. 1{i1,945 (1967).
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We report differential cross sections at 40—50 angles (35'—110' c.m. ) for "N-"N and "N-"0 elastic scat-
tering. The c.m. energies vary in steps of 200 keV from 5 MeV to ~18 MeV. For '4N-'4N, some additional
data extend to ~20 MeV. Only at the lower energies does either the optical model or a modified diffraction
model satisfactorily describe the data. At the higher energies, weak but broad peaks appear in the excita-
tion curves. Evidence concerning finer structure is inconclusive.

INTRODUCTION

ECEiN TLY, we have made extensive measurements
on "N-"X and "X-"0elastic scattering and have

~ ~

~

~

employed both a modified Blair model' and an optical
model to describe the data. Subsequent to our analysis,

* Work supported in part by the U. S. Atomic Energy Com-
mission.

t Present address: Schlumberger, 5000 Gulf Freeway, Houston,
Tex.' J. S. Blair, Phys. Rev. 95, 1218 (1954) .

other models have been proposed to describe heavy-ion
elastic scattering. ' 4

The only other data on "X-"N scattering are those of
Reynolds and Zucker, who measured the difI'erential

' W. Scheid, R. Ligensa, and W. Greiner, Phys. Rev. Letters 21,
1497 (1968).

~ K. A. Brueckner, J. R. Buchler, and M. M. Kelly, Phys. Rev.
1'73, 944 (1968).

4 R. J. Munn, B.Block, and F. B.Malik, Phys. Rev. Letters 21,
159 (1968); L. Rickersten, B. Block, J. W. Clark, and F. B.
Malik, ibid. 22, 951 (1969).' H. L. Reynolds and A. Zucker, Phys. Rev. 102, 1398 (1956).


