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Calculations based upon the Faddeev equations and measurements of proton-induced deuteron disintegration
cross sections have been made at 23.0 and 39.5 MeV for two types of constant-relative-energy loci. In the
first configuration the variation of the breakup cross section was studied for fixed values of the final state
NN relative energies and a fixed momentum of one of the emerging protons. In the second configuration the
variation. of the breakup cross section was studied for equal relative energies between all three pairs of
nucleons with the two protons emerging with equal momenta symmetrically with respect to the incident beam
direction. At 39.5 MeV calculations and measurements were made of both types of loci while at 23.0 MeV

only the second kinematical configuration was studied.

types of constant-relative-energy loci; comparisons with three-body calculation

[NUCLEAR REACTIONS 2H(p,2p)n at T,=23.0 and 39.5 MeV, measured two ]
S

using the Reid soft-core potential.

I. INTRODUCTION

In recent years there have been numerous in-
vestigations in the low energy region of systems
consisting of three nucleons. These studies in-
cluded measurements of N-d elastic scattering dif-
ferential cross sections and vector and tensor
analyzing powers, as well as nucleon induced
deuteron disintegration in kinematically incomplete
and complete experiments. With the evolution of
exact three-body calculations based upon the Fad-
deev equations there has been a continuous inter-
play between improved theoretical predictions and
carefully selected high precision experimental
data.® Whereas the original Nd theoretical cal-
culations used S-wave local or separable NN po-
tentials, the more recent calculations have used
realistic potentials. Benayoun et al.2 reported
results for the interaction of Sprung-de Tourreil,
type C, with the 'S, 3S,-°D, 'P,, and °P, , , waves
treated exactly and the 'D, and ®*D, waves added
perturbatively. Comparison with experimental
elastic scattering data at 14 MeV incident nucleon
energy showed very good agreement with the ex-
ception of the deuteron vector analyzing power.
Stolk and Tjon® reported on results for the Reid
soft-core potential with the tensor part and P waves
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and D waves treated perturbatively. Although the
use of perturbation methods to calculate the spin
observables in elastic scattering may need further
scrutiny in some cases,* agreement with experi-
ment is impressive.

The experiments studying nucleon induced deu-
teron disintegration have been concerned mainly
with regions of phase space where two-body ef-
fects prevail as in, e.g., quasifree scattering and
final-state interaction processes. For kinematically
complete experiments this implies coplanar geo-
metries. As in the case of elastic scattering ex-
periments, the ultimate aim of the deuteron dis-
integration experiments is a detailed comparison
with exact three-body calculations based upon the
Faddeev equations. Even relaxing the condition
that comparisons should properly be made with
predictions calculated using NN potentials which
are phase equivalent (i.e., potentials which repro-
duce equally well the NN on-energy-shell experi-
mental information), the observed differences are
not much larger than the experimental uncertain-
ties for most deuteron disintegration data. Con-
sequently, relatively little has been learned from
such comparisons.

In order to find a region of phase space where
the differences between calculations with different
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potential models become really significant, Kloet
and Tjon® performed a search of four-dimensional
phase space mapping the differences of the pre-
dictions for two local S-wave NN potentials. It
was found that the greatest differences occurred

in the regions of cross-section minima where the
breakup amplitude for the state with total spin

S=% and spin for the pair of identical nucleons
Syx =0 [denoted as M (3, 0)] is the only nonzero
amplitude. The occurrence of such minima is

due to a delicate cancellation of the single-scatter-
ing or Born part with the multiple-scattering part
or remainder of this breakup amplitude. The value
of the cross section in these regions depends in a
subtle way on the dynamics of the three-body scat-
tering, as expressed in the Faddeev equations.

In the present study two kinematical configura-
tions were chosen to investigate these interference
effects. In the first configuration the variation of
the breakup cross section was studied for fixed
values of the final-state NN relative energies and
a fixed momentum of one of the emerging protons.
By choosing, as suggested by Jain, Rogers, and
Saylor,® particular equal relative energies between
the two protons and the neutron one ensures that
the cross section is dominated by the M(%, 0) am-
plitude.

In the second configuration the variation of the
breakup cross section was studied along loci which
are defined by the requirements of equal values
for the final-state NN relative energies and of
symmetry with respect to the incident beam direc-
tion for the momenta of the two emerging pro-
tons. In this kinematical situation only the crucial
M(%,0) doublet amplitude contributes.

Recently, Stolk and Tjon’ extended their cal-
culations to nucleon induced breakup near 23 and
46 MeV. Whereas there are difficulties in repro-
ducing the vector analyzing powers for the
2H(p, p)np and 'H(d, p)np reactions at 22.7 MeV
incident nucleon energy (possibly related to the
convolution of the n-p relative energy in the final-
state interaction region), there is considerable
improvement over local S-wave type calculations

‘“in the agreement with the 23.0 MeV symmetric-
constant-relative-energy locus of the present ex-
periment.

In the present paper a detailed comparison is
made between experimental results for a particular
[Jain, Rogers, and Saylor (JRS)] locus at 39.5
MeV and for the symmetric-constant-relative-
energy loci at 23.0 and 39.5 MeV and theoretical
predictions of three-body calculations using the
Reid soft-core NN potential. The experimental
arrangements and procedures are described in
Secs. II and III, while data reduction and analysis
are described in Sec. IV. Experimental results
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and the comparison with theoretical predictions
are reported in Sec. V. Finally, Sec. VI presents
a discussion of the results and some conclusions.

II. EXPERIMENTAL ARRANGEMENTS

The experiment was performed on an external
beam line of the University of Manitoba sector-
focused cyclotron. The energy of the proton beam
was determined by a 45° deflection through a cal-
ibrated bending magnet. The calibration of the
bending magnet followed from cross-over mea-
surements® using thin CH, and CD, targets at a
number of energies in the range 20-50 MeV and by
observation of the well-known J™ = 3* resonance in
°Li at an excitation energy of 16.68 MeV (corre-
sponding to an incident proton energy of 23.39
MeV).? From these and previous measurements
the calibration of the bending magnet was found to
be accurate to £0.15% in the momentum. The ener-
gy spread of the momentum analyzed beam was
calculated to be about 200 keV full width at half
maximum (FWHM) at 40 MeV for the slit settings
used.

The scattering chamber (71 cm internal dia-
meter) contained two counter telescopes, one of
which could be moved in a horizontal plane through
the incident beam direction, while the second one
could be moved to practically any position in the
upper hemisphere. A standard gas scattering geo-
metry was adopted. Each counter telescope con-
sisted of a slit with a parallel straight-edged aper-
ture perpendicular to a plane through the direction
of the detected particle and the incident beam, an
antiscattering baffle, and a solid angle defining
collimator with rectangular aperture followed by a
set of detectors. The first counter telescope could
be set remotely with an angular precision of +0.05°,
while the second “out-of-plane” counter telescope
could be set to £0.2°in & and £0.5° in 8. The no-
tation used, as well as the relation between the
angles o and B and the set of spherical coordinates
6, and ¢,, is indicated in Fig. 1. The accuracy
with which the out-of-plane collimator system
could be set perpendicular to its scattering plane
was Ae=%0.5°% All collimators were fabricated
from nickel (0.28 em thick) and had straight-edged
apertures. Nickel was selected for the collima-
tors because of its low slit edge scattering for a
given thickness and its low neutron production
cross section.’® The collimator geometry is given
in Table I following the notation of Silverstein.!!
Each detector system consisted of a 200 um thick
surface barrier AE detector for timing and par-
ticle identification, a 5 mm thick lithium drifted
silicon E detector for energy determination of the
breakup protons, and a 500 um thick surface bar-
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FIG. 1. (a) Angle convention adopted for the three-
body breakup reactionp +d—=p +p +n (1 +2—~3+4+5).
(b) Relationship between the noncoplanar equipment angu-
lar settings (o, 8, €) and the spherical coordinates
(©4, ¢4)-

rier VETO detector for rejection of elastically
scattered protons. All detectors had sensitive
areas of 200 mm® The in-plane and out-of-plane
detector systems were cooled to =30 °C and =20 °C
by a freon refrigeration unit and a Peltier cooler,
respectively. .

The deuterium gas (99.5% purity) was contained
in a hemispherical gas cell which had a window
in the horizontal plane through the scattering
chamber center 1.90 cm high extending over 360°
with the exception of two support posts 20° and
40° wide, and a window in a vertical plane through
the scattering chamber center 1.60 cm wide ex-
tending over 90° The gas cell was attached to the
noncoplanar equipment. The windows were covered
with 25 yum Kapton-H foil. The gas pressure was
measured at the beginning and at the end of each

experimental run with a precision mechanical ab-
solute pressure gauge calibrated to an accuracy

of £3.5 Torr. Standard data-taking conditions were
with pressures ranging between 1250 and 1500
Torr. Monitoring of the gas pressure was possible
using closed circuit television. The temperature
of the gas was monitored continuously by measur-
ing the resistance of a calibrated thermistor
embedded in the inside wall of the gas cell. The
temperature was measured to an accuracy of 0.5°
To prevent buildup of contaminants, the gas cell
was flushed in situ at the beginning of each run
with the scattering chamber under vacuum.

The proton beam traversing the scattering cham-
ber was captured in a well shielded, 1.75 m long
Faraday cup lined with 2.5 cm thick graphite. The
vacuum in the Faraday cup was separated from the
vacuum in the scattering chamber by two 50 um
thick Kapton-H foils and 4.0 cm of air. The elec-
trical resistance between the steel casing of the
Faraday cup and its central graphite core was 10'*®
ohms. A copper suppressor ring inside the Fara-
day cup was maintained at —1.5 kV with respect
to the steel casing to prevent secondary electrons
from entering or leaving the graphite core. The
beam current was monitored by -a charge integra-
tor with a quoted accuracy of 0.2%. However, due
to uncertainty in the charge collection efficiency
of the Faraday cup and the existence of beam halo
a more realistic uncertainty of 1% was assumed.

The electronic instrumentation consisted of stan-
dard fast and slow electronic modules. All detec-
tors were followed by charge-sensitive preampli-
fiers. Timing information was derived from the
AE detectors by using fast linear amplifiers,
variable band pass timing filter amplifiers, con-
stant fraction pulse height discriminators, and a
time-to-amplitude converter (TAC). To reduce
radio-frequency (rf) pickup, shorted clipping
stubs of length & times the wavelength of the rf
noise were connected at the input of the band pass
filter amplifiers. The noise reduction achieved
by this method was a factor of 5. To further reduce

TABLE I. Geometry of the in-plane and out-of-plane collimation systems.

R h 2qa 2 12 20 Q AQ
Detector (cm) (cm) (ecm) (cm) (cm) (1073 s1) %)
. ;
n-plane 14.73  8.89 0.398  0.596  0.401 1.016 1.6
set I
In-pl
n-plane 14.73  8.89 0.298  0.392  0.297 0.470 2.2
set II
Out-of-plane  14.73  8.89 0.402  0.597 " 1.598 1.016 1.6

2 Note that the solid angle defining apertures had rounded-off corners.
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electronic noise the detector systems and the
scattering chamber were electrically isolated
from each other and from their surroundings.
Great care was taken not to introduce any ground
loops. The time resolution obtained was well with-
in the 35 nsec separating cyclotron beam bursts.
Typical values were 8 nsec FWHM or better at
39.5 MeV and 4 nsec FWHM at 23.0 MeV. Pulses
from the VETO detectors were passed through
shaping amplifiers and fed into timing single chan-
nel analyzers, (TSCA’s). The output pulses of
these TSCA’s were fanned in to the inhibit input of
the TAC. Pulse height information was extracted
from the AE and E detectors using shaping am-
plifiers, delay amplifiers, pulse stretchers, and
analog-to-digital converters (ADC’s). The output
of the TAC generated a master coincidence pulse
which opened the ADC linear gates to initiate event
processing and also provided a 1.5 usec wide clock
pulse to allow storage of any pileup flags present.
Pileup pulses were generated if events in a AE
branch followed each other within 4 ysec. For
each event five linear signals were stored by the
PDP15/40 computer: the AE pulses, the linear
sums of AE and E pulses, and the timing signal.
The TAC spectrum with pileup pulses removed
was monitored continuously during the experimen-
tal runs by a 4000 channel pulse height analyzer.
This display provided a sensitive check of the con-
dition of the AE detectors and of the performance
of the AE branch of the electronics. In addition,
the spectrum of deuterons observed by the in-
plane detector and stored in a second pulse height
analyzer provided an independent check of the
cross section determination by comparison with
known p-d elastic scattering differential cross
sections,'?

The data were accumulated in the computer as
two 64X 64 channel T, versus T, arrays, one for
real plus accidental coincidence events and one
for accidental coincidence events over three beam
bursts. The data were also recorded event by
event on magnetic tape for later off-line analysis.
Of the two pulse height analyzer spectra, only the
spectrum of deuterons observed by the in-plane
detector was recorded for later analysis.

III. EXPERIMENTAL PROCEDURES

A waistof the incident protonbeam was positioned
at the center of the scattering chamber. After
passing the momentum analyzing slits in the focal
plane of the 45° bending magnet, no further beam
defining collimators were employed. The direc-
tion of the incident beam was checked using two
Nal monitor counters with closely similar geo-
metries located at 37.5° on either side of the scat-
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tering chamber. Observing protons elastically
scattered by a 1 mg em™? thick nickel foil ad-
justments were made in the beam transport pa-
rameters until the two yields agreed to within 1%.
It was found that the beam axis did not vary by
more than 0.2 degrees over a period of a few days.
Typical beam currents were 50 nA on target. The
beam spot size was approximately 2 mm wide by

4 mm high with an angular divergernce less than

16 mrad.

The angular calibration was checked by moving
the out-of-plane counter telescope into the hori-
zontal plane (¢, - ¢,= 1809 and measuring the an-
gular distribution of p-p coincidences correspond-
ing to p-p elastic scattering. This procedure was
followed several times during each series of mea-
surements, giving results consistent with the an-
gular uncertainties quoted above.

The initial energy calibration of the counter tele-
scopes was made with a precision pulser. The
final energy calibration and determination of zero
offsets were achieved by obsering p~p and p-d
coincidence events from hydrogen and deuterium,
respectively. Seven angle pairs were selected to
provide a calibration from the lowest detectable
energy in the counter telescopes to the maximum
energy of interest.

Data collection times varied between four hours
when both detectors were coplanar to about 30
hours in noncoplanar regions in the neighborhood
of the minimum of the cross section.

IV. DATA ANALYSIS AND REDUCTION

Preliminary analysis of the data was done on-
line to enable particle identification and to display
the energy spectra of coincident pp events. A
complete analysis of the data was performed off-
line using the recorded events on magnetic tape.
The differential cross sections d%0/(dTd9,d9,)
were obtained using the measured gas scattering
geometry, the target-gas pressure and tempera-
ture, and the Faraday cup integration of the inci-
dent beam current. Corrections to the data were
made for the effects of dead time and pileup rejec-
tion, Typical dead time corrections were from
1% to 3%, while-the pileup corrections ranged from
5% to 10%. The gas scattering geometry factor
calculated for the in-plane counter telescope was
in good agreement with that deduced from the ob-
served yield of recoil deuterons and the known
p-d elastic scattering differential cross sections.
The cross section error in each channel of the pro-
jected energy spectra was deduced from the count-
ing statistics of the “reals” and “randoms” spec-
tra.

The main sources of error contributing to the



TABLE II. Major sources of error contributing to the
absolute uncertainty of the cross sections.

Source Percentage error

Angle setting (sinf;) <1.0
Geometry factor in-plane

counter telescope 1.9 (set D 2.8 (set 1)

Pressure ~1.0
Temperature ~0.2
Faraday cup integration <1.0
Dead time correction 0.2
Pileup rejection correction 1.0
Veto rejection 0.1
Energy of incident proton

<1.8

beam ;

absolute uncertainty in the 2H(p, 2p)n disintegra-
tion cross sections are summarized in Table IL
The systematic errors give an estimated overall
normalization uncertainty of +5% for the projected
energy spectra. As the values of the cross sec-
tions for the constant-relative-energy loci were
determined by fitting a polynomial curve to the
data points of the projected energy spectra, a
further uncertainty arose. An additional uncer-
tainty of £5% was possible by varying the number
of data points included in the least-squares fit.
Summing these errors in quadrature, an overall
uncertainty of +7% in the normalization of the cross
sections along the constant-relative-energy loci
was estimated.

(a)

ROTATION AXIS

-

Py =P; =CONSTANT

A

6,=0; = CONSTANT
Tys" Tas = CONSTANT

20 NONCOPLANAR 2H(p,2p)n REACTION 883

V. RESULTS AND COMPARISON WITH
THEORETICAL PREDICTIONS

A. Locus of Jain, Rogers, and Saylor!3

In the first kinematical configuration, energy
sharing spectra were measured for an incident
energy of 39.5 MeV at angle pairs which corre-
spond to seven locations along the JRS locus, de-
fined by 6,=27.1°, T,=17.87 MeV, and T,,= T,
=14,37 MeV. The locus also contains the sym-
metric coplanar scattering point, i.e., 6,=0,
=217.1° and ¢,,=180° Figure 2 gives a geometrical
representation of the JRS and the symmetric-con-
stant-relative-energy loci. Calculations using the
local S-wave NN potential sets MTI-III and MTI-
IV of Malfliet and Tjon'* and the separable YY po-
tential used by Jain and Doolen'® predicted the
existence of a pronounced interference minimum.
Of all cases computed the 27.1° JRS locus exhibited
the largest difference between the two local S-wave
potertial predictions at the interference minimum,
and this is the reason it was decided to make mea-
surements for this particular locus.

The set of seven energy spectra projected onto
the T, axis is shown in Fig. 3. The vertical arrow
in each energy spectrum at 7,=17.87 MeV in-
dicates the point at which the above kinematical
condition of JRS is satisfied. The data are com-
pared with theoretical predictions for the Reid
soft-core potential. The curves labeled S+ 7T +P
+D correspond to a two-nucleon T matrix with
components due to S-, P-, and D-wave ('D, and

(b)

PR B P

’ ’
0,:6,
Ty =Tag =Tz4= CONSTANT

ROTATION AXIS

FIG. 2. Momentum triangles of fixed shape in the center-of-mass system. The shaded triangles illustrate the method
of rotation chosen: (a) rotation axis recommended by Jain, Rogers, and Saylor (Ref. 6), (b) rotation axis required to

preserve the spatial symmetry of nucleons 3 and 4.
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3D,) interactions and the tensor force. The curves
labeled S correspond to calculations in which only
the S-wave component of the NN interaction is re-
tained, with the deuteron wave function renor-
malized to unity. One observes that the theoreti-
cal predictions for the full Reid soft-core poten-
tial reproduce the shape of the energy spectra
fairly well. However, there is a tendency of the
theoretical predictions to overestimate the mag-
nitude of the cross sections by as much as 20%,
which is outside the scale error of the measured
differential cross sections. It should be noted that
the addition of the higher partial wave components
of the NN interaction and the tensor force is con-
structive except for kinematical configurations
close to coplanarity (¢,,= 1409).

In each spectrum the value of the cross section at
T,=17.87 MeV was extracted by least-squares fit-
ting a polynomial curve to the data points. The in-
terpolated values are plotted (solid points) as a
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function of neutron energy T, in Fig. 4. The error
bars indicate one standard deviation due to the
uncertainty in the interpolated value. In addition
the interpolated valué is somewhat sensitive to the
number of data points included in the least-squares
fit. As stated above, an additional uncertainty of
5% has been estimated for all interpolated values.
It is apparent that the calculations for the full
Reid soft-core potential reproduce the energy de-
pendence of the data except for a scale factor.

The calculations retaining only the S-wave parts
of the potential give an interference minimum
which is narrower and deeper than that for the full
Reid soft-core potential.

In order to check whether there is appreciable
latitude in the behavior of the differential cross
section as function of neutron energy within the
angular uncertainties, in particular, at the mini-
mum of the cross section, four energy spectra
[see Fig. 3(c)] were examined for which the angles

T T T T T T T

2H(p, 2p)n at 39.5 MeV |

)
o

2+

85 = 27.1°
r 0, = 32.5° 7
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T5= 3.0Mev
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I H{/} } i ____Z”*P”’j

5 2
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o] 4 8 12 16 20 24 28 32
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T T T T . T T
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FIG. 3. (a) and (b) Energy spectra for the H(p, 2p)n reaction at 39.5 MeV taken with a fixed nucleon momentum de-
fined by €3 and T'y. The arrows indicate the point at which the relative energy of either proton to the neutron is 14.37
MeV. The curves present theoretical predictions calculated using the Reid soft-core potential. (c) Energy spectra for
the *H(p, 2p)n reaction at 39.5 MeV taken with a fixed nucleon momentum defined by ©; and T';. The arrows indicate
the point at which the relative energy of either proton to the neutron is close to 14.37 MeV. The curves represent
theoretical predictions calculated using the Reid soft-covre potential.
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FIG. 4. Data and calculations along a constant-relative-
energy locus of Jain, Rogers, and Saylor at 39.5 MeV
plotted as a function of the unobserved neutron energy.
The difference between the data indicated by solid dots
and open triangles is given in the text.
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0,, a, and B had been set slightly off from the
values required. The cross sections deduced from
these energy spectra agree within errors with the
seven data points extracted from the spectra of
Figs. 3(a) and 3(b). The cross sections are shown
as the open triangles in Fig. 4. Note that the lat-
ter data do not satisfy entirely the kinematical con-
ditions of the particular JRS locus selected -
(05=217.1°, T,=11.87 MeV, T,,=T,;=14.37 MeV).

B. Symmetric-constant-relative-energy loci

Energy spectra were measured in this kinema-
tical configuration at incident energies of 23.0
and 39.5 MeV. The loci have the two protons
emerge with equal momenta and at the same polar
angles with respect to the incident beam direc-
tion. A further condition is that the three nucleon-
nucleon relative energies be equal, i.e., T,;=T,
=T, The lower energy was selected because
earlier work®® indicated good agreement between
theory (S-wave models) and experimental n-d dif-
ferential elastic as well as total cross sections
up to 22 MeV incident energy. It had also been
determined that the tensor force, as well as P-
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FIG. 5. (a) and (b) Energy spectra for the H(p,2p)n reaction at 23.0 MeV. The arrows indicate the point at which
the three nucleon-nucleon relative energies are equal. The curves represent theoretical predictions calculated using

the Reid soft-core potential.
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FIG. 5. (Continued)

wave interactions, must be included to obtain limit-
ed quality fits to the experimental vector and ten-
sor analyzing powers in n-d elastic scattering at
14.1 and 22.7 MeV.!” More recently, it has been
shown that the inclusion of D-wave interactions is
essential in order to obtain an improved fit to the
vector analyzing powers.'®:*'? Furthermore, if
genuine three-body forces are of importance, one
expects to find the greatest sensitivity for loci with
equal NN relative energies. Thus it is of great
interest to determine the quality of the agreement
between Nd breakup data along symmetric-con-
stant-relative-energy loci and theoretical pre-
dictions based upon simple NN S-wave and more
realistic potential models.

Energy spectira were measured at 23.0 MeV at
angle pairs which correspond to eight points on the
symmetric-constant-relative-energy locus. The
set of eight energy spectra, projected onto the T,
axis, is shown in Fig. 5. The vertical arrow in
each spectrum indicates the point at which the kine-
matic condition T,,=T,,= T,, is satisfied. The
error bars in these spectra give the statistical un~
certainty after background subtraction. The repro-
ducibility of the data was checked by repeating the
measurement corrresponding to T;=0.24 MeV.

The two sets of data were taken at the start and
end of the 23.0 MeV experiment. After smoothing
the data by fitting a polynomial, the difference in
magnitude of the cross sections at T,=10.3 MeV
(i.e., where 7,=0.24 MeV) is 2.7%, a result well
within the accuracy of the data. Differential cross
sections were extracted from the eight energy
spectra by interpolation after fitting a polynomial
curve to the data points of each spectrum. The
interpolated values with their errors obtained in
this manner are presented in Fig. 6 as function
of neutron energy.

The theoretical predictions for the full Reid soft-
core potential give an excellent representation of
the data with the exception of the energy spectrum
measured with coplanar geometry. In particular,
the theoretical predictions for the full Reid soft-
core potential give the appropriate filling in of the
deep interference minimum present when only

' the S-wave potentials are retained in the calcula-
tions (Fig. 6). It has been shown that at 23.0 MeV
it is primarily the addition of the P-wave compon-
ents of the NN interaction which is responsible for
filling in this minimum.” The contribution of the
tensor force is small and that of the other D-wave
components of the NN interaction is negligible at
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Energy spectra measured for eight points on the

-symmetric-constant-relative-energy locus at

39.5 MeV and projected onto the T; axis are shown
in Fig. 7. The error bars indicate the statistical
accuracy after background subtraction. Also shown
are the various theoretical predictions. The break-
up cross section as a function of neutron energy

T, is presented in Fig. 8. In the latter figure the
measured value of the cross section at the mini-
mum (T5= 3.0 MeV) is more than an order of mag-
nitude larger than the theoretical prediction

using the S-wave components of the Reid interac-
tion. To check the importance of kinematic broad-
ening, the measurement of two energy spectra

was repeated with a smaller set of collimators

(set II of Table I) for the in-plane counter tele-
scope. The smaller collimator set gives a reduc-
tion by a factor of 2.6 in the gas scattering geo-
metry factor. At 7,=9.0 MeV the two measure-
ments of the breakup cross section agree within
3.3%, while at T,= 3 MeV, location of the mini-
mum, the value measured with the smaller colli-
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FIG. 7. (a) and (b) Energy spectra for the H(p, 2p)n reaction at 39.5 MeV. The arrows indicate the point at which
the three nucleon-nucleon relative energies are equal. The curves represent theoretical predictions calculated using
the Reid soft-core potential.
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(Continued)

_mator set, is9.7% lower than the previous value.
One may conclude that thé measured value of the
cross section at the minimum is not strongly de-
pendent on the finite geometry of the collimation
system adopted for the experiment. An additional
measurement was made for T,=0.55 MeV. The
measurements made with the smaller collimator
set are shown as open squares in Fig. 8.

As a further check on the effects of finite geo-
metry the maximum possible kinematical spread
in the neutron energy T'; was calculated at the lo-
cation of the minimum. The calculation took into
account the angular widths A9 and A¢ of both of
the rear collimators. The results are indicated
by the horizontal error bars in Fig. 8. As shown
in Fig. 7 the theoretical predictions based upon
the full Reid soft-core potential give a fair repre-
sentation of the shape of the measured energy
spectra. Along the symmetric-constant-relative-
energy locus the differences between the theoreti-
cal prediction and the data are as large as 30%,
which is not inconsistent with that observed for
the JRS locus at 39.5 MeV. It should also be noted
that when only the S-wave components of the NN
interaction are retained, the calculations give a
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‘very deep minimum with a cross section value al-
most two orders of magnitude smaller than that .
observed experimentally and than that given by the
full Reid soft-core potential calculation. Calcula-
tions made for an incident energy of 46.3 MeV
showed a quite distinct dependence on the P-wave
components of the NN interaction and near the in-
terference minimum also on the tensor force and
the D-wave components of the NN interaction.'®
The only other study of the noncoplanar 2H(p, 2p)n
reaction under kinematical conditions chosen away
from the dominance of two-body scattering pro-
cesses was made at an incident energy of 44.9
MeV.?° Theoretical predictions with the full Reid
soft-core potential calculated for an incident ener-
gy of 46.3 MeV give the same qualitative agree-
ment with these data.'® Numerical values of the
differential cross section data can be obtained as
an addendum to this paper from the authors.

VI. DISCUSSION AND CONCLUSIONS

Coulomb effects have been ignored in the cal-
culations. Only very recently has a framework
been constructed that allows inclusion of the long
range Coulomb force in an exact way.?* Eben-
hoh et al.?? have shown that Coulomb effects are
important in the p-d breakup reaction at an inci-
dent proton energy of 10 MeV. But for relative
energies above 10 MeV Coulomb effects are neg-
ligible and decrease with increasing p-p scatter-
ing angles. For example, at 90° in the center of
mass, Coulomb effects are not important for ener-
gies above 3 MeV, and thus would not appreciably
effect the single-scattering term. In the multiple-
scattering term the p-p scattering angles and rela-
tive energies can take on all values between zero
and the maximum kinematically possible. Con-~
sequently, Coulomb effects are expected to modify
this term, which is important at large values of
T,, the energy of the unobserved neutron.®® The
quality of the agreement between the calculations
with the full Reid soft-core potential and the ex-
perimental data at 23.0 MeV indicates that Coulomb
effects play a minor role. Therefore, the differ-
ence between theory and experiment at 39.5 MeV
for large values of T, must be accounted for by
more intricate aspects of the calculations, such
as the use of perturbative methods and the neglect
of higher partial wave components of the NN in-
teraction. Only after these aspects of the calcula~
tions have been assessed thoroughly may one infer
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that differences between theory and experiment
are the result of a different behavior of the off-
energy-shell interactions and/or genuine three-
body forces.

For geometrical configurations close to coplan-
arity, the theoretical curves need to be normalized
by a factor of 0.6-0.8 to obtain agreement with the
experimental data. Here the theoretical predictions
for the full Reid soft-core potential and for only the
S-wave components of the Reid potential differ by
at most 15%, the S-wave potential model predic-
tions being the larger. It was noticed that for the
S-wave potential model calculation, the term cor-
responding to interference between single- and
multiple-scattering parts of the amplitude is very
important in reducing the magnitude of the cross
section predictions in the region of coplanarity.®

The inclusion of the tensor force and of the P-
and D-wave components of the NN interaction ap-
pears to give about the right filling in of the inter-
ference minima for all three loci. Chiefly, the
P-wave components are responsible for filling in
the minimum at 23.0 MeV, but at 39.5 MeV the
D-wave components and the tensor force are also
important. '

There lies an intrinsic difficulty in separating
out the effects due to the off-energy-shell behavior
of the two-body 7 matrices and those due to three-
body forces. Both effects should be maximum when
all three nucleons are close to each other. This
requires the two like nucleons to be in a spin
singlet state, a condition which is met by the pre-
sent experiment. The breakup amplitude M(3, 0)
is the only nonzero amplitude for the symmetric-
constant-relative-energy loci. The kinematical
configuration most likely to display sensitivity to
possible three-body forces is characterized by
equal laboratory energies for all three nucleons
in addition to equal relative energies between the
nucleon pairs. At an incident energy of 23.0 MeV
this kinematical condition corresponds to T,=6.9
MeV. At this energy no deviations from the two-
body potential model calculations are observed.

At 39.5 MeV the data at T,=T,=T,=12.4 MeV

are approximately 0.65 times the theoretical pre-
dictions. However, due to the overall discrepan-

cies between data and theory at this incident ener-
gy, no definite conclusions can be drawn concern-
ing possible three-body forces.
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