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The d (p,pn)p reaction has been studied to determine the d(p, d)p angular distribution and ex-
citation function for the proton bombarding energy range 7 to 17 MeV. Protons and neutrons
were detected in coincidence at the same angle to enhance the detection of d(p, ff)p events.
The spectra were fitted using the density-of-states function of Phillips, Griffy, and Biedenharn
for the singlet deuteron, and a flat background arising from reactions other than d(p, ff)p.
Angular distributions were taken at 7, 8, 10, 12, 13.5, 15, and 17 MeV. There was forward
peaking at all energies, contrary to calculations on the doublet state in n-d scattering by
Aaron, Amado, and Yam. The excitation function shows little structure between 7 and 17
MeV.

INTRODUCTION

We have investigated the d(p, d)p reaction, where
d is defined as a virtual deuteron in which proton
and neutron are in an unbound singlet state. Angu-

lar distributions were measured at 7, 8, 10, 12,
13.5, 15, and 17 MeV. An excitation function was
measured with —,'-—,'-MeV steps at a lab angle of 25'.
This was done by coincidence detection of protons
and neutrons at the same angle.

The measurement of cross sections for specific
three-body reactions like d(p, d)p as a function of
angle and bombarding energy may lead to a better
understanding of the three-body problem in gener-
al. For example, at a recent conference on the
three-body problem, ' several authors discussed
searching for excited states of 'He in the excita-
tion functions for the d(p, d)p reaction, ' and pointed
out that interpretation of the existing data was dif-
ficult because angular distributions for this reac-
tion were not available.

It has become an accepted approach to treat cer-
tain cases of three-body breakup as a sequential
process. ' ' For reactions where only three ele-
mentary particles are involved this process in-
volves two outcoming particles, which have low
relative energy, staying together as a virtual parti-
cle (singlet deuteron, diproton, etc. ) and breaking
up after they are out of the range of interaction
with the third particle. In this sequential breakup
reaction we call the first part the production reac-
tion, and the second part the breakup reaction.
The final-state interaction determines a density of
states' as a function of breakup energy (see Fig. 7)
and a delay time for the decay of the virtual parti-
cle. As Niiler points out, ' this results in a most
probable lifetime for the singlet deuteron which is
long enough for it to travel far enough away from
the third particle to satisfy the assumptions of the
sequential breakup model.

Earlier studies of p+4- p+p+n have usually in-
volved detecting the two outgoing protons in coinci-
dence. ' In some of these experiments the empha-
sis was on investigating the simultaneous breakup
model, ' determining the parameters of the final-
state interaction, ' ' or the shape of the density-of-
states function. ' Others measured the ratios of
virtual-particle production, such as singlet versus
triplet virtual deuteron. " In one case, ' "angular
distributions of singlet and triplet virtual deuter-
ons were measured. This was done with 52-MeV
deuterons on protons.

A. Experiment

Figure 1 is a schematic drawing of the experi-
mental scattering area. The neutron detector is
drawn larger than scale, in order to show clearly
the effect of kinematics on the proton coincidence
spectrum. The angle subtended by the neutron de-
tector as seen from the target was 10'. The neu-
tron detector was a 3-,' && —,'-in. Pilot B scintillator,
mounted on a 5-in. C70133B RCA photomultiplier.
The neutron energy was measured by a standard
time-of-flight method with a time resolution of 1
nsec. Protons were detected with a surface-bar-
rier detector. The coincidence data were stored
in a two-dimensional 64 x64 channel array. A de-
tailed description of the electronics involved has
been reported previously. "

The target was a CD, foil of 0.5 or 2 mg/cm',
depending on the energies of the detected protons.
The beam current from the University of Pitts-
burgh three-stage Van de Graaff accelerator was
varied from 10 to 300 nA in order to keep the pro-
ton and neutron count rates at 10-30 kHz. The in-
dividual runs varied from 2 to 3 h. For normaliza-
tion, a monitor counted the protons elastically
scattered from deuterium at Ohb = 30'.

The center arrow in Fig. 1 represents the veloci-
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Two additional effects may contribute to the back-
ground. One is the proximity of a pole in the quasi-
free scattering process. "'" In our experiment,
events of this type would appear on the tails of the
peaks seen in the spectra. However no enhance-
ment was seen in these regions and we therefore
assume that this effect does not cause a larger dis-
tortion of the spectrum than any of the other back-
ground processes. The second possible contribu-
tion arises from the breakup in the silicon detec-
tor (BUS effect) of elastically recoiling deuterons.
The proton coming from this breakup is detected,
and the neutron may be detected in coincidence
with it. The locus along which these events fall in
the T„-E~ plane is, in our case, unresolved from

the d(p, pn)p locus. The deuteron breakup angular
distribution has been measured previously" and

was found to be forward peaked. The BUS effect
was measured in a separate experiment. The re-
sulting spectra were Qat in the region of interest
and the number of BUS events per deuteron corre-
spond to less than 1/q of the d(p, pn)p events in our
experiment. %e conclude that among all imagin-
able background effects there is none which varies
more strongly than the ones shown in Fig. 3(b).

%e see that the singlet p,n peak is by far the
most pronounced of all spectra. A discussion of
the contribution of the density of states S' and the
phase-space factor to this peak and the details of
the calculations are given in the appendices.
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EXCITATIQN FUNCTIQN. . .

If we assume that all background reactions add

up to R QRt spectrum~ Rnd Rdd this 1ncohex'ently '

to the p,n singlet peak, we can define a parameter
Bz as the ratio of this background to the total at
the position of the peak. gf can be determined
from the data. Considering Fig. 3(b), the assump-
tion of a flat background may not be correct. But
we can make an estimate of the maximum error
such an assumption can introduce by giving the
backgxound the pure shape of the p,n triplet curve.
An analogously defined parameter for this case,
8, , can again be determined from the data. %'e

did this for several spectra of different angle and
bombarding energy, and found for 8& and 8, typi-
cally 0.1 and 0.17. These small values justify the
incoherent addition. Since a more detailed analy-
sis was not possible we analyzed all cases assum-
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FIG. 3. (a} Schematic diagram of the d(p, pn)p reaction.
p& and n are the detected proton and neutron, p2 is the
undetected proton. (b) spectra for different sequential
breakup processes and simultaneous breakup, as a func-
tion of the energy of p&. (c) breakup energy fox the three
different pairs of outgoing particles, if they were to come
off as a virtual particle.

ing a Qat background and assigned the result an
erx'or of kg .

C. Results

Angular' Distributions

Figure 4 shows the measured angular distribu-
tions. The cross-section scales are explained in
Appendix A. Points for the same energy and angle
were taken on different running periods, and show
good reproducibility. The error bars are mainly
a result of statistics and the background subtrac-
tion described in Sec. B. Normalization was ob-
tained by comparing the d yield with the yield of
elastic p-d scattering in the monitor, and using
the elastic p-d cross sections from the literature. '
The relative cross sections at different energies
have an over-all uncertainty of about 15%. A large
part of this uncertainty arises from inconsistencies
in the measured d(p, p)d cross sections and the in-
terpolation between them.

Qne common feature of these angular distx'ibu-
tions is the forward peak. Qne might expect" that
the angular distribution would be similar to the one
for the doublet state in g-d scattering as calculated
by Aaron, Amado, and Yam. " But as shown in
Fig. 5 this cux've drops over a factor of 10 where
we find the peak. For comparison we also show
the angular distribution measured by Bruckmann
et gl."at a higher energy.

Excitation Shnetion

As mentioned above, much interest was paid to
excitation functions for this reaction. Qur result
is shown in Fig. 6 in both normalizations. The er-
ror bars have only been drawn for the data normal-
ized for all EB„. Regarding the indicated errors,
there is no resonance of more than 20/~ for the
d(p, d)p reaction between 7 and 17 MeV. The slight
bump at 10 Me7 may be due to the threshold ef-
fect" (a combination of increasing phase space and
decreasing matrix element) as also noticed and dis-
cussed by ¹1iler.' '6 Qur excitation function does
not justify a curve as sharply peaked as that pre-
sented by ¹iiler. His data are in good agreement
with oui 8.
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APPENDIX A: CALCULATION OF THE SINGLET
DEUTERON PEAK

The spectrum due to the singlet deuteron, has
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the following form:

g(E }=—x ~'(EB„(E~})xp(E~}xdye x d0„. (A1)dn

In this equation, do/dQ is the differential cross
section for singlet deuteron production, p is the
phase-space factor, defined below, and S' is the
normalized density-of-states function (see Appen-
dix B). The product I)' x p has some dependence
on the relative angle between the proton and neu-
tron. Therefore we integrated it over the neutron

u'(EBu) = S(EBu
Eo-B

m(x)a(x)dx,

where S(E~„) is the unnormalized density-of-states

detector solid angle. The proton solid angle is
very small. It finally turned out that in the integra-
tion the differences on opposite sides of the center
of the neutron detector practically cancelled out.

For the normalization several conventions exist.
One" is to integrate over all the breakup energies
that are kinematically possible
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function (see Appendix B) and k(EB„) is a phase-
space factor: k(EB„)=(E, 8 —E~„)"'-, which is in-
cluded in p(EB„) of (A1). The integrand in (A2) is
the relative probability for production of a singlet
deuteron at any scattering angle, with breakup en-
ergy x. Eo is the bombarding energy in the c.m.
system, and B is the deuteron binding energy.

Following another convention" it is assumed that
the sequential breakup model can only be trusted
for breakup energies not higher than a certain lim-
it E~, and normalization is done by integrating
only from 0 to E~ in (A2). The choice of E~ seems
to be rather arbitrary. Niiler has an argument
for it to be 0.7 MeV. In order to make comparison
with other work, we present our results in both
ways, choosing E~= I MeV.
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FIG. 6. Excitation function of d in d(P, d)P (c.m. system
units) at &z(lab) =25'. The error bars represent errors
due to measurement and analysis; uncertainties (=15%)
in the cross sections for elastic P-d scattering at 30',
used for normalization, have not been included. For EBU
= 0-1 MeV only the data of one running period are shown.
They have the same error bars as the corresponding
points for all E~U.



VAN DER WEERD, CANADA, FENK, AND COHEN

aao 2-
CL

O

States Function p-0 System

Singlet
(in fm)

Triplet
(in fm)

mass of p-n system}. r, is the effective range of
the neutron-proton interaction and a is the p-n
scattering length. a, is the renormalization radi-
us. We used the following values:
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FIG. 7. The relative density of states function, $(E~),
for P-n system in singlet and triplet state, versus break-
up energyo

Figure 7 shows S)(EB„)for a singlet and triplet deu-
teron. The phase spac-e faction in formula (Al) has
the form

AppEworx s: DENsnv-OF-sTATES F~cTIox
AND PHASE-SPACE FACTOR

2mp+m,
m„P~ (2m~E~u)'I'

The density-of states franc-tion is given by

-1 I 1 2 I
S(E~„)= —, ha, — —+2', sin'6 ——sin2(ha, —g)

5 is the p-n scattering phase shift, for low ener-
gies given by cot5 = -l/ha+ ',hro. The —nucleon wave
number h is given by h = (2pEB„/h')"' (tL= reduced

Pp, P„
fg +

AlpP~
" — -P, cosa„+I'~ cos8~ „

SPY „ 1

where P= momentum, m =mass, 8„=neutron scat-
tering angle, 9~,„=angle between p, and n, all in
the lab s'ystem. k is the c.m. system relative P2-ff
wave number in the production reaction.
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