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I. INTRODUCTION

The recent development of commercially available
multiparameter pulse-height analyzers and of computer-
coupled analyzer systems! has made it possible to in-
vestigate, by coincidence techniques, the energy and
angular distributions of two of the nucleons from the
breakup of a three-nucleon system. In the present in-
vestigation, the reactions 2H(p, 2p)z and 'H(d, 2p)n
have been studied by detecting the two breakup
protons in coincidence for a number of different labo-
ratory angles and bombarding energies. Earlier results
indicating the sequential decay of this three-nucleon
system wia the virtual, singlet deuteron have been
presented elsewhere.? Further evidence of the virtual,
singlet deuteron is presented here, along with evidence
indicating sequential breakup in the H(d, 2p)n reac-
tion wie an intermediate state in the (p+4p) system
corresponding to the di-proton.

II. KINEMATIC CONSTRAINTS ON THE
THREE-PARTICLE SYSTEM

In reactions involving three particles in the final
state, nine scalar variables in the center-of-mass system
are required to specify completely the system kine-
matically. We may employ the constraints due to con-
servation of energy (1 constraint) and momentum
(3 constraints) to reduce the number of variables to
be determined to five. Thus the system should be com-
pletely specified kinematically by measuring or deter-
mining five scalar variables, 7Y, 6/, 65/, &/, and &’
with the constraints of the system then determining
the remaining four variables 7%/, 7%/, 65, and &;'.

However, due to the quadratic dependence of T
on Ty, five scalar variables will not suffice to com-
pletely determine the kinematics. Instead we may find
some (and perhaps all) values of allowed 7 (the
laboratory energy of the particle detected in counter 1)
which correspond to two different values of T (the
laboratory energy of the particle detected in the second
counter) which we can label as 75~ and T+ Thus, in
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order to specify completely the system kinematically,
we must now also measure 7 in order to determine
which solution of the kinematics (7%~ or T3t) is the
valid one for any given coincident event.

In the work discussed here this complete specifica-
tion was accomplished by two solid-state surface-
barrier detectors, both capable of determining charged-
particle energies with good resolution, mounted in a
reaction chamber specifically built for the study of
reactions involving three particles in the final state.?
The coincident pulses from the two detectors were
analyzed by a two-parameter pulse-height analyzer;
the earlier data were collected with a commercial 32X 32
channel analyzer, and the more recent data with the
Rice 10001000 channel computer-analyzer system.
With both systems ‘“‘accidental” coincident spectra
were taken in order to eliminate the effect of any
random coincident events which may be recorded with
the “true” coincident events of the data.

The recorded array of coincident events falls along
some definite, kinematically determined locus in the
T, versus T plane. The intensity of the distribution of
these events along the locus provides a sensitive indi-
cation of the process involved in the breakup of the
three particle system. Each point on this locus corre-
sponds to a particular internal energy in the systems
(2, 3), (1, 3), and (1, 2) which correspond to particles
1, 2, and 3 being the first emitted particles, respectively.
These internal energies are easy to calculate, and when
plotted along with the data indicate at a glance what
internal energies are available for a particular region
of the kinematic locus which may be of interest. The
usefulness of such plots is discussed further in the
presentation of the data.

III. THE EFFECT OF THE AVAILABLE
PHASE-SPACE

In interpreting the data obtained from a reaction
involving three particles in the final state it is important
to allow for effects due entirely to the fact that an ob-
servation is being made of a system made all the more
complex because the observation must be made in the
laboratory rather than in the c.m. system. Of particular
interest, then, is how the phase-space available to the
reaction will manifest itself in the laboratory. This
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Fic. 1. A three-dimensional, isometric projection of coincident counts for the 2H (p, 2p)# reaction in the 7'fixed, Omoving Plane. The
bombarding energy is 9.0 MeV and 6f;xeqa is 30°. The curve Eg indicates the locus of events proceeding via a sequential breakup in
which the proton detected in the fixed counter (1) is first emitted, leaving the system (2, 3) with 50-keV internal energy. The curve
Eyst indicates the locus of events proceeding via a sequential breakup in which the proton detected in the movable counter (2) is first
emitted, leaving the system (1, 3) with 50-keV internal energy. The upper diagram consists of the projected data on the 7'; axis for
each of the observed angles. Thus the data are presented as the cross section plotted versus the energy of the proton detected in the
fixed counter and versus the angle of the movable counter. The center diagram is a similar display, but presented as the ratio of the
observed yield to the available phase-space. The lower diagram indicates this available phase-space, i.e., the distribution expected if
the reaction were to proceed via simultaneous emission and with intensity proportional to the phase-space available.
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F16. 2. A three-dimensional, isometric projection of coincident events for the 2H (p, 2p)n reaction in the T'tixed, Omoving Plane (see
Fig. 1). The bombarding energy in this case is 10.5 MeV and 6;;xzeq is 30°. The upper diagram consists of the collected data presented
as cross section versus 7'y versus 6m, while the lower diagram is the ratio of this yield to the available phase-space.

subject has been discussed in detail by other authors,*
and only a brief description will be given here.
Suppose that for simultaneous three-body breakup
that the breakup distribution is proportional to the
volume of available phase-space. We wish to determine
the probability of finding particle 1, which has emerged
in the solid angle @y, with a momentum between p, and
P1+dpy when particle 2 has emerged in the solid angle
Q.. Thus we wish to compute the distribution function
N (p1, U, 2s) for the case of three-body planar breakup.

4T, H. Berlin and G. E. Owen, Nucl. Phys. 5, 669 (1958); Cao
Xuan Chuan, J. Phys. Radium 23, 78 (1962).

The total integrated yield over all angles and mo-
menta will be proportional to Ny, defined as:

P Q¢
v T=/ I1p2 dp: s 8(t= 20 p2/2m) 8(2 ),
=13 i =13 %
where ¢ is the total energy of the three-particle system
and the 8 functions conserve energy and momentum.
Integrating over the & functions allows the elimination
of Q3, p3, and p,:

NT'—' /N(P], Ql, Qz) P12 dpl dQl sz,
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Fi16. 3. A two-parameter spectrum of the 'H (d, 2p)n reaction taken at a bombarding energy of 10.5 MeV and 6,=6,,=20°. The loci
T.+and T:~ indicate the two possible solutions of T’ for the corresponding value of 7. It is noted that, for this choice of parameters,
the distribution falls along a closed curve. The locus Eg; represents values for the internal energy of the system (2, 3) if one considers
the proton detected in the fixed counter (1) to be first emitted. Eg; is single-valued for every value of 7. The curves Ei3t and Eis~
are the loci of values for the internal energy of the system (1, 3) when the proton detected in the movable counter (2) is considered
to be first emitted. Ej; is double-valued, with E;3* corresponding to T2* solutions and Ey;~ to Ty~ solutions. Eix* and E;s~ are similar
loci for the internal energy of the system (1, 2) when the neutron is first emitted. The distribution along the total kinematic locus has
been projected back onto the T's axis, and is shown directly below the two-parameter presentation of the data. Also, only the lower
left-hand portion of the curve, corresponding to the region of lowest excitation in the (1, 2) system, has been projected back onto the
T axis and is shown to the left of the first projection. The dotted histograms in both cases correspond to the ratio of the yield to the
appropriate available phase-space.

where The numerical integration over the experimental
N (b, 00, @) solid angle of the function N (771, @, Q) yields a dis-

1, 3, 202 tribution V(73) which can be divided out of the ex-
_ mapipe® perimental data in order to correct for the phase-space
| pal (mat-mg) /ma ]+ p1 cos Oa— po cos 8, | effect in the data. An example of this is shown in Fig. 1.

To compare yv1th t'he e.xperlmental data, the function IV. INTERPRETATION OF THE DATA
N (T, U, Q) is desired:

N (T, Q, ) = (8p1/T3) N (p1, %, Qa) The major results of the data thus far collected are
illustrated in Figs. 1-4. The 2H(p, 2p)n data collected
= (m1/p1) N (p1, U, %) for bombarding energies of 9.0 and 10.5 MeV are dis-
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F16. 4. A three-dimensional, isometric projection of the coincident events for the 'H(d, 2p)# reaction in the T'tixed, Omoving Plane
(see Fig. 1). The bombarding energy is 10.5 MeV and 6sixeq is 20°. The upper diagram consists of the collected data presented as cross
section versus Ty versus 0, while the lower diagram is the ratio of the yield to the available phase-space. The dashed histograms cor-
respond to the same type of projection, but only involve the lower left-hand portion of the allowed locus, as described in Fig. 3. The
distribution along this portion of the curve seems to peak in each case in the region of E;5~=600 keV, corresponding to a di-proton

system of 600 keV internal energy.

played as cross section versus 7 (the laboratory energy
of the particle detected in the fixed detector) versus 6,
(the angle of the movable detector).

The internal energy curves Eg=>50 keV and Ej3t=
50 keV (notation is explained in caption of Fig. 3) are
plotted as reference curves on the data. The increased
intensity in the regions of low internal energy in the
(2, 3) and (1, 3) systems indicates that the reaction is
proceeding largely via sequential decay through the
virtual, singlet deuteron.

The data from the reaction 'H(d, 2p)# are shown in

Figs. 3 and 4. Figure 3 illustrates the appearance of a
typical spectrum, showing how the collected data fall
along a locus, indicated by the T5+ and 75~ loci, in the
Ty, Tw plane. Additional curves are drawn on the
diagram to indicate the variation of the internal
energies of different intermediate systems for sequential
decay. The projections of the data are explained in the
figure caption.

Of particular interest is the projection of the lower
portion of the kinematic locus in the region of low
internal energy of the p4-p system. This projection is
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displayed again in Fig. 4, along with similar projections
of the data at two other angles. In this figure the locus
of E;~=600 keV has been drawn in on the 7Ty, T
plane, showing a peaking of intensity in this region
corresponding to a proton-proton interaction of some
600 keV. The unexpected energy and widths of the
peaks perhaps indicates an interference effect, similar

REVIEWS OF MODERN PHYSICS
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to that discussed by Phillips® and Bronson,? causing
the separation and narrowing of these peaks which
probably correspond to a broader, lower internal energy
interaction than that observed.

5G. C. Phillips, Rev. Mod. Phys. 36, 1085 (1964); G. C.
1()1}3161?;5’ paper in this conference, Rev. Mod. Phys. 37, 409
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D(p, 2p)n Reaction at 31 MeV*
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I. INTRODUCTION

Studies involving the interaction of protons with
deuterons are important because of the interest in
nucleon-nucleon interactions, three-body forces, and
deuteron states. In addition, the fact that the deuteron
is so loosely bound permits one to use certain approxi-
mations which cannot ordinarily be made in the the-
oretical treatment of nuclear reactions.

The nucleon-deuteron breakup problem has been
formulated in the Born approximation by several in-
vestigators,’ and in the impulse approximation by
Chew.5 The direct application of either of these ap-
proaches is quite difficult; but the approximations
suggested by Frank and Gammel,® and Kuckes, Wilson,
and Cooper” can be more easily applied. The first of
these relates the D(p, 2p)n reaction to p-d scattering,
while in the second, the neutron is treated as a spec-
tator particle.

Experimentally, the breakup of the deuteron follow-
ing proton bombardment has been investigated over a
wide range of incident proton energies.5#13 However,
scattering experiments involving the detection of one
outgoing particle do not seem to lead to conclusive
information.
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Recently angular correlations of coincident protons
emitted in the deuteron breakup have been studied at
18 MeV,* 50 MeV,' and 145 MeV."® Of these, only the
145-MeV data agreed with the predictions of the
spectator model; for the lower energy experiments the
difference between the simple predictions of the model
and the experimental data was considerable; nor was
an analysis of the 18-MeV results with a Frank-
Gammel calculation more successful.

II. EXPERIMENTAL PROCEDURE

The 31-MeV proton beam of the University of
Southern California linear accelerator was used to
bombard a gaseous deuterium target. The scattering
chamber has previously been described in detail,'
except that it was modified by the insertion of a ro-
tating, O-ring vacuum seal in the top through which
the size of an internal collimator was controlled. Solid
targets for calibration purposes could be inserted into
the beam line from the bottom of the chamber.

The collimated proton beam, after leaving the end
of the beam pipe which consisted of a -in.-diam nickel
collimator and a 0.002-in. Al window, passed through
7 In. of air and a 0.001-in. Al chamber window into the
chamber filled with 99.59, pure deuterium gas, at a
pressure of 200-600 Torr. Charge collection took place
in a Faraday cup placed behind the chamber. The
scattered particles were stopped and detected by 1-in.
NaI(Tl) crystals mounted onto 6655A photomultiplier
tubes. One scattering arm was fixed at 35° and the
other was continuously variable. In the fixed scattering
arm (upper arm), the particle passed through a 60-u
surface-barrier solid-state detector. The geometry was
determined by 2-in.-diam collimators placed directly in
front of the NaI(Tl) crystals. These collimators were
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