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The differential cross section for pp —ppy has been measured at an average bombarding energy of 294
MeV and for proton laboratory angles between 5° and 12°. The absolute normalization of the data is
based on the concurrent measurement of pp elastic scattering. The experiment has been carried out with
the Indiana University Cyclotron Facility Cooler Ring using an internal gas jet target in an electron-
cooled beam. The data cover a region of the kinematic space where off-shell contributions of the NN in-
teraction are expected to be enhanced. The shape of the measured cross sections as a function of the
photon angle agrees fairly well with the expectation from phase space alone.

PACS number(s): 21.30.+vy, 13.75.Cs, 25.10.+s

Nucleon-nucleon (NN) bremsstrahlung, in principle, is
the least ambiguous source of information on the off-shell
part of the NN interaction, since there are only two
strongly interacting particles in the final state. Experi-
ments on NN bremsstrahlung are summarized in a num-
ber of reviews (Refs. [1,2], and references therein). Gen-
erally, it has been found that the “soft-photon” approxi-
mation [3-5], where only on-shell information is used to
calculate the matrix element, is able to reproduce most of
the data. Departure from this behavior is expected when
special kinematical conditions are chosen which em-
phasize a possible off-shell contribution. A criterion for
such a choice is given by Fearing [6]; necessary condi-
tions are a sufficiently high bombarding energy
(T, > 200 MeV), as well as large photon energies k* in
the NN center-of-mass system (in excess of about 100
MeV [7]). The latter condition requires the relative ki-
netic energy of the two nucleons to be low, or, the labora-
tory angles 6,,0, of both outgoing nucleons to be small.

Detecting reaction products at angles close to the beam
axis is experimentally difficult. Thus, the measurement of
pp —ppy with two charged particles in the final state is
favored for off-shell studies, even though at medium ener-
gy the cross section for np —npy is 4-10 larger. Up to
now, two pp —ppy experiments, one at Lawrence Berke-
ley Laboratory [7] (T),, =730 MeV) and one at TRIUMF
[8] (T, =280 MeV, i.e., just below the pion production
threshold), have reported data with a significant depar-
ture from a soft-photon calculation. In both experiments,
the need for suppression of experimental background re-
quired that also the photon was detected in coincidence
with the two protons. Both experiments were con-
strained to coplanar final states. In the TRIUMF experi-
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ment, which was carried out with a polarized beam, an
off-shell signature has been seen in the analyzing power
and, to a lesser extent, in the cross section, but only for
the smallest proton angle pair measured (6,
=6,=12.4°12.4°). It is therefore desirable to cover
even smaller proton angles.

In this paper we report first results on pp—ppy ob-
tained with a novel technique, making use of the recently
constructed Indiana University Cooler Ring. In this ex-
periment, a stored, electron-cooled beam passed through
a windowless, internal hydrogen gas jet target of about
10° atoms/cm? thickness. Charged particles emerging in
the forward direction at angles between 4° and 14° with
respect to the beam direction were detected and their
four-momenta determined. The detector system (as de-
scribed in Ref. [9]) had cylindrical symmetry around the
beam axis and consisted of a thin scintillator (F), two
wire-chamber pairs for track reconstruction, and a 10.2-
cm-thick (E) scintillator detector, followed by a veto
counter (V). The latter was used to reject protons of
more than 120 MeV that did not stop in the E detector.
Protons with less than 20 MeV were below threshold and
thus were not detected either. The experimental luminos-
ity was measured by observing pp elastic scattering con-
currently with the acquisition of inelastic data. Elastic
scattering events were defined by requiring a coincidence
between one forward-going proton and one recoil proton
near 90°; the latter was detected in a 4.5-cm-long
position-sensitive silicon detector, mounted along the
beam axis at 11.5 cm distance from the beam. The detec-
tor system was optimized for an experiment to study the
process pp —ppw° close to threshold [9]. The pp—ppy
data presented here are a by-product of that experiment.
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Charged particles were identified as protons by a con-
dition on the relation between the time of flight from the
F to the E detector, and the energy deposited in the E
detector. From the measured four-momenta of the two
protons, the squared missing mass m3 and the laboratory
angle 0; of the third, unobserved particle were recon-
structed in order to select pp —ppy events. In Fig. 1 the
m? spectrum is shown for the subset of the data which is
discussed below. Bremsstrahlung events were defined by
the condition that the squared missing mass m3 had to
fall between — (141 MeV/c2)? and +(85 MeV/c?)? (gate
“b” in Fig. 1). Since this experiment was carried out
above the 7° production threshold, there is a background
contribution to the contents of gate b from pp —ppm®
events, misplaced due to reaction losses in the scintilla-
tors and due to the finite angular resolution of the detec-
tor system. A Monte Carlo simulation of the experimen-
tal setup was used to study this background. The simula-
tion assumed phase-space distribution of the three-body
final states and incorporated the effects of multiple
scattering, reaction losses in the scintillators, and the per-
formance characteristics of the wire chambers. In Fig. 1,
simulated missing mass distributions are shown as dotted
lines for my=m, =0 as well as m;=m . As can be seen,
the two reaction channels completely account for the
missing mass spectrum, and gate ‘“b” provides a good
separation between pp —ppy and pp —pp7°. To further
illustrate the separation between ppy and pp7° events,
distributions with respect to the energies of the two
detected protons are shown in Fig. 2. The panels on the
left contain a sample of our data, while the distributions
on the right are obtained with the Monte Carlo simula-
tion described earlier. The upper two panels correspond
to events within the mass gate “b” of Fig. 1 (ppy events),
while the lower panels contain events which are excluded
by this gate (ppm° events). The solid lines are kinematic
loci for the pp —ppy reaction. These have been calculat-
ed for the smallest allowed azimuthal angle between the
protons and for a bombarding energy and proton angle
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FIG. 1. Squared missing mass m 3} reconstructed from the two
observed protons. Shown is the subset corresponding to proton
angles 6,=6,=10.8°+1.2°. Also indicated is the simulated
response of the detector system to events with m;=0 and
m3;=m_, respectively. The gates a —c are explained in the text.
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(within the range included in the sample) which gives the
locus closest to the ppm® peak. An uncertainty of the
number of accepted pp —ppy events was derived from
varying the m3 cut within reasonable limits (gates “‘a”
and “c” in Fig. 1).

In presenting the results from this experiment, we have
arbitrarily selected the following subset of the obtained
ppy data. Accepted ppy events have been sorted with
respect to the measured proton polar angles 6, and 6,
into 2.4° wide bins, covering the range from 4.8° to 12.0°.
Only symmetric events, with 6, and 6, in the same bin,
were selected. The events in each bin were sorted with
respect to the reconstructed photon laboratory angle 6,.
The experimental angular FWHM resolution was deter-
mined using the detector simulation mentioned above.
For 6,0, it was about 2°, and for the reconstructed 6, a
resolution of about 10° was estimated. The number of
ppy events for which both protons fall into the same an-
gle bin (0, <0},0, <Oy, 0 <y, ¢, <2m) was multiplied
by angle-independent correction factors due to multiple
wire-chamber hits (1.06+£0.02) and scintillator efficiency
(1.025+0.010), and divided by the solid angle factor
dQ?= [27r(cos€high—cost910w)]2. The result was then con-
verted to an absolute cross section by comparing to pp
elastic scattering which was observed concurrently, as
mentioned earlier. This normalization procedure is
analogous to the treatment of pp —pp7°, and is described
in more detail in Ref. [9]. The resulting cross sections as
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FIG. 2. Distribution of events with respect to the energies of
the two detected protons. The data subset with 6,
=6,=8.4°+1.2° is shown in (a) and (c) and may be compared to
the corresponding distributions in (b) and (d) as obtained with
the Monte Carlo simulation described in the text. The upper
two panels correspond to events within the mass gate “b” of
Fig. 1 (ppy events), while the lower panels contain events which
are excluded by this gate (pp7° events). The solid lines indicate
the kinematic loci for the pp —ppy reaction calculation for the
bombarding energy and proton angles which gives the locus
closest to the pp7° peak; they are the same for all four panels.
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a function of the reconstructed photon laboratory angle
0, are shown in Fig. 3. The average photon energy k*,
corresponding to the three angle bins, is 128, 126, and
124 MeV, respectively. The errors given contain a sta-
tistical error (15-20%), an error due to a pp7° back-
ground contribution (10-20% for 6,=6,=6.0°£1.2°
and 5-10 % for 6,=6,=10.8°%+1.2°), and an error due to
the corrections mentioned above (2%). The uncertainty
due to the pp7° background is largest at small photon an-
gles, since the 6, distribution for pp7° events is forward
peaked. Not included in the errors shown is an overall
normalization error of 5% which arises from the uncer-
tainty of the pp elastic scattering cross section. Note that
for the data presented here no experimental restriction
applies on the azimuthal angles of the two protons, nor
on the energy of the photon, but the laboratory kinetic
energies of the protons are constrained to the range from
20 to 120 MeV.

In the experiment described here, a total integrated
luminosity of about 158 nb~! was accumulated during
about 45 h of production running. During this time, a to-
tal of 1.83 X 10* ppy events were acquired, while the sub-
set of our data, which is displayed in Fig. 3, contains
2.22X10° ppy events. Runs at 31 different bombarding
energies between 278 and 325 MeV were carried out.
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FIG. 3. Differential cross section for pp —ppy in the labora-
tory system. The data shown here are for three choices of sym-
metric proton angle bins, 2.4° wide, centered at 6,=6,. The ki-
netic energy of observed protons is constrained to the range be-
tween 20 and 120 MeV; no restriction applies to their azimuthal
angle. The absence of counts between 30° and 90° is due to the
kinematic constraints of this experiment. The curves corre-
spond to a phase-space distribution, arbitrarily normalized.
The normalization is the same for all three distributions.
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Since over this limited energy range no energy depen-
dence of the ppy cross section was found, the ppy data
were summed over all runs. The luminosity-weighted
average energy was 294 MeV.

Calculations for pp —ppy at 280 MeV have been re-
ported by Workman and Fearing [10,11] (WF), and
Herrmann and Nakayama [12,13] (HN). Both groups ex-
plain the analyzing power and find clear evidence for off-
shell contributions in the TRIUMF analyzing powers [8]
at the most forward angles, where the soft-photon ap-
proximation is not sufficient to reproduce the data. Also,
both calculations find little sensitivity to the NN potential
used. This is expected since it is known [14] that realistic
NN potentials with very different momentum-space be-
havior still yield similar off-shell amplitudes at low and
medium energy (50 to 350 MeV). Thus, there is little
hope that bremsstrahlung experiments will distinguish
between different realistic NN potential representations.
After inclusion of relativistic spin corrections by HN (re-
sulting in a lower cross section), the two calculations
(WF, HN) give similar cross sections with much smaller
off-shell effects than in the analyzing power. Agreement
with the TRIUMF cross sections is obtained when the
data are multiplied by a factor of 2 which, unfortunately,
seems to be within the normalization uncertainty of the
experiment [8]. Even though the normalization of the
data reported here is well known, a direct comparison
with the TRIUMEF cross sections [8] is unreliable because
the kinematical constraints of the two experiments are
quite different. It would, of course, be possible to test the
ppy models [10-13] against the present data by calculat-
ing cross sections corresponding to the phase space which
is covered by this experiment; however, it seems that
such calculations have to wait for the solution of techni-
cal difficulties [15,16]. A third calculation performed re-
cently by Brown et al. [17] includes rescattering effects
but no relativistic spin correlations and agrees with the
TRIUMF cross sections before renormalization by 2.
The agreement with the analyzing power is worse than
for the previous calculations [10-13].

Since in calculating a cross section, the matrix element
is usually separated from a phase-space factor which
represents the ‘“‘trivial” dependence on kinematic vari-
ables, it is interesting to investigate to what extent the ob-
served angular distributions can be accounted for by this
phase-space factor alone. To this aim, we have randomly
generated phase-space-distributed ppy events in the
center-of-mass system. The orientation with respect to
the incident momentum was chosen such that the photon
polar angle 67 was distributed as %-i—cosze;, in order to
account for the quadrupole character of the radiation.
The events were then transformed to the laboratory
frame, modified to take into account the experimental an-
gle and energy resolution, and histogrammed according
to their phase-space weight. The result for 294 MeV in-
cident energy is shown as solid curves in Fig. 3. The nor-
malization of the curves is arbitrary, but it is the same for
all three angular distributions. The agreement between
this pure phase-space distribution and the shape of the
data in Fig. 3 is fairly good, even though we are exploring
pp —ppy far off the energy shell. We also note that a
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common normalization gives a fair representation of all
three angular distributions, corresponding to different
proton angles and thus to different average photon ener-
gies. Thus, it seems that off-shell effects in the differential
cross section, even for kinematic situations where they
should be enhanced, are subtle.

In summary, we have measured the differential cross
section for pp —ppy at an average incident energy of 294
MeV. The outgoing protons were constrained to angles
from 4.8° to 12.0° and kinetic energies between 20 and
120 MeV. A differential cross section has been extracted
for three symmetric pairs of proton angles, 6,=6,=6.0°,
8.4°, and 10.8°. The absolute normalization of the data is
based on the concurrent measurement of pp elastic
scattering and is known to +5%.

This type of experiment is ideally suited for the India-
na University Cyclotron Facility (IUCF) Cooler Ring and
benefits in several ways from the novel experimental envi-
ronment of an internal target in an electron-cooled beam.
Most importantly, it allows to access the kinematic re-
gion of small proton angles which is particularly sensitive
to the off-shell portion of the nuclear matrix element.
Further, the photon does not need to be observed in coin-
cidence, as was the case with earlier experiments [7,8],
since ppy events are cleanly defined by the missing mass
calculated from the two protons. Previous experiments
also were constrained to coplanitary in the laboratory,
while no such restriction applies in our case.

The present data cover a region of the phase space
where off-shell contributions of the NN interaction are

BRIEF REPORTS 45

expected to be enhanced. Since more sophisticated calcu-
lations are not yet available for the covered kinematic re-
gion, we have compared the measured angular distribu-
tions with the expectation from phase space alone and
found fair agreement, suggesting that a possible off-shell
contribution manifests itself, at best, in the overall value
of the cross section.

In a possible future follow-up experiment it would be
fairly straight forward to remove the constraint of the
present data to proton energies below 120 MeV. In an
experiment below the pp —ppn° threshold, the contribu-
tion to the background from this reaction could be elim-
inated. Polarized proton beams are available in the
IUCF Cooler Ring. It thus would be possible, albeit with
lower luminosity, to study various analyzing powers of
the three-body final state. Finally, work is currently in
progress to develop an internal polarized hydrogen tar-
get. Making use of a polarized atomic beam source and a
storage cell [18] (such a target is carrier free and window-
less) offers the future possibility to cleanly measure spin-
correlation coefficients, if a strong theoretical motivation
should arise.
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