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A series of bremsstrahlung measurements have been performed with the superconduct-
ing cyclotron, AGOR, at KVI. These measurements, on the proton-proton and proton-
deuteron systems, aim to investigate the nucleon-nucleon interaction as the nucleons go
off their mass shell. Cross sections and analyzing powers have been measured for all pos-
sible exit channels of both systems with an incident proton energy of 190 MeV, which is
below the particle-production threshold. Preliminary results of the real-photon as well as
virtual-photon production are presented and compared to theoretical predictions.

1. INTRODUCTION

Nucleon-nucleon bremsstrahlung is the most fundamental reaction used in studying the
off-shell behavior of the nucleon-nucleon interaction as it involves the strong interaction
between two nucleons, and the well-known electromagnetic interaction. In addition, the
cross section for nucleon-nucleon bremsstrahlung is the basis of all calculations which
deal with photon production in heavy-ion collisions. These calculations rely heavily on
theoretical predictions of the nucleon-nucleon bremsstrahlung process, which resort to
approximations such as the soft-photon approximation that, to leading order, contains
no off-shell information. This process was looked at for the first time in detail for an
incident energy of 250 MeV in a theoretical paper by Ashkin and Marshak [1]. In this
paper, differential cross sections were derived for the proton-proton bremsstrahlung. In
1958, Low proved that in a series expansion, in photon momentum, of the differential
cross section, the first two terms can be exactly calculated in terms of elastic amplitude
for the same system [2]. Another approach for the low-energy calculations was made by
Feshbach and Yennie [3].

A serious look at the off-shell behaviour of different potential models was taken in 1963
by Sobel and Cromer [4] when it was also known that experiments could be performed
to be compared to the predictions. The potentials used in their calculations gave brems-
strahlung cross sections which differed by a factor 2 to 3 from each other. However, the
parameters of these potentials were obtained by fitting to a relatively small set of data
available at the time. Calculations also included the effect of non-coplanarity where the
two outgoing proton vectors do not form a plane with the incoming proton vector [5]. As
the process was better understood, other ingredients such as double scattering [6] and
relativistic spin corrections [7] were added in the calculations. At the same time, more
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refined nucleon-nucleon potentials were becoming available [8].

On the experimental grounds, one has a different situation. The huge elastic background
has always hampered the efforts to perform a high-luminosity measurement because of the
problems with the singles count rate. This, in turn, will make it difficult to get a clean
bremsstrahlung signal out of measurements. Most of the first generation experiments
performed in the 60’s measured the outgoing protons at larger angles (larger than 20°) to
avoid interference with beam and beam-related background at smaller angles. Gottschalk
et al. [9] measured for the first time the non-coplanar events and studied the behaviour
of the cross section as a function of non-coplanarity. Rothe and coworkers [10] measured
the direction of the outgoing photons as well as the outgoing protons, thereby increasing
the number of parameters with which the measurement is overdetermined. They also
measured, for the first time, analyzing powers of the process. However, the polarized-
beam intensity for this measurement was rather low (= 2 x 107 protons/sec). All these
measurements used liquid hydrogen targets with rather thick windows.

Recently, the study of off-shell effects by nucleon-nucleon bremsstrahlung below the
particle-production threshold has been receiving increasing attention both theoretically
and experimentally. The reason for this is the success of modern potential-model calcu-
lations on the one hand and the advent of high-precision detection systems on the other
(11-19)].

Polarized-proton beams and high-flux neutron beams have also delivered a boost to the
experimental efforts. Recent cross-section and analyzing-power data from TRIUMF [12]
clearly show the need for the inclusion of off-shell effects in the calculations. With even
higher accuracies achievable nowadays, one can hope to study, in detail, the properties of
the off-shell nucleon as it propagates in an intermediate state as well as the non-nucleonic
degrees of freedom (such as A-excitation) which can even admix at energies below the
pion-production threshold. In this contribution, after a brief review of nucleon-nucleon
bremsstrahlung (in the proton-proton and the proton-deuteron systems) in section 2, the
experimental setup used in the KVI measurements is sketched in section 3. The analysis
is outlined in section 4 and the preliminary results are discussed in 5. A summary with
some outlook is presented in 6.

2. NUCLEON-NUCLEON BREMSSTRAHLUNG AND THE KVI EXPER-
IMENT

In Figure 1, various amplitudes used in the calculations of the bremsstrahlung process
are depicted. Figure la shows the external-bremsstrahlung (single-scattering) amplitude,
where the photon can be emitted before or after the strong interaction, and in Figure
1b the internal-bremsstrahlung (double-scattering) amplitude is represented. The meson-
exchange current (MEC) and the delta contributions are schematically shown in Figure lc
along with relativistic contributions. For proton-proton bremsstrahlung, MEC is absent
in the leading order. For proton-neutron bremsstrahlung, on the contrary, MEC contribu-
tions are the largest for higher photon energies. Dipole and quadrupole structures of the
electric contributions for pny and ppy, respectively, are dominant in the photon angular
distributions at lower photon energies. Calculations show [15], however, that the off-shell
effect is enhanced for higher photon energies where the magnetic contribution becomes
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Figure 1. The amplitudes for the different terms in the bremsstrahlung process: a) external
bremsstrahlung (single scattering), b) internal bremsstrahlung (double scattering), and c)
meson-exchange-currents, delta and NN contributions.

stronger relative to the electric contribution. It is worth noting that, for some kinematics,
the contribution of ppy can be as much as 20% of that of the pny and should not be
ignored in the nucleus-nucleus reaction-mechanism studies. Finally, note that in studying
the high-energy photon emission in the NN+ process, one has to detect the outgoing
nucleons at small angles.

Even though the subject of bremsstrahlung is a rather old one, it has only been possible
in the last decade to obtain data for proton scattering to small angles with high enough
accuracies to make a sensible comparison with potential-model calculations. For the first
time, a high-intensity polarized-proton beam was used in an experiment at TRIUMF
[12] where cross sections and analyzing powers for proton-proton bremsstrahlung were
measured for incident proton energies just below the pion-production threshold and for
small outgoing proton angles. In this experiment, a coplanar geometry was chosen in
which the two outgoing protons and the photon lie in the same plane. The calculations
[12] done for the TRIUMF experiment and also those done by Herrmann and Nakayama
[20] show that the shapes of both cross-section and analyzing-power data can only be
reproduced if the off-shell effects are included in the calculation. From these and other
calculations, it also became clear that with the typical experimental accuracies attained,
no distinction can be made between different modern potential models. Modern potential-
model calculations which take into account the effect of double scattering and relativistic
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spin correction generally agree with each other to a few percent [11]. It should be noted
that the TRIUMF data were normalized by a factor 2/3 by the authors of the paper
[12]. Without this normalization, the cross-section data overshoots the calculations by
about 50%. This normalization problem should, however, be resolved by experiments
with higher accuracies.

It has been shown that the nucleon form factor is modified as it goes off the mass shell
[21-23]. This modification will change the magnetic form factor of the NN4, leaving the
electric one unchanged because of charge conservation. Recent calculations show that
polarization observables such as spin-correlation coefficients are especially sensitive to
these effects in the case of proton-proton bremsstrahlung where the magnetic coupling
plays a more dominant role at higher photon energies [24,25]. However, these coefficients
are much more difficult to measure experimentally.

The A-isobar contribution in the intermediate state and the effect of Meson Exchange
Currents (MEC) have been studied in detail by several people {19,26,27). In the proton-
proton system, the contribution of the intermediate A is larger than in the proton-neutron
system due to isospin factors. Even though all these contributions are relatively small,
precise measurements and selected kinematics should distinguish between models with or
without them.

The situation on the proton-neutron bremsstrahlung is quite different. Generally speak-
ing, the neutron beams lack the high quality and/or intensity required for precise mea-
surements [28,29]. Because of this, the cross sections presented in the literature have
been rather inclusive. An ongoing experiment at Los Alamos Neutron Science Center
will produce, for the first time, exclusive data, though limited in statistical accuracies, in
which the outgoing particles are detected [30]. In the past, the proton-deuteron system
was chosen for the investigation of the proton-neutron bremsstrahlung. The complication
with this choice is, of course, the Fermi motion of the nucleons in the deuteron. The re-
cent experiments performed [31,32] have also been inclusive, i.e. only the outgoing photon
has been detected leaving no access to the details of the reaction. There exist no good
calculations for this process. Any calculation attempting to describe the inclusive result
should treat all the possible outgoing channels of this reaction properly. These include:

l.p+d — *He+7v
2.p+d—p+d+y
3.p+d —p+n+Pipec +7
4. p+d—p+p+nape+7

The first channel, the radiative capture, has the highest photon energy. The center-
of-mass energy available in this reaction is high enough (ESM x 127 MeV for our case)
to distinguish it from the other channels. However, this high energy also makes the
calculations very difficult as one not only has to include all the multipolarities in the
electromagnetic operator but also the exact nature of the deuteron and *He wave functions
should be well known in calculating the overlap integral. Due to correlations, the S
component of the *He—p+d vertex goes through a zero in the energy region which includes
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our energy, thus enhancing the contribution of the D-wave admixtures. Therefore, the
knowledge of the relative behaviour of S and D waves is essential in the calculations. The
D component of the vertex is primarily determined by the D waves in *He [33].

The second channel represents the “coherent” bremsstrahlung from the deuteron. This
reaction is like the nucleon-nucleon bremsstrahlung except that any calculation dealing
with it should include all the intermediate channels (the deuteron has a binding energy
of 2.2 MeV). If one takes the simple picture that the deuteron is a loosely bound object
and that the incoming proton interacts primarily with a nucleon, then this channel can
provide a clear signal for the final-state interaction effects.

The other two channels are very similar in nature. One is the bremsstrahlung as a
result of proton-neutron interaction while the other proton is the spectator (aside from
final- and initial-state interactions) and the other is the bremsstrahlung in the proton-
proton interaction with the neutron being the spectator. The Fermi motion of the nucleon
results in production of higher energy photons as compared with the free nucleon-nucleon
bremsstrahlung. The calculation done by Nakayama [34] in which the free neutron-proton
bremsstrahlung cross section is “folded” with the momentum distribution function of
the nucleons in the deuteron fails to explain the data. This is not surprising in view
of the fact that the other channels discussed above have not been taken into account
in this calculation. In fact, even the procedure with which the free nucleon-nucleon
bremsstrahlung is folded with the momentum distribution of the neutron is not a trivial
matter [35]. It is clear that with the free proton-proton data (from the proton-proton
system), and the quasi-free proton-proton data (channel 4 above) of the proton-deuteron
system, one can test the folding procedure and the initial- and final-state effects. If
these are well understood, one can then use channel 3 to unfold the free proton-neutron
bremsstrahlung process from the p+d system.

Aside from the real-photon production, one can also study the virtual-photon produc-
tion in the same systems. This latter process involves an extra electromagnetic vertex,
thereby reducing the cross section by at least a factor «, the fine-structure constant, as
compared with the former one. However, the whole territory of virtual-photon production
on light systems in intermediate-energy regime is virgin. There are two new aspects of
this process that are of interest. First, the cross section can be studied as a function of
the non-zero photon invariant mass. Secondly, aside from the transverse response func-
tion present in the case of the real-photon production, one can in principle study other
response functions such as the longitudinal response function and the interference terms
in the nuclear currents that are relevant in the reaction. Experiments which involve mea-
surements of all the outgoing particles will provide a check on theoretical calculations
such as the recent ones which primarily concentrate on the Soft-Photon Approximation
(SPA) [36]. Finally, using polarized protons and looking at the ¢-angular distribution of
the reaction cross section will provide polarization-transfer coefficients. These observables
have never been measured before.

The KVI bremsstrahlung program with AGOR on few-body systems, set out to study
and measure the cross sections and analyzing powers of all the above-mentioned reactions
in a series of measurements specifically tuned for nucleon-nucleon bremsstrahlung. The
measurements started with the proton-proton system and extended to the proton-deuteron
system. One of the goals of the experiment is to measure high-precision cross sections
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to settle the question of the absolute normalization raised by the TRIUMF data [12]. In
addition to coplanar geometry, non-coplanar geometries have been measured for a large
number of angle combinations. Angular coverage of protons is from 6° to 26° and photons
were measured from & 57° to = 176°. All the measurements are exclusive in the sense that
all the outgoing particles, where possible, were measured. Besides, all the measurements
were carried out using polarized protons.

3. EXPERIMENTAL APPARATUS

To probe matrix elements involving intermediate states that are far off the mass shell,
we need to measure high energy photons. This in turn restricts the detection of the
protons to small laboratory angles. However, at small angles one is limited by the quality
of the beam and the very high rate of proton-proton elastic scattering (for the forward
detector considered here, this rate is about 1.0 x 107 counts/s). The high-quality polarized
proton beam at AGOR overcomes the first limitation. The problem of high rates was dealt
with by employing a highly segmented detection system. The polarized protons of 190
MeV were delivered by the superconducting cyclotron, AGOR, with typical polarization
of 50% to 70%. Due to the high elastic rates in the detection system, the beam current
was kept under 10 nA. The beam, going through our detection system, was stopped
about 10 meters further downstream in a very well-shielded Faraday cup. In the following
subsections, various parts of the detection systems and the target are outlined.

3.1. SALAD

To detect the outgoing hadrons at forward angles, the Small-Angle Large-Acceptance
Detector, SALAD, was designed and built. This detector which was built for a precise
measurement of the absolute cross sections and analyzing powers is schematically shown
in Figure 2. It is a detection system with almost cylindrical symmetry which measures
particles between 6° and 19° for the whole azimuthal angular range and proton energies of
up to 130 MeV with a resolution of about 5%. The upper limit of the range of the polar
angles increases to about 26° for a smaller region of the azimuthal angles. The large solid
angle (about 500 msr) is mandated by the very small cross sections of the nucleon-nucleon
bremsstrahlung process. To allow the beam free passage, our detector was designed with
a central hole.

To determine the coordinates of the charged particles, we used two wire chambers
(MWPCQC) the first of which with three planes (z,y, and 45°) to overcome ambiguities in
multi-prong events. The second chamber has two planes (z and y). The wire spacing
in these chambers is 2 mm. However, to reduce the number of read-out channels, every
two adjacent wires go through one amplifier-discriminator channel. The anode-cathode
spacing is 4 mm. The angular resolution obtained with these chambers is better than
0.5°. A high detection efficiency was observed even at high rates of more than 100 kHz
on each wire [37].

Plastic scintillators are used to measure the energy of the particles: a thick layer,
consisting of 24 elements, detecting the particles originating from bremsstrahlung events
is backed by a thin layer, consisting of 26 elements, vetoing protons of higher energies
coming from elastic events and punching through the thick layer.

For the ppy experiment, the trigger of SALAD for the bremsstrahlung event is as
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Figure 2. A schematic top view of SALAD. Half of the scintillators are read out from
the top and the other half from the bottom. TAPS was placed around the target mostly
at angles larger than 57° (here, the “supercluster” configuration is depicted.). The beam
pipe goes through the center of all detectors.

follows: when a minimum of two of the energy scintillators of SALAD have fired, a
trigger box, designed at KVI, will look to see whether any veto detector has fired [38].
A valid SALAD trigger is when the number of energy detectors minus the number of
veto detectors is at least 2, Ng — Ny > 2. However, as was mentioned earlier, because
of the chosen geometry, SALAD will be flooded with unwanted events stemming from
elastic proton-proton scattering. Due to hadronic interaction, it can easily be seen that
the number of double elastics within a certain gate is so large that the detection of the
photons in time coincidence is mandatory. The photon detection is further used to reduce
the background as the measured photon parameters are used in the analysis.

3.2. TAPS

For the measurement of the position and the energy of the photons, we used the Two-
Arm Photon Spectrometer, TAPS [39], which was placed in two different geometries in our
experiment, the “supercluster” and the “block” geometries. In order to keep the almost
complete cylindrical symmetry, we used the “supercluster” configuration of TAPS. In this
configuration, all the crystals were placed in a hexagonal frame surrounding the beam
pipe upstream from the target covering an angular range of 125° — 170°. This cylindrical
symmetry is essential in adding up measured counts for the whole range of the azimuthal
angle for high statistics.

In order to look at the angular distribution of the reaction, the crystals were redis-
tributed in 6 rectangular frames, each containing 64 crystals. These were positioned on
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both sides of the beam line around the target covering an angular range of 57° — 176°.
This geometry is referred to as “block” geometry. The vertical acceptance of a block is
42°. In both geometries, TAPS covered more than 20% of the full 47 solid angle.

It should be noted that the “supercluster” configuration lacks the thin plastic scintil-
lators, usually referred to as charged-particle veto counters placed in front of the crystals
in the “block” configuration. However, since the “supercluster” was placed at backward
angles, the contribution from charged particles to the background should not be very
large. The thin plastic scintillators were used in the “block” geometry in order to identify
the et and e~ particles in the virtual bremsstrahlung measurements [40].

With the “supercluster” geometry, both coplanar and non-coplanar events were mea-
sured simultaneously with high statistics as the counts for the whole azimuthal-angle
range can be added. For the “block” geometry, this is no longer true thus limiting the
statistical accuracy of the measurements.

3.3. Target

We used a liquid hydrogen/deuterium target for these measurements [41]. A 6 mm
thick disk with a diameter of 20 mm was filled with the desired liquid. The operational
temperature and pressure were somewhat above the triple point of the substance in ques-
tion. This way, the exerted pressure on the window would be minimal enabling us to use
very thin windows. For the dimensions of our target, we use 4 pm-thick Aramid (from
Toray, Japan) windows. This is the first time that such a thin window of synthetic mate-
rial has been used in a beam of protons. These windows were used for extended periods
of running like 2 to 3 weeks at a time. The beam current was typically 6 nA for the
proton-proton system and 1 nA for the proton-deuteron system.

4. ANALYSIS

The data were stored on DLT tapes on line and later filtered once to make a first selec-
tion on the raw data. The analysis of the virtual-bremsstrahlung measurements is outlined
in [40]. Here, the analysis of the real-bremsstrahlung measurements is represented.

Five measured angles, namely the polar and azimuthal angles, § and ¢, of the two
outgoing particles (protons and deuterons in first instance) and the polar angle of the
photon, 6., and the incident proton energy were used to inspect the event. If there was
no violation of kinematics, the event was used further in the analysis. For the accepted
events, other variables such as the energy of the outgoing proton or deuteron and the
energy and the azimuthal angle, ¢, of the photon were consequently reconstructed.

Since we measure all the variables of the experiment (except the energy and position of
the neutron in the first phase of the experiment), we have an overdetermined kinematics
which allows us to cut more background and have a better confidence in the quality of
the data.

The p+p and the p+d systems should be separately treated. The p+p system is rather
straight forward. The final state is a 3-body final state and measuring 9 variables in the
experiment leaves us with 4 overdetermined variables which could be used for further
reduction of the background. As was mentioned earlier, the p+d system ends up with
4 final states. The first channel (the radiative-capture channel) is a 2-body final state.
Detecting the photon is already enough to reconstruct the event. The detection of the
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recoil *He will give extra variables for redundancy check. However, the radiative-capture
data presented in this paper are obtained from the singles measurement. The second
channel (the “coherent” bremsstrahlung on the p+d system) is a 3-body final state and,
as far as the analysis is concerned, is essentially identical to the p+p system. The only
difficulty is the particle identification which we have to extract from the analysis itself.
The third and the fourth channels in the p+d system (the “quasi-free” bremsstrahlung)
are the most difficult to deal with. The position detection of the neutron was not possible
in the first phase of the experiments as we wanted the high-rate capability of SALAD for
both TAPS geometries in the proton-proton bremsstrahlung measurements. Therefore,
the only channel we can sensibly look at in the “supercluster” geometry of TAPS is the
4-body final state with two protons and the photon detected. Assuming that the neutron
was the spectator, one can go ahead and reconstruct the event just as in the free p+p
case. However, even with this assumption, Fermi motion will result in the broadening of
all envelopes containing momenta, etc.

The power of reconstruction in cutting the background is shown in Figure 3. In the top
part, all the events in the coincidence window (started by the protons or deuterons and
80 ns wide) are shown. The prompt photon peak is in the middle of the window. When
these events are checked for energy and momentum conservation, a vast majority of them
do not survive and the ones that do will almost always stay in the prompt peak; see the
bottom panel of the figure. The redundancy of variables for the events has not been used
in the procedure to obtain the spectrum at the bottom of the figure. That will further
reduce the background.

Counts [arb.un.}

Al L » | Ladiat ! L : s | . Ltstad | L a |
0 200 400 600 800 1000
TDC channel number

Figure 3. The time distribution of events. Top part of the figure is the event time for all
events registered as good ppy candidates while the bottom one shows the events which have
satisfied energy and momentum conservation. Fach channel is 0.5 ns.

Figure 4 shows a spectrum which is the result of the reconstruction of the free p+p
system. One can observe a band containing the real events, which is much stronger than
the surrounding background.
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Figure 4. The reconstructed versus the measured proton energy. Our detector has an
energy threshold of about 20 MeV.

As was mentioned, with the present setup, there is no way of distinguishing the protons
from the deuterons resulting from proton-deuteron bremsstrahlung process. In the analy-
sis, one has to check for both possibilities. This is seen in figure 5 where the top-left panel
represents the measured versus reconstructed energy of the particles when the mass of the
deuteron is assumed. One sees a clear diagonal band corresponding to the deuterons. The
other band which is misplaced belongs to protons, then. When the mass of the particle is
assumed to be that of the proton, the band which was misplaced ends up on the diagonal
and the deuteron band is now misplaced (top-right panel). When one places a cut around
these two bands to cut the background, one sees a major improvement in the measured
versus reconstructed photon energies; compare the lower-left and lower-right panels of
figure 5. The small bands in the top panels come from deuteron break-up events which
make it through energy and momentum conservation.

5. PRELIMINARY RESULTS

After all the necessary cuts were made to reduce the background, the surviving events
were used for further analysis to obtain cross sections and analyzing powers. In this
section, preliminary results are presented for the p+p and the p+d systems.

For all the measurements performed on both systems, a fraction of the elastically scat-
tered particles were recorded for normalization and calibration purposes. The elastic-
scattering cross sections and analyzing powers for the p+p system are well known from
literature. For the p+d system, potential-model calculations for our energy were per-
formed by the Bochum-Cracow group [42]. The measured elastic-scattering cross sections
and analyzing powers of both systems were then compared to the calculations. Pre-
liminary results show that the pp elastic cross sections, after taking all inefficiencies into
account deviate & 10% from the calculations when the nominal target thickness and beam
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Figure 5. The measured versus the reconstructed energies for the p+d system. For ezpla-
nation see text.

currents are used in the analysis. This data will be used in the final normalization of the
data. For the pd elastic cross section, the first results deviate between 25% and 35% from
the calculations. It should be remarked that pd elastic scattering is also less well studied
than the pp elastic scattering. Note that no efficiency or absolute normalization factors
have been applied to the bremsstrahlung cross sections and analyzing powers presented
further on. The final numbers for the ppy cross sections might move up by about 10%.
For the pdy cross sections, this number will be around 25%. Analyzing powers will suffer
much less from these normalization and efficiency problems.

5.1. Proton-proton bremsstrahlung

For the pp system, measurements were done in two geometries. The first one, the
“supercluster” geometry produces high statistics for a limited range of photon polar angles
but a complete coverage of the photon azimuthal angle, and the second one, the “block”
geometry yields an angular distribution of the bremsstrahlung process with a limited
coverage of the photon azimuthal angle. In figure 6, the results of the coplanar cross
sections and analyzing powers are presented as a function of the polar angle of one of
the protons, while the polar angle of the other proton and the polar angle of the photon
are fixed. The coplanar events with the same polar angles have been added in azimuth
to increase the statistics in the cross section. The range of non-coplanarity taken in this
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analysis is 5°. Checks have been made to make sure that the cross-section variations were
small up to this angle qualifying these data points as the coplanar data.
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Figure 6. Preliminary cross sections and analyzing powers as a function of first (left) and
second (right) proton polar angles, obtained in the “supercluster” geometry for 6, = 145°.
The second (first) proton angle is fized at 16°, respectively. The calculations are SPA
(dotted), the “nucleonic calculation” (dashed), and the full calculations including MEC,
NN and the A as well (solid).

Two different types of calculations were performed for our kinematics. The first one
uses the Soft-Photon Approach (SPA) of Liou, Timmermans and Gibson [43,44]. This cal-
culation is consistent with the low-energy theorem and is relativistic and gauge invariant.
The other calculations are done by Martinus, Scholten and Tjon [45]. These calculations
include all the possible ingredients shown in figure 1 and treat the nucleons off-shell. To
see the higher order effects, a calculation called the “nucleonic calculation” is shown in
which only the internal and external bremsstrahlung contributions are considered (figure
la and 1b), see the dashed curve, and one which includes MEC, NN and A contributions
as well (solid curve). Even though the differences between the data and the calculations
are small for the analyzing powers, the cross sections (especially the ones shown in the
upper-left panel) deviate from the calculations. The absolute normalization of the data
might change by about 10% as mentioned before but this will have no consequence on the
shape of the distributions.

In the “block” geometry, we were able to measure the angular distribution of the proton-
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Figure 7. Preliminary cross sections as a function of 8, for three different proton-polar-
angle combinations indicated on the graphs. The calculations are SPA (dotted) and the
“nucleonic” (solid). In the bottom panel, the TRIUMF data with 200 MeV protons [{6]
are also shown.

proton bremsstrahlung. However, in this geometry we lost our ability to add the bins of
the same azimuthal angle, thereby reducing the accuracy of the measurements compared
to the “supercluster” geometry. Nevertheless, we used the total azimuthal acceptance of
the blocks to gain more statistics. This procedure is not so simple as the exact acceptance
of the block has not been calculated yet with a detailed Monte-Carlo simulation. Because
of this, the “block” data were normalized to the “supercluster” data at one common point.
The systematical errors should then be looked at more seriously for this geometry. The
data are presented in figure 7. Presently, only the cross sections have been analyzed. The
presentation of the data is similar to that of the TRIUMF data. Three combinations of
6, and 6, were chosen. For comparison, the older TRIUMF data at 200 MeV incident
proton energy, for which only the outgoing protons were detected, are also shown [46]. The
calculations are the SPA (dashed curve) and the “nucleonic” one. As can be seen in the
figure, the accuracy of this measurement is inferior to the other geometry. Even though
TAPS covered polar angels between 57° and 176°, one sees a much smaller coverage
in the figure. This is due to the stopping of low-energy protons on their way to the
scintillators of SALAD. With the accuracies (statistical and systematical) obtained for
coplanar geometries (non-coplanar geometries have much higher statistics), it is not very
easy to make any definitive conclusions about the details of the calculations. One has
to inspect the calculations for possibly integrating over some experimental variables to
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improve the statistics. This is equivalent to comparing the data and the calculations for
several neighboring bins simultaneously to have a better understanding of the process.

At very small outgoing proton angles, the bremsstrahlung cross section becomes more
dominated by the 'Sq partial wave that has the largest off-shell behaviour of all partial
waves with total isospin T=1 [47]. The Coulomb corrections become important for this
partial wave. Calculations show [25] that, except for very small proton angles (< 10°)
and for a limited part of the phase space, the Coulomb correction can be neglected. In
the case of coplanar geometries, Katsagiannis et al. [48] show that at energies close to our
energy, the Coulomb effect is negligible overall.

There are still many more regions of phase space which should be looked at. In par-
ticular, non-coplanar geometries (which have a larger phase-space factor thereby higher
statistical accuracies) have to be looked at. These are of particular interest for a number
of reasons: 1) it will be the first time that such data with high accuracies are measured;
2) one can probe completely different regions of phase space compared to the coplanar
geometry; and 3) one obtains more observables (analyzing powers) for these geometries.

Finally, figure 8 shows the cross section as a function of invariant mass of the photon
for the virtual proton-proton bremsstrahlung in the “supercluster” geometry. The calcu-
lations are similar to other soft-photon approximations [36]. The agreement between the
calculations and the data is satisfactory. For more details on the analysis of these data
and other spectra, see [40].
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Figure 8. Preliminary cross section of the virtual proton-proton bremsstrahlung as a func-
tion of the invariant mass of the photon. The longitudinal and transverse components of
the cross section are separately shown.

5.2. Proton-deuteron bremsstrahlung

The proton-deuteron bremsstrahlung measurements have only been analyzed in the
“supercluster” geometry so far. In this phase of the measurements, neutron detection in
SALAD was still not possible. Therefore, the data presented in this section deal with
charged-particle detection in SALAD.

In the “supercluster” geometry, the SALAD-TAPS acceptance for coincidence y—3He
detection is rather small. So, in order to have cross sections and analyzing powers for
as large an angular range as possible, we decided to analyze the data from the singles
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photon measurement. This can only be done thanks to the very high photon energy in the
radiative-capture process. In fact, after making all the cuts, this is the largest available
energy in the detector. Therefore, one has a peak structure which is only hampered at
its low-energy side due to overlap with other bremsstrahlung processes. However, it was
not difficult to fit the spectra and obtain the contents of the appropriate peak. The
preliminary results for the cross sections and analyzing powers are presented in figure 9.
The IUCF data [49] is also shown for comparison. The agreement between the two data
sets is reasonable. Notice that our data has not been corrected for efficiencies, etc. It
must also be pointed out that the IUCF data was obtained in a coincidence experiment
in which both outgoing particles were detected for background reduction.

40 $
0 0.0
g $
= PR <
c 20 Y iie by
S o A ¢4
© 4
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120 140 160 180 120 140 160 180
O (deg) e (deg)

Figure 9. Preliminary cross-section and analyzing-power data as a function of the photon
angle for the radiative-capture process. The filled circles are the IUCF data [49].

The other channel which was investigated was the 3-body final state or the “coherent”
proton-deuteron bremsstrahlung. Except for the particle identification discussed in section
4, the analysis is very similar to the proton-proton bremsstrahlung. The cross sections as a
function of 8., for four combinations of proton and deuteron polar angles are shown in figure
10. These data, as well as the “quasi-free” data, represent coplanar events. Notice that
the photon can be emitted on the proton side but also on the deuteron side giving angles
larger than 180°. The calculations which are shown in the figure are Soft-Photon type and
classical for the pn and pd systems, respectively [35]. The information from the elastic pd
cross sections are not yet included in the pd calculations. Therefore, the normalization
on the graph is arbitrary. It is remarkable that, as far as the shape is concerned, neither
calculation comes close to the data. In the past, one ascribed the emission of the photon
primarily to proton-neutron collisions. If this is true, the difference that one observes
between the free pn calculation and the data must be coming from the Fermi motion of
the neutron in the deuteron and the final-state effects fusing the outgoing neutron and
proton together. No calculation which attempts to take these effects into account properly
has ever been performed. Analyzing powers of the same angle combinations are displayed
in figure 11.

Finally, one can assume that the neutrons were spectators in the collision and carried
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Figure 10. Preliminary cross sections for the “coherent” proton-deuteron bremsstrahlung
as a function of 0., for four different angle combinations (given in the figures). The dashed
curve is an SPA calculation for the pn system downscaled by a factor of 3 and the solid
line is a classical calculation (with an arbitrary normalization) for the pd system.

140 160 180 200 220

no momentum, and only the protons took part in the bremsstrahlung process (4-body
final state). The Fermi motion of the protons will affect the kinematics considerably.
However, the largest part of the cross section comes from the low-momentum part of the
wave function. Figure 12 illustrates the cross sections for different angle combinations as
a function of the outgoing photon angle. The calculations shown in the figure are identical
to the free proton-proton bremsstrahlung case. The differences must then be allocated to
final-state effects and the effect of the folding, in the calculations, of the deuteron wave
function.

6. SUMMARY AND OUTLOOK

In this contribution, the most complete bremsstrahlung measurements on p+p and
p+d systems have been outlined. All the measurements were done with the new super-
conducting cyclotron, AGOR, at KVI with a (polarized) proton beam with an energy of
190 MeV. The detection systems SALAD (specially built for these measurements) and
TAPS were utilized for these investigations. A hole in the center of all detection systems
allowed us to measure the outgoing particles at very small angles enlarging the energy
of the bremsstrahlung photons detected in coincidence. For the first time, liquid targets
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Figure 11. Preliminary analyzing powers of the “coherent” proton-deuteron bremsstrah-
lung for the same combinations as in the last figure. No calculations are performed for
this observable.

contained within very thin foils were used for these systems eliminating the need for a
good target-window study. Since most of the outgoing channels of these reactions are
kinematically overdetermined, the background levels were reduced to a minimum allow-
ing the extraction of cross sections and analyzing powers which are extremely clean. The
elastic cross sections on both systems serve as a monitor of the integrity of the system
and as a luminosity monitor.

In the case of the free p+p system, very high-accuracy cross sections are obtained for
the real-photon production which, apart from absolute normalization, do not agree with
the most recent calculations which attempt to include all the possible effects, except
Coulomb corrections which should be negligible for the kinematics considered here. The
only parameter which can still be varied is the magnetic transition moment between
positive- and negative-energy states. Chiral Perturbation Theory puts no bound on this
parameter allowing one to look at differences in observables as a function of this “variable”
[50]. There is still a large part of the phase space which has been measured and should
be analyzed. Data with high statistical accuracies from non-coplanar geometries will be
looked at which will certainly produce interesting physics and new observables, never
measured before. For the first time, we have also done exclusive measurements of virtual-
photon production on light systems.
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Figure 12. Preliminary cross sections for the “quasi-free” proton-proton bremsstrahlung
of the pd system. The calculation is the same as that for the free pp bremsstrahlung.

For the p+d system, different outgoing channels were investigated. In the first phase
of the experiment, reported here, no neutron detection was yet possible. The radiative-
capture channel was energetically separated. In the present experiment, we only looked
at the photons with the highest energy and extracted cross sections and analyzing powers
which agree reasonably well with the earlier results. The “coherent” proton-deuteron
bremsstrahlung was also measured and, for the first time, cross sections and analyzing
powers were obtained. No reliable calculation exists for this channel. To look at the effect
of folding of the wave function, the “quasi-free” proton-proton bremsstrahlung from the
p+d reaction was studied. The cross sections obtained for this reaction were compared to
the free proton-proton bremsstrahlung cross sections and the big difference between them
demonstrates the need for the inclusion of the final-state effects and the initial-state wave
function.

Very recently, after the completion of the proton-proton bremsstrahlung measurements
which required high counting rates, SALAD was modified to detect neutrons as well,
at the cost of lowering the total count rate that can be handled. The experiment, just
completed, will open the way to investigate the angular distribution of the cross section
and the analyzing power for all possible channels in the p+d system for the first time,
simultaneously.
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