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Abstract

The proton—proton bremsstrahlung process, including both coplanar and non-coplanar kinematics, has been measured
with polarized protons of 190 MeV. High-precision cross sections and analyzing powers have been obtained. Cross sections
as a function of non-coplanarity angle are presented and show large variations of dynamical origin. Non-coplanar analyzing
powers have been measured for the first time and are compared to theoretical predictions. © 2000 Elsevier Science B.V. All

rights reserved.
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Nucleon—nucleon bremsstrahlung, N+ N — N +
N + v, is the simplest process from which informa-
tion can be obtained about the interacting two-
nucleon system, beyond what is already known from
elastic NN scattering and the deuteron [1-4]. Ac-
cording to the soft-photon theorem [5], the first two
terms in an expansion of the bremsstrahlung ampli-
tude in photon momentum are found from elastic
scattering. Since the elastic nucleon—nucleon phase
shifts are accurately known, a bremsstrahlung experi-
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2 Present address: Universitat GieRen, Heinrich-Buff-Ring 16,
35392 Gieften, Germany.

ment aiming to probe new aspects of the NN interac-
tion should measure hard-photon production at kine-
matics far away from the elastic limit. In non-relativ-
istic elastic scattering, the opening angle between the
scattered nucleons is aways 90°. Therefore, mea-
surements on nucleon—nucleon bremsstrahlung
should preferably be performed at forward scattering
angles with small opening angles.

In contrast with €elastic scattering, the brems-
strahlung kinematics does not restrict the (initial and)
final momenta to a plane. Thisis a genera feature of
reactions which have three particles in the final state
where one can define a non-coplanarity angle which
is a measure of how far out of plane the reaction
products are. Measurements which particularly aim

0370-2693,/00,/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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at effects as a function of non-coplanarity angle are
scarce and performed at large proton scattering an-
gles [6]. With the advent of detectors with large
acceptances [7-10], measurements have been per-
formed which cover a large part of the alowed
non-coplanarity angles for reactions involving, for
example, pion and photon production in nucleon—
nucleon collisions. Due to the low reaction cross
sections involved, the data have in the past been
integrated over many variables including very often
the non-coplanarity angle, in order to increase the
statistical accuracy [11,12].

In this Letter, we report on the ppy cross sections
and analyzing powers for non-coplanar geometries at
190 MeV beam energy. As we will show, there are
sizable dynamical effects present as a function of
this particular angle and if these effects are not taken
into account properly when the data are being inte-
grated over this angle, this can lead to wrong com-
parisons with theoretical calculations. In fact, it is
argued that this variable is as important as any other
variable in presenting differential cross sections. Fi-
nally, in experiments with a polarized beam, the
non-coplanar geometry provides two other compo-
nents of the analyzing power in addition to A,
which is obtained in coplanar geometry. We mea-
sured, for the first time, two of the three non-coplanar
analyzing powers with high accuracy. The detection
setup alowed to measure all three reaction products
in coincidence. The total number of identified
bremsstrahlung events is about 8 million for the
whole experiment, resulting in the most precise mea-
surement to date on this reaction.

The kinematics of proton—proton bremsstrahlung
(which is similar to any reaction with a 3-body fina
state) was first described in detail by Drechsel and
Maximon [13]. A brief discussion of the kinematics
is given here, in order to define the different analyz-
ing powers. The z-axis is defined by the incoming
beam. In the case of coplanar scattering, where the
momenta of all reaction products lie in one plane, the
x-axis is defined orthogonal to the z-axis and in the
scattering plane. The y-axis is defined such that it
completes the right-handed set of orthogonal axes. In
the case of non-coplanar scattering, the choice of the
x- and y-axesis no longer unique. In our convention
the scattering plane is defined by the incoming beam
(z-axis) and the photon momentum. The x- and the
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Fig. 1. A typical ppy event as projected on a plane perpendicular
to the beam direction. Shown are the external x and y-axes,
where the latter is defined by the direction of beam polarization.
The beam comes out of the page.

y-axes are then defined as above with respect to this
scattering plane. Furthermore, we define an externa
coordinate system with the y-direction in the direc-
tion of beam polarization. The angle ¢, shown in
Fig. 1 describes the rotation with respect to the
external coordinates. The non-coplanarity angle is
defined by @ = |7/2 — |, — b,|/2|, where ¢, and
¢, are the azimuthal angles of the two protonsin the
coordinate system just defined. Fig. 1 depicts the
non-coplanarity angle for a typical ppy event.

A complicating feature of the differential cross
section in the spherical coordinate system
(do/d2,d2,d6,) is that it diverges a the maxi-
mum of the non-coplanarity angle which depends on
the polar angles of the outgoing particles. This diver-
gence is due to the phase-space factor and has no
dynamical origin. Several methods have been pro-
posed to overcome this problem. For instance, a
non-singular coordinate system can be chosen
[6,14,15]. We have chosen to present the invariant
Squared Matrix Element (SME), |.#|?, [16,17]. If the
phase-space factor is defined as J, the relation be-
tween the experimental cross section and SME is
given by

do

dnldnzdoy“*": binsizefbm

. |?d0,d0,de,

| 2

3d0,d0,de, .
(1)

binsize /pin
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Here, the plausible assumption is made that SME is
constant over the bin. The expression for J is given
in Ref. [13], see Eq. (3.9). The unit of J is
MeV 2 /(sr? rad). By dividing by (%c)?, SME obtains
the unit wb fm2. In this unit, the magnitude of SME
is in the order of 1.

If one defines o™ as the cross section for
polarized particles and o as the cross section for
unpolarized particles, which is independent of ¢,
(but in principle dependent on &), then the most
general form the cross section can take is

do_pol

d0,d0,de,

dot

- (1+P-A
d!)ldﬂzdey( )

do"

- m(l+ PA, cos¢, + pA,sing, ) .

(2)

Here, we introduce Aj and A, which are equivar
lent to A, and A,, to denominate the analyzing
powers. The reason for the different labels here is
that the names A, and A, are more commonly
associated with a different definition of the scattering
plane [13]. In Eqg. (2) the dependence on A, is not
shown, since it can only be measured with a polar-
ization component in the direction of the beam,
which was not present in our experiment. In coplanar
kinematics, A,=0and A, reducesto A,.

For the measurement of the outgoing protons the
Small-Angle Large-Acceptance Detector (SALAD)
was used. This detector was specifically designed
and built for these experiments. The design and
operation of this detector is described in Ref. [10]. It
has a large solid angle of 400 msr and allows to
make cylindrically-symmetric measurements around
the beam axis for most of the polar angular range.
The covered polar angles range from 6° to 26°. The
detector consists of two wire chambers [18] with a
central hole for beam passage, behind which two
segmented stacks of scintillators are mounted. The
system is capable of handling high count rates and
allows a hardware trigger rejection of protons stem-
ming from elastic scattering [19]. Thisis achieved by
choosing the thickness of the first scintillator stack

such that elastically-scattered protons (which have a
higher energy) punch through and reach the second
stack. Also, a coincidence with the photon detection
system is required.

For the measurement of the bremsstrahlung pho-
tons, we used the Two-Arm Photon Spectrometer,
TAPS [20]. TAPS consists of approximately 400
BaF, crystals, which were used in two different
geometries. In the first geometry, al crystals were
mounted at backward angles in a large hexagon,
surrounding the beam pipe. This results in a polar
angular range of 125°-170° and a complete az-
imuthal coverage. This cylindrical symmetry makes
it possible to determine the amplitudes of sin¢, and
cos¢, in Eq. (2), which correspond to A, and A,
respectively. In order to investigate the angular dis-
tribution of the photons, a second experiment was
performed where the cylindrical symmetry in photon
detection was sacrificed. This second geometry, con-
sists of six rectangular detector blocks, each contain-
ing 64 crystals. These blocks were positioned around
the target on both sides of the beam pipe. In this
geometry, the azimuthal range of photon detection at
forward angles is centered around 0° and 180°.
Therefore, a forward photon angles only A is
obtained. At more backward angles the azimuthal
coverage is larger, alowing a determination of A,
with a somewhat larger error.

Only 2% of the collected events which satisfy the
hardware trigger condition are good bremsstrahlung
events, the rest being background that could not be
eliminated by the trigger. In order to obtain a clean
bremsstrahlung signal from the data, a cut is set on
time-of-flight in TAPS to discriminate massive parti-
cles from photons. The reconstruction of events by
exploiting the necessary set of five measured vari-
ables and the use of the other four measured vari-
ables in the overdetermined kinematics of the reac-
tion results in a negligible background level [21].

For an accurate determination of the observables,
one also needs to determine the luminosity and the
degree of beam polarization. This is done by compar-
ing the measured angular distribution of pp elastic
scattering with two phase-shift analyses, from Ni-
jmegen [1] and VPI [22]. A fit was made with only
the luminosity and the beam polarization as a free
parameter. The agreement with both phase-shift anal-
yses is excellent. The typical value for the degree of
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beam polarization is 0.65, with an accuracy of 0.01.
For a discussion on detection efficiencies see Ref.
[21]. The systematic error on the normalization of the
cross-section data is 5%. The point-to-point system-
atic error is mainly due to errors in the determination
of the wire-chamber efficiency and is 2%. The error
in the analyzing powers is dominated by statistics.

Here, the data are presented as a function of the
non-coplanarity angle. A sample of coplanar data has
aready been published in Ref. [21]. For a given 6,
and asymmetric proton angles, one has two alowed
kinematical solutions which are, in general, different
in reaction dynamics. Due to energy and momentum
conservation, the non-coplanarity angle, defined ear-
lier, has a kinematic maximum. It can be shown that
with increasing non-coplanarity angles, the two solu-
tions converge to each other as one reaches the
maximum allowed non-coplanarity. Having seen the
large differences in SME for the two solutions in the
coplanar reaction, it can be argued that SME must
vary as a function of non-coplanarity.

In Fig. 2 the cross sections, SMEs and analyzing
powers A, and Ayl are shown as a function of the
non-coplanarity angle. Both proton polar-scattering
angles are fixed at 8°, while the photon polar-scatter-
ing angle is fixed at 145°. For this photon emission
angle, it was possible to choose the combination of
0, = 6, =8 which is the smallest opening angle
subtended by SALAD, resulting in the largest kine-
matically possible non-coplanarity angular range. The
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Fig. 2. Cross sections, SMEs and analyzing powers, A, and Aj
as a function of the non-coplanarity angle. The proton polar angles
have been fixed at 8°, while the photon polar angle is fixed at
145°. The solid and dotted curves are the results of the micro-
scopic and SPA calculations, respectively. The maximum non-
coplanarity angle for this kinematics is around 24°.

’—g oI T T T T T
516 F 6,=8 o -
= 0,=16
2 19,=85°
=
)
o [ ]
S8 o i
;_‘ n n ™} .
o
S~
S 00 | ! } | } |
15k -
Tl Y e
S0k ¥ J
Q L]
2 [ * [] .
2 05 - -
2]
0.0 —t—— t } } }
04 F ]
0.2
ST S
& 00 —
02k
0.4 R -
-0.6 1 L 1 L 1 L 1 s 1 " 1
0 6 12 18 24 30 36

Non-coplanarity (®) [deg]

Fig. 3. Cross sections, SMEs and the analyzing power AyL asa
function of the non-coplanarity angle. The proton polar angles
have been fixed at 8° and 16°, while the photon polar angle is
fixed at 85°. The meaning of the curves is the same as in Fig. 2.
The maximum non-coplanarity angle for this kinematics is around
41.5°,

triangles shown in the figure are the average of the
two measurements mentioned earlier, which are in
excellent agreement. The bin size in proton polar
angle is 2° and the bin size in photon polar angle is
10°. The non-coplanarity angle is varied from 0° to
close to the kinematic maximum (= 20°). The hin
size in non-coplanarity angle is 5°. The point at the
non-coplanarity angle of 2.5° was considered to be
coplanar in Ref. [21] (coplanarity angle runs from 0°
to 90° in our convention.).

In Fig. 3 the cross sections, SMEs and the analyz-
ing powers Ay are shown. The first proton polar
angle is fixed at 8° while the second polar proton
angle is fixed at 16°. The photon polar angle is fixed
a 85°. The bin sizes are the same as above. For this
photon emission angle, the proton angle combination
of (0, =8, 0, =16°) is the smallest opening angle
for which both proton energies are above the SALAD
detection threshold, for all kinematically alowed
non-coplanarity angles.

In both figures, the results of two calculations are
also shown. The calculations shown by dotted lines
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in al the plots are the predictions of the generalized
Soft-Photon Amplitude (SPA) [23,24]. The solid
curves in the plots represent the results of a calcula-
tion based on a microscopic model [25]. This model
includes, apart from the single scattering, also the
rescattering terms, magnetic meson-exchange cur-
rents, the virtual A-isobar and negative-energy states.
The present data and also the data at coplanar geom-
etry [21] lead to the conclusion that there are strong
deficiencies in the models. Many of the detailed
features observed in the present measurements would
have been completely smeared out had the data been
integrated over any of the differential variables
showing how essential it is to have exclusive data.

An important feature of both kinematics presented
here is that the SME varies smoothly but consider-
ably (by up to a factor of 2) over the allowed range
of non-coplanarity. This shows that part of the varia-
tions in the cross section as a function of this vari-
able are of dynamical origin. When investigating the
cross section directly, it is difficult to trace the
dynamics, since it is masked by the trivial but wildly
varying phase-space factors, especially near kinemat-
ical limits such as the maximum non-coplanarity
angle. Taking a closer look at the kinematics of the
reaction, one observes that spanning the non-
coplanarity range, the relative energy between the
two protons can go down to a few MeV at large
non-coplanarity angles, implying that effects such as
Coulomb distortions, which are neglected in many
calculations, may play an important role here. Esti-
mates have been made that these effects are small for
the coplanar geometries presented in Ref. [21].

Examining the variations in SME as a function of
various experimental variables reveals that there are
sizable variations encountered independent of the
variable. This points to the fact that the non-
coplanarity angle is as important a variable as any
other variable in presenting the differential cross
sections in reactions with a 3-body final state.

In summary, a series of measurements on
proton—proton bremsstrahlung have been performed
a the beam energy of 190 MeV. The combined
statistical and systematic error on the measurements
is superior to any prior measurement of this process.
Two different types of calculations are compared to
the data, the first being a SPA, the other being a
microscopic model. The comparison leads to the

conclusion that in order to arrive at a complete
picture of the reaction mechanism, one needs to have
as exclusive data as possible. The presented SMEs
for a large range of non-coplanarity angles unam-
biguously show that non-coplanarity effects of dy-
namical origin are important in this simple reaction
with a 3-body final state. Furthermore, it was argued
that the non-coplanarity angle is as important as any
other variable in the presentation of the data. Two
components of the analyzing power have been mea-
sured and presented at non-coplanar geometries for
the first time. The variations observed in the analyz-
ing powers are in genera smaller than those ob-
served in the SMES. The present measurements yield
arather complete picture of the bremsstrahlung from
the proton—proton system at a beam energy of 190
MeV and therefore provide a handle for future theo-
retical research on the nucleon—nucleon interaction.
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