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Photon angular distribution of proton-proton bremsstrahlung at 190 MeV
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High-precision cross sections and analyzing powers have been measured for proton-proton bremsstrahlung
at an incident energy of 190 MeV. A large part of the total reaction phase space has been covered in two
separate measurements in which all reaction products were detected. Photon angular distributions for a number
of proton angle combinations are presented and compared to theoretical models. The discrepancy between the
experimental and theoretical values of the cross sections becomes larger at smaller values of relative energy of
the two outgoing protons pointing to the fact that other effects such as those due to the Coulomb force should
be investigated more thoroughly. The simplest photonuclear process remains to be fully understood.
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The study of nucleon-nucleorN(N) bremsstrahlungN cross sections and analyzing powers for a range of values of
+N—N+N+1, has been revived in the past decade with therelative energies of the two outgoing protons will also be
advent of modern detectors covering a large part of phaspresented for the first time.
space and capable of dealing with high count rates. Itis well For the nucleon-nucleon bremsstrahlung reaction, two
known that the elastic-scattering cross section of a systertypes of models will be used to compare the present data
can be used to obtain precise scattering amplitudesdtir ~ with. The first type is the one inspired by the soft-photon
photon production from the same systghP?]. The wealth of ~ theorem[1,2]: the so-called Soft-Photon AmplitudéSPA)
data on the elastic scattering in the nucleon-nucleon systef®,6]. These phenomenological amplitudes use knowledge of
which has led to very accurate phase shifts in the literaturéhe elastic channel to obtain the leading-order terms in the
[3,4] can be used for this purpose. If one is interested irPhoton energy, but due to the constraint of gauge invariance,
dynamical details of the nucleon-nucleon interaction, whichother terms beyond the soft-photon theorem are introduced,
are beyond elastic scattering, one has to measare pho- WhI'Ch partl)_/ mimic re_scat.termg and meson exchange contri-
tons fromNN collisions. In nonrelativistic elastiblN scat- butions. This approximation makes the amplitudes less sen-

tering, the opening angle between the nucleons is alway§'t've to the off-shell structure of thBIN interaction. The

90°. Therefore, measurements N bremsstrahlung should procedure for including the higher-order terms is not uniqge

ref'erabl be ,erformed at small anales. where the o eninand the results can strongly depend on the specific recipe
P y P _angees, X sed. The second type of the calculations are microscopic
angle between the two nucleons is also small. At these sm

| h deal with | ) | back odel calculations which are performed in order to investi-
angles, one has to deal with large experimental backgroungg,a the details of the reaction dynamics. These microscopic

and also with very high counting rates from the elastid  ,oqels can include, in addition to a consistent propagation
reaction. These problems prevented the small-angle measurgr the intermediate off-shell nucleons, also higher-order ef-
ments with high accuracy in the past. It can be shown byects |ike the magnetic meson-exchange curréMi&C) and
simple kinematical calculations that, even at intermediatghe virtual A isobar[7]. Other calculations, similar to the
beam energies, one can probe the proton-proton interactioddhes presented here are also available in the literature
at small relative energies of the outgoing protons. This cafg—11].
be achieved at very small outgoing proton angles which In this Rapid Communication, we report on thpy cross
places the kinematics as far away as possible from the elastgections and analyzing powers as a function of photon polar
channel, but also at larger outgoing proton angles wherangle at 190 MeV beam energy. We measured different com-
there is a large asymmetry in the angles. For these kinemabinations of proton pairs with very high accuracy in two
ics, other effects, such as due to the Coulomb force, whicldifferent experiments. The detection setup measured all three
are generally ignored may also become sizable. With theeaction products in coincidence. The total number of good
high-precision data from KVI, a detailed investigation of the ppy events measured is about 8 million, resulting in the
photon angular distributions can be performed. Exclusivanost precise measurement to date on this reaction. Data for
only part of the phase space will be presented here. Other
selected kinematics addressing other issues have already
*Present address: National Superconducting Cyclotron Laboréheen published12,13.

tory, Michigan State University, East Lansing, Michigan. For the measurement of the outgoing protons, the Small-
"Present address: UniverditaGieRen, Heinrich-Buff-Ring 16, Angle Large-Acceptance Detect@ALAD) was used. This
D-35392 GieRen, Germany. detector was specifically designed and built for these experi-
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ments. The design and operation of this detector are de
scribed in Ref[14]. 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 <
from 6° to 26°. For the measurement of the bremsstrahlunc g °*

1.6

[ub/ st rad]

photons which were detected in coincidence with protons, &
we used the Two-Arm Photon Spectrometer, TAPS)]. m\oo
TAPS consists of approximately 400 BaErystals, which ~— © | B

were used in two different geometries in order to cover a
large angular range. In the first geometry, all crystals were
mounted at backward angles in a large hexagon, surroundin<" 00 i
the beam pipe. This results in a polar angular range of .o1s
125°-170° and a complete azimuthal coverage. For copla- ,.[ 1 1 ]
nar geometriegfor the definition of kinematical variables P AR S RPU PR EFRTIT SR SR R SR S AP
see[16]) presented in this paper, this complete coverage al- ~ ® %4 15,10 0 0, Gt 0 2, g™
lowed us to investigate the results in which the protons have
large polar angles, i.e., in the corners of our square-shaped FIG. 1. Cross sections and analyzing powers at symmetric pro-
proton detection system. In order to look at a more extensivéon angles. Squares represent the results of the present measure-
angular distribution of the photons, a second experiment wagients. The experimental errors shown in the figure for cross sec-
performed where the cylindrical symmetry in photon detec+ions (analyzing powers are, by far, dominated by systematic
tion was sacrificed. This second geometry consists of sixstatistica) errors. The overall normalization error of 3% is not
rectangular frames, each containing 64 crystals. Thesghown in the figure. However, the angle-to-angle variation of 5%
frames were positioned around the target on both sides of tHeas been added linearly to the statistical errors in the cross sections.
beam pipe. In this geometry the azimuthal range of photor] he stars are from a TRIUMF measurement at 200 MigX|. The
detection at forward angles lies around 0° and 180°. dash-dotted line |s.the resu_lt of a SPA calcqlatlon, the.solld _curve is

Because of the high elastic-scattering rate=df2 million the resqlt of the microscopic model of Martinesal. [7] mcludlng
counts per second for th chosen luminoiy only 25 of (L NPT oo, s e dasin s s e
events collected on tape are good bremsstrahlung events, the. ™. g ) S

. - curve is the result of another microscopic model calculation not

rest being background that could not be eliminated by thefncluding the higher-order effecf&0]
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 particles from photons. In addition, the over->135°. For the bins with a lowef,,, one of the protons falls
determined kinematics of the reaction is used. The threebelow the detection threshold of SALAD<(18 MeV), re-
body final state has nine kinematic variables of which onlysulting in the fact that these bins contain no events. In the
five are free because of energy and momentum conservatiomiddle panel, where#=16°, data are available for almost
All nine variables were measured, providing four redundanthe complete range of, covered by TAPS. At these kine-
variables. Since the scattering angles of the three particlematics, cross sections are available from the experiment of
are the best measured variables, these angles, e#ce@tre  Rogerset al. [17] performed with an unpolarized proton
used to reconstruct the three energies #@nd As the recon-  beam of 200 MeV. These are shown as stars in the top middle
struction of background events will in general produce for-panel of Fig. 1. The agreement between our data and this
bidden momenta, reconstruction provides a major reductioexperiment, where there is an overlap, is good. In the right-
of the background. The remaining background is reduceganel, whered=21°, only data from the measurements
below 1% by using only one of the redundant variables andvhere the azimuthal-angle coverage is large are available.
requiring that the reconstructed and measured values,of The bin size in proton angles is in all plots 2°, the bin size in
do not differ by more than 60°. 6, is 10° and the bin size in noncoplanarity angle is 5°. The

The luminosity, the degree of the beam polarization, andasymmetric cases, wheég+ 6,, for coplanar kinematics are
efficiencies were obtained in the same way as beftg. shown in Fig. 2. The combinations @f and #, are chosen
The systematic error on the absolute normalization of thesuch that data are available for the compléierange cov-
cross-section data is 3%. Point-to-point systematic variationsred. Note that the data sets from the two experiments agreed
in ¢, due to geometrical effects in the photon detection sysrather well within statistics and, where kinematically over-
tem amounts to a maximum of 5%. This relative error hadapping, the values were averaged in both figures to produce
been addednearly to the relatively small statistical errors in one experimental point.
the presentation of the data. The error in the analyzing pow- The dash-dotted line in both figures is the result of SPA
ers is dominated by statistics and small systematic errorsalculations following the recipe outlined by Liat al. [5],
have been neglected. which uses the elastic-scattering phase shifts of Réi as

In Fig. 1, the cross sections and analyzing powers arénput. The dashed line is the result of a microscopic calcula-
shown as a function of the emitted photon angle for coplanation by Martinuset al.[7] in which the off-shell dynamics of
kinematics and symmetric proton angleg € 6,=#6). Inthe  the intermediate nucleons has been taken into account in
left panel, where#=8°, only data points are shown fér,  single-scattering and rescattering diagrams. These fully rela-
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FIG. 3. The absolute value of the difference between the experi-
mental and the theoretical values of the cross sections of[REf.

tivistic calculations use the Fleischer-TjdiN potential[19]. ~ (normalized to the theoretical valyegersus the relative energy as
Sdeflned in the text. Thé\, [, andO (open and filled are for the

The solid line also includes the higher-order correction . . T )
mentioned in the introduction. The dotted line is the caIcuIa—(symmetrlc and asymmeigroton angle combinations ¢Figs. 1

tion based on the work by Herrmare al. [20]. These cal- and 2 from left to right, respectively. The error bars include the 5%
- . ; systematic errors as well.

culations, which use the Bonn-B potential for proton-proton
interaction, include rescattering terms but not the higher-
order terms such as the MEC and thdsobar contributions. 1 and 2. Here, one observes a clear increase in the discrep-
This curve should then be compared to the dashed line. Or@ncy between the experimental and the theoretical values as
would expect two microscopic models with the same ingreE,, decreases. This was one of the reasons why the
dients, to predict similar resul{21]. The differences in the Fleischer-Tjon potential, which was known not to provide a
dashed and dotted curves must then arise primarily from thgood fit to the present-dayN data base and in particular to
use of different potentials. None of the calculations includelower-energy data, had to be revisited. The low-energy be-
the Coulomb force. The SPA calculation performs best on th@avior of the potential has been changed recd@®. If one
cross sections, both at symmetric and asymmetric anglegompares the old version of the potentiased in this paper
The microscopic calculations seem to predict the shape qf the preliminary version of the new fits, one notices that the
the cross sections reasonably well at large symmetric protogiscrepancy has only been reduced by at most 40% in the
angles. Here, the calculations without the higher-order efregion of smallE, and by much smaller amounts elsewhere.
fects seem to be preferred. However, at small symmetrignerefore, the trend and the discrepancy still persist. Note
angle of 8° and large asymmetries in proton angthe left  ihat the effect of higher-order terms is minimal where the
two panels of Fig. § the microscopic models overshoots the geyiations are largest. Another source of the problem might
cross sections significantly. . then be the Coulomb interaction which has been ignored in

A closer inspection of the kinematics of the present €x-many calculations so far. A couple of papers addressing this
periment reveals that the relative energy of the outgoing twoyoint explicitly conclude that the Coulomb effect should only
protons varies significantly over the range of the measure@le considered amall proton opening angles where th&,
variables. The relative energyE., is defined by partial wave becomes dominafi20,23,24. According to
\/(E1+ E2)2—(§)1+ 5;)2—2Mp, whereEl(ﬁz) and EZ(EZ) these papers, the Coulomb effect cannot be very large in the
are the energieénomenta of protons 1 and 2, respectively, kinematics presented here except possibly for ¢he 6,
andM, is the mass of the proton. In particular, if one looks =8° combination. How smallor large the Coulomb effect
at E,¢ as a function of the photon angle, one observes thais should be explicitly checked for the kinematics of this
for the symmetric case&, is above 10 MeV everywhere paper in lieu of the argument presented above. If the addition
except for the most backward angle of the= 0,=8° com-  of the Coulomb force does not solve the problem, then a
bination. It is also exactly there where the microscopic calserious look has to be taken at the way all the microscopic
culations deviate the most from the cross-section data. Fanodels are constructed until now. For instance, the approach
the asymmetric case, one can see that where the microscopiz satisfy the gauge invariance only approximatfely must
calculations for the cross sections show a strong peak whiche scrutinized. Another possibility is that the photo-nucleon
disagrees with the dat&,,, is again below 10 MeV and goes form factor behaves differently when the nucleon is off its
through a minimum. This is all summarized in Fig. 3, wheremass shel[25].
the absolute value of the difference of experimental and the- The analyzing powers are in general less accurately mea-
oretical cross sections of Réf/]| depicted by solid curves in sured. In the symmetric cases, they are close to zero and
Figs. 1 and 2(normalized to theoretical cross sectipmse  more in agreement with the predictions of the SPA calcula-
shown as a function dg, for all data points shown in Figs. tions. This is in sharp contrast with the asymmetric cases,

FIG. 2. Same as Fig. 1 except for asymmetric proton angles.
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where the analyzing powers are clearly better predicted bjormed or not understanding the photonuclear vertex. Con-
the two microscopic models and not by the SPA. trary to the cross sections, the analyzing powers are better
In summary, a series of measurements on proton-protoaxplained by the microscopic calculations for the asymmetric
bremsstrahlung have been performed at a beam energy oése. It seems that the simplest photonuclear process is not
190 MeV. The combined statistical and systematic error oryet fully understood and needs more theoretical attention.
the measurements is superior to any prior measurement of
this process. For the symmetric proton angles, the present The authors would like to acknowledge the support by the
cross-section data are in reasonable agreement with the oldBAPS Collaboration in bringing the Two-Arm Photon Spec-
data. The microscopic and SPA calculations describe most dfometer into operation at KVI. They also express their ap-
the data rather well except at small proton angles. The croggreciation for the tireless efforts of the cyclotron and ion-
sections for the asymmetric proton angles, on the other handpurce groups in delivering the high-quality beam used in
generally show sizable differences with the microscopic calthese measurements. O. Scholten is thanked for pointing out
culations. For the first time, exclusive cross sections havéhe importance oE, in presenting the data. G. H. Martinus’
been accurately measured as a function of the relative enerdyelp is acknowledged for making his computer code avail-
of the two outgoing protons and down to very small values.able for the calculation gb py observables. R. Timmermans
Presenting the data as a function of this variable reveals thairovided the code for the soft-photon calculations. The au-
the discrepancy between the data and the theoretical preditiors would also like to thank K. Nakayama for providing
tions actually increases with decreasing relative energieshem with his calculations for the kinematics of the present
The reason for this is not clear at the moment. It could beexperiment. This work is part of the research program of the
still a problem in the low-energy behavior of the potentials“Stichting voor Fundamenteel Onderzoek der Materie”
used in the calculations, the absence of Coulomb force in thtFOM) with financial support from the “Nederlandse Or-
calculations, lack of gauge invariance in the calculations perganisatie voor Wetenschappelijk Onderzog¢k'WO).
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