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High-precision proton-proton bremsstrahlung measurements at 190 MeV
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Two high-accuracy measurements of cross sections and analyzing powers for the proton-proton bremsstrah-
lung reaction have been performed at 190 MeV beam energy. These measurements provide not only the most
accurate exclusive cross-section and analyzing-power data to date, but also a wide phase-space coverage. Thus,
an accurate test of nucleon-nucleon interaction models is made feasible. The experimental setup and the
analysis procedure are discussed in detail. Microscopic calculations and calculations based on the soft-photon
theorem show deficiencies in explaining the bulk of the data.
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I. INTRODUCTION model dependence. This construction of the amplitude is not

. . _based on a microscopic model for the reaction dynamics.
One of the most fundamental problems in nuclear physics |, o qer to investigate the reaction dynamics in more de-

is that of under_standmg the strong force acting betyvee@a”, one performs microscopic calculations based upon a po-
nuclepns. The simplest way to mvgstlga'te this force is b>fential model. It has been a long-standing hope that the
S(SUdy'ng thebtwo-nucleofn Isys_tem ellther In tlhgﬁtilound Statfremsstrahlung process will be able to discriminate between
(deuteronor by means of elastic nucleon-nucle®ilN) scat-  yne gifferent potential models. The first serious attempt to
tering. The most moderhIN potential models dfscrlbe the gpserve these differences was made in 1963 by Sobel and
world data set foiNN scattering with a reduceg” close 10 cromer[10]. Already then, many of the ingredients which
unity [1-3]. Since the predictions of different potential mod- 5re necessary for the calculation of the bremsstrahlung pro-
els for elasticNN scattering are nearly the same, they are,ogs \were introduced. It has been shown that once all the
said to be “data-equivalent.” It is desirable to test the predicygregients are included in the calculation of hard-photon
tions of any of these modern potential models with reactions,oqction, the predictions of various modern potential mod-
other than elastic scattering with different kinematic con-g|g o not differ significantly, independent of whether they
straints. The simplesiN-scattering process going beyond ¢ finite range or energy dependéht].
elastic scattering is thél+N— N+N+y or the bremsstrah- In proton-proton bremsstrahlunppy), the first-order
lung reaction referred to h_ereafter BiNy. By measunng — gjectric dipole transition is forbidden. Furthermore, the ex-
phySICQI 0bservab!e§ for this Process and comparing the r%’hange of a single charged meson, to which a photon can
sults with the predictions of potential models one hopes for g, pje  is not allowed. Due to the absence of these leading-
better understanding of this process and thereby to gain MOKg e terms; the observables become more sensitive to other,
insight into theNN interaction dynamics than what is pro- e subtie, effects. The most important corrections to the
vided by the elast_|c channel. . leading order terms are the virtuatisobar and the magnetic
In 1949, A§hk|n qnd Marshak studied aspects O.f th,emeson-exchange currertt2—17. The magnetic meson-
proton-proton interaction not probed by elastic scattering inyy  hange currents consist of an intermediate meson with
reactions resulting in bremsstrahlung for the first tifag quantum numberd™=1" (p or w) being transformed into a
Low proved in 19_58 that in a series expansion_ in the photoqneson with quantum numbed&=0-(79) thereby emitting a
momentum the first wo terms of the scattermg ampht_ude hoton. Figure 1 shows the most important ingredients that
can be expressed exactly in terms of the e!astlc amplltu'd nter in a microscopic calculation of the nucleon-nucleon
[5]. Any realistic model should converge to this expansion 'nbremsstrahlung process
:Ee I'mf'tt Orf] tTe ptr;]oton momenturkr: gf'ng :ﬁ zgrof.t Ilr;ﬁp[{redp?y Other higher-order terms of the bremsstrahlung amplitude
€so f 0 ogp eogem ﬂroveg y ((j)w, Ie g -Th 0 (?]n. P-are due to negative-energy states which have been investi-
prozjum? 'O?S( At)>[ _g]d t?]vel egp etve oped. letc émce ated by Martinut al. [18]. This effect is only important at
made for terms beyon € leading two orders Introduce nergies above the pion production threshold and does not
contribute significantly at energies relevant for this work.
The dependence of the electromagn@iidy vertex on the
*Present address: National Superconducting Cyclotron Laboraeff-shell invariant masses is a subject of investigation
tory, Michigan State University, East Lansing, Michigan, 48824-[19,2(0. The extent to which this effect contributes is still

1321 USA under discussion. It should be noted that none of the effects
TCorresponding author. Electronic address: nasser@kvi.nl mentioned can be observed individually. Independent of the
Present address: Universitat GieRen, Heinrich-Buff-Ring 16theoretical description of the details of the process, the

35392 GieRRen, Germany bremsstrahlung reaction is a different process from elastic
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FIG. 1. The most important ingredients in a microscopic calcu- 0 20 40 60 80 100 120 140 160 180
lation. The top graphs represent the external bremsstrahlung contri- o, [deg]

butions while the middle ones are for internal bremsstrahlung. The _ ‘ _ .
lower graphs show the higher-order effects discussed in the text. FIG. 2. The relative energy, as defined in the text, is shown as a

Note that in theppy reaction, the contribution from the lower-left function of the photon polar angle for various proton-angle combi-
diagram is absent. nations. The togbottom) combinations are symmetri@symmet-

ric) proton angles.
scattering in that a photon vertex has been added and should
be investigated both experimentally and theoretically. To In order to go as far away as possible from the elastic-
show how different the bremsstrahlung process is from elasscattering channel, one needs to measure high-energy pho-
tic scattering, one can look at the relative energy of the outtons in a proton-proton bremsstrahlung experiment. Kine-
going protons for various combinations of angles. Thismatics with high-energy photons restrict the protons to small
Lorentz-invariant _variable, E, is defined here by scattering angles. At these angles the background due to the
NCE E»)?-(P1+P»)?-2M,, where Ey(f;) and Ex(p,) are elastic-scattering channel is so large that it has hampered the
the energiesmomenta of protons 1 and 2, respectively, and experimental efforts in the pa§24,25. These experiments
M, is the mass of the proton. In Fig. 2 this variable is shownwere not performed at small proton scattering angles and in
as a function of the photon angle for small outgoing protonaddition the results suffered from low statistical accuracy. It
angles, and for an incoming-proton beam energy ofwas not until the eighties that the first high-luminosity ex-
190 MeV. One clearly observes a very large range of relativyeriment was performed at TRIUMF at small ang[€S)].
energies for a fixgd beam energy. For elastic scattering, thepe experiment used a 280 MeV polarized proton beam,
value of the relative energy is fixed at 95 MeV for all scat- providing not only cross sections but also analyzing powers.

tering angles. One can probe the nucleon-nucleon interactionq,yeyer, the cross-section data from this experiment have
at various energies by simply looking ata qn‘ferent region of een multiplied in the original paper with an arbitrary renor-
the phase space. As can be ohserved in Fig. 2, one can pro lization factor of two-thirds in order to obtain better

very low relative energies of the outgoing protons. In thisagreement with theory. In addition, the experimental uncer-
regime, one would expect another effect, namely that of th?ainties are large compared to those in the data presented

Coulomb force, 10 becpme impor_tant. Calculat_ions P here. Another experiment at IUCR7] has been performed,
formed to datg21-23 claim that the _'”f'“.efﬁce of this effect but a comparison with theory is difficult, due to the integra-
on the bremsstrahlung observables is minimal except for out-

. . . ion of th ta over lar rts of the ph .
going proton angles less than 6°. Incidentally, the vanr;xble0 of the data over large parts of the phase space

. . More recently otherppy experiments have been per-
E, is related to the energy of the photon in the c.m. frame . R :
Efy'm'; this relation is expressed by the following equation: formed at small scattering angl¢a8—39. The experiment

with the accelerator COSY at Juli¢Ra8] is a low-luminosity
em._ S— (Bt ZmE)2 experiment with no photon detection system. The total num-

B, = Z\E , 1) ber of collected events is about 1000. At Uppsalapey

_ experiment has been performed at 310 M@9], which is
with Vs being the total energy of the system in the center ofabove the pion production threshold. Only a single proton
mass.E‘;'m' can be interpreted as a measure of how far theand the photon are detected. The total number of collected
interacting nucleons are off their mass shell. events is about 60,000. The final data have not yet been
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published, but the resulting accuracy will be similar to that ofone to make cylindrically-symmetric measurements around

the TRIUMF data. At Osaka ppy experiment at 400 MeV the beam axis. The scattering angles covered range from 6°
was performed30] with two proton spectrographs and no to 26°. The detector is segmented to handle high count rates
photon detection system. The high resolution spectrographesnd allows a hardware trigger rejection of protons stemming

allow an accurate determination of the photon momentumfrom elastic scattering. The design and operation of this de-
However, such magnetic devices have small acceptances, rector is the subject of the first subsection. More detailed

sulting in a small coverage of the phase space. information can be found in Ref37].

In this paper, we report on thppy cross-section and In order to detect the bremsstrahlung photons, we have
analyzing-power measurements performed at KVI with aused the Two-Arm Photon Spectrometer, TARBS]. At KVI,
beam energy of 190 MeV. The detection setup detects alfTAPS consisted of approximately 400 Baérystals, which
three reaction products in coincidence. The total number ofvere used in two different geometries. In the first geometry,
analyzed events is about 10 million. With this unprecedentedabeled as the “supercluster,” all crystals were mounted at
accuracy, a detailed comparison with theoretical-model prebackward angles in a large hexagon, surrounding the beam
dictions is made possible. Results for some kinematics havgipe. This results in a polar angular range of 125°-170° and
already been published in Ref@81-33. Here, results for a complete Z azimuthal coverage. In order to investigate
additional kinematical regions and a different way of pre-the angular distribution of the photons, a second experiment
senting the data are discussed. was performed where the cylindrical symmetry in photon

In Sec. Il some of the details of the experimental setupdetection was sacrificed. This second geometry, called the
will be discussed. Section Il is devoted to the details of the'block geometry,” consists of six rectangular frames, each
data analysis. A description will be given of all the stepscontaining 64 crystals. These frames were positioned around
involved in going from the raw data to cross sections andhe target on both sides of the beam pipe. TAPS covered
analyzing powers. In Secs. IV A and IV B the results aremore than 20% of the full 4 solid angle in both geometries.
presented along with results of some state-of-the-art calculaFhe TAPS detector is the subject of the second subsection. A
tions. Finally, in Sec. V we summarize this work. In the description of the data acquisition and an overview of the
Appendix, some details concerning the kinematics and datttiggers of both experiments are given in the third subsec-
tables are presented. tion.

Il. EXPERIMENTAL SETUP A. The Small-Angle Large-Acceptance Detector

As was mentioned before, the goal of the present mea- The Small-Angle Large-Acceptance Detec{&ALAD)
surements was to detect the protons at small laboratoryas used for the detection of the outgoing protons. It consists
angles. Furthermore, a measurement which aims to probef two Multi-Wire Proportional ChamberéMWPC) for de-
small effects should be performed with high accuracy. Intermination of the scattering angle of the outgoing protons
order to obtain a high statistical accuracy, one has to maxik39]. Behind the two wire chambers, two layers of seg-
mize the luminosity, which is limited by the maximal count mented plastic scintillators are mounted. The first layer is
rate the setup can handle. In proton-proton bremsstrahlungised for energy determination of the protons and is therefore
the predominant background process is elastic scattering. Aalled the “energy detector.” Protons with an energy higher
the angles of interest the elastic-scattering yield is roughly dhan 135 MeV will punch through the first layer and reach
factor of 1@ higher than the bremsstrahlung yield. the second layer of scintillators called the “veto detector.”

The experiments that are the subject of this work werelhese protons originate from elastic scattering and can be
performed with a 190 MeV polarized-proton befBd] from rejected via a hardware trigg¢40]. Figure 3 shows a top
the superconducting cyclotron AGQR5] at KVI. The beam  view of SALAD, together with TAPS in the supercluster ge-
current was typically 6 nA with a typical polarization of ometry.
+0.65. A liquid-hydrogen target cell with a thickness of The energy detector consists of 24 detection elements, 12
6 mm and a diameter of 20 mm was designed and used famn the top side and 12 on the bottom side. The elements are
these measuremen{86]. The operational temperature of placed in a cylindrical configuration, such that the contact
15 K and pressure of 190 mbar were safely above the tripl@lane between each two elements is in the same plane as the
point. This way, the pressure exerted on the window wouldarget center. This way, a particle moving in a straight line
be minimal enabling the use of very thin windows. For the(not undergoing any interactionwill not fire more than one
entrance and exit windows of the targetuh-thick Aramid  element. The material is BC-408, which is a fast scintillation
(from Toray, Japanwas used. This was the first time that plastic(2.1 ns decay time The scintillators are read out with
such a thin window of synthetic material has been used in &hilips XP 2282/B photo-multiplierseight stages These
beam of protons. These windows were used for extendetibes are able to handle extremely high rdted MHz).
periods of 2 to 3 weeks of beam on target without any visible Since protons stemming from elastic scattering must
damage. punch through the energy detector and protons from brems-

For the detection of the outgoing protons, the Small-strahlung have to be stopped, the thickness of the energy
Angle Large-Acceptance DetectqSALAD), which was detector has to be chosen with care. In Fig. 4 the range of
specifically designed and built for these experiments, wagrotons in the material is plotted as a function of the kinetic
employed. It has a large solid angle of 400 msr and allowsnergy(solid curve. This curve is obtained from the empiri-
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FIG. 3. Top view of SALAD(right) and the TAPSleft) detec-
tors, configured in the supercluster geometry. The distances are FIG. 5. The TAPS detector in the supercluster geometry, seen
given in mm. from the target. This setup contains 390 detection elements.

cal formula[41] for the range of charged particles in matter, high energy tail of the bremsstrahlung spectrum, however,
R, as a function of their energi: R=aE" "> The constantr  has an overlap with the elastic spectrum. Evidently this part
depends upon the type of material and it has been obtainesf the spectrum will be hardware rejected. These high energy
from a fit to a Monte Carlo simulation performed with protons correspond to a partner proton with a very low en-
GEANT [42]. The dashed-double-dotted curve shows the energy, which will anyways not be detected, due to the low-
ergy spectrum of protons originating from bremsstrahlungenergy threshold of about 20 MeV in the SALAD detector.
events with an incident beam energy of 190 MeV. The pro-Note that the two spectra are not scaled to each other. The
ton scattering angle is restricted to be between 5° and 28&fatio of the real bremsstrahlung yield to the elastic-scattering
and the photon scattering angle is restricted to be betweeyleld is about 1 to 18 The thickness of the energy detector
60° and 180°. These restrictions correspond roughly to thé chosen to be 11.25 cm corresponding to a punch through
largest detection range of the employed setup. The dashegf protons with an energy larger than 135 MeV.

curve is the energy spectrum of protons originating from  The trigger is provided by the SALAD trigger module,
elastic scattering, where the proton scattering angle is rayhich is described in detail in Reff40]. This CAMAC mod-
stricted to the same range. Both spectra are the result of @e is a programmable multiplicity unit, specifically designed
Monte Carlo simulation where a phase-space distribution ifor this experiment. It has the capability to select ey
taken. One can see that the two peaks are well separated. Thgyger condition on the SALAD sideNg—N,=2 where
Ne(Ny) represents the total number of elements registering a
particle in the energyveto) detector. The module has four
trigger outputs which can be programmed independently.

25

201 :' b B. The two-arm photon spectrometer

In the supercluster geometry, the crystals are mounted in a
large hexagon surrounding the beam pipe. The detector is
placed at backward angles, such that the front face is at a
distance of 50 cm upstream from the target. The polar angu-
lar range is 125° to 170° and the azimuthal scattering angular
range covered is complete for nearly all scattering angles. In
Fig. 5 the supercluster geometry of TAPS is depicted, as seen
from the target. The outer two rings of BaErystals were
, ! equipped with plastic elements making these elements
S5t/ .’ b phoswich detectors. These elements have a 15 mm thick

/ f ': plastic scintillator mounted in front of the BaFThe light
; '; produced by the plastic element is detected with the same
0 , ‘ e ; phototube as the light of the BaFThis was done to dis-
0 40 80 120 160 200 criminate photons from protons and leptons via a pulse-
Proton Energy [MeV] shape analysis. The choice for phoswich detectors, however,
turned out to be problematic for the trigger, since their count

FIG. 4. The range of protons in plastic scintillator material rate was more than a factor 5 higher than that of a normal
(solid curvg and the proton energy spectra ppy (dash-double- BaF, detector. This is due to the fact that the plastic detectors
dotted curve and elastic scatteringlashed curve deliver a fast high amplitude pulse. This causes the Leading-

15}

107

Range in BC-408 [cm]

Counts [arb. units]
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FIG. 6. The Energy versus the time-of-flight for a normal BaF = =
crystal (left pane) and for a Bak crystal equipped with a plastic
detector(right pane). Events have been selected where the LED-
high has fired. ﬂ\
Edge Discriminator(LED) to fire even when very low- E-det ¢
energy particles, which hardly contribute to the total charge V-det

of the pulse, enter the detector. This can be seen from Fig. 6
where the energy is plotted versus the time-of-flight of the
particle relative to the rf of the cyclotron for events observed
using a normal Baj-crystal and using a BaFequipped with
ihgﬁgsgvlﬁggeisﬁé%nVfalénlzi:[]t'toE;efésMhe@/eth?eeser? OIZ?I?:E?OCK geometrylabeled A—B. This setup contains 384 BaHetec-
fired. One can observe two bands in the left panel. The veron elements.
tical band consists of photons, which have times-of-flight ] o ] )
independent of their energy. The curved band consists dfading edge discriminatqiLED) signals, called LED-high
massive particles, e.g., protons produced in the target foil@nd LED-low, are used in the trigger logic. The level of the
whose times-of-flight are longer when their energies ard-ED-high was set to 15 MeV in both experiments. The ef-
lower. This band in the phoswich detector extends much furfect of this cut is depicted in Fig. 8. _ _
ther to lower energies than it does in the normal detector. N the supercluster geometry an OR of all LED-high sig-
Furthermore, in the phoswich detector one can observe 3als was used as a TAPS trigger to provide the strobe for the
band with low-energy particles, which are not time- SALAD-trigger box. In the block geometry where the
correlated with the beam. These particles originate from th&harged-particle veto€CPVs were available, charged par-
room background, and fire the LED of the detectorsticles were veto_ed by an ant|-com(_:|dence of the LE_D signals
equipped with phoswiches. Increasing the LED-high threshffom the CPV with the corresponding BaEED-low signals
old of the phoswich detectors in order to decrease their courtSing multiplicity pattern units(MPU). A Quasi-Neutral
rate, would render them useless for low-energy photon de-
tection. One detail in Fig. 6 is that the massive-particle band__ | LED-Low
and photon band are more separated in time in the phoswicl2 $
detector. This is explained by the fact that this detector wasS 10 *;
mounted at a larger distance from the target. .E' F

In the second experiment, referred to as the “block geom-& |
etry,” the crystals are mounted in six blocks each containingg€ | LED-High
64 Bak, crystals. In front of each crystal a plastic NE102A 3 |
scintillator is mounted, which allows for a distinction be- © 107
tween charged and neutral particlds]. These plastic scin-
tillators are read out with separate phototubes. This configu-
ration is depicted in Fig. 7. The six blocks are positioned
around the target at a distance of approximately 66 cm. The
angular range is 60°—-170°.

In both geometries, the analog signal from a Batedule
is connected to a QDCcharge-to-digital-convertgrwhere
the signal is integrated twice, allowing particle identification
via pulse-shape analysis. The original signal is discriminated
three times. The CFDconstant-fraction-discriminatpisig- E H {
nal which was created with a threshold setting of 500 keV, is 0 a0 e 8 90 100
used for measuring the timing with respect to the rf of the Energy [MeV]
cyclotron. This timing is thus a measure of the time-of-flight
of incident particles. Furthermore, the CFD signals are used FIG. 8. Energy spectrum of the TAPS detector. The levels of the
to define the individual integration gates of the QDCs. Twotwo LED triggers are indicated.

A

FIG. 7. Top view of the SALAD and TAPS detectors in the

LF
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TABLE I. A sample list of triggers used in the supercluster ~ TABLE Il. A sample list of triggers used in the block experi-
experiment and their rates at 6.5 nA nominal beam current. Thenent and their rates at 6.5 nA nominal beam current. The live-time
live-time of the data-acquisition system was 58% at this current. D®f the data-acquisition system is 53% at this current. See Table | for
stands for down-scale factor. The column Raw indicates the rawhe abbreviations.
rate of the trigger and the column ACQ indicates the rate with

which the data-acquisition system wrote to tape. Trigger Description DS Raw  ACQ
2
Trigger Description DS Raw ACQ log  (kHz)  (H2)
. CFD CFD OR Bak 15 974 15
log (kH2)  (H?) | gpo LED-low OR Bak 11 205 52
CFD CFD OR Bah 15 719 13 epHi LED-high OR Bak 8 35 71
LEDLo LED-low OR Bak 11103 30 g0 OR of the CPV 13 819 53
LEDHi LED-high OR Bah 8 12 28 ON LEDHi with VETO " 88 0
ppy Ng—Ny=2 and LEDHi 0 0.85 499 PN ON A/F, LEDHi B-E 0 99 0
min bias  CFD or SALAD and LEDHi 8 9.6 22 PPy Ng—Ny=2 and PN 0 0.92 494
Py Ne—Ny=1 and LEDHi 736 4 L0 0PN Ne-Ny=2and LEDHi 7 7.2 56
RF RF / 225<10° 0 027 177 nin pias SALAD-OR and PN 7 9.5 39
Py Ng-Ny=1 and PN 6 3.5 29

(QN) trigger was obtained by making a block-wise AND of a RF RF / 225<10° 1 0.27 66

LED-high signal with the output of the MPU. The LED-low

was set to 5 MeV in the block geometry and was used in the . . .
more complex dilepton trigger via MPU and memory-lookupS'St'ng of an OR between the LED-high of the four backward
units blocks and the QN trigger of the two forward blocks. The

trigger from the TAPS side was, therefore, the PN trigger.

C. Data acquisition IIl. DATA REDUCTION AND ANALYSIS

The data were stored on digital linear tagB&Ts) by the In thi . h d d btain the b
TAPS data acquisition. The CAMAC-crate controllers from n this section, the procedure used to obtain the brems-
TAPS are chained via a VME subsystem bus and are Cor§_trah|ung observables is described. A discussion is given of
nected by a VME-based microprocessor to the datazhe elastic channel, which is responsible for the background
acquisition computer. The data from SALAD were passed igvents recorded to tape, but which is also used for the deter-
VME-based dual-port memory uni¢eCroy DPM 1190 mination of the luminosity. The bremsstrahlung channel is
one for the scintillator informatiofTDC and FERA and ~ 2nalyzed in two steps: First a pre-selectioppfy candidates

one for the wire-chamber dat® COSII|). The data handling is made, which is followed by an analysis of thg kinemat_ics
rate is about 300 kB/s, resulting in approximatelyto select the reappy events. In the last subsection we dis-

800 events/s. A fraction of the events were passed via EtHeuss the various efficiencies which enter in the determination

ernet to the on-line data analysis. of tlhe c:joss section. he th ical dicti for th
The triggers of the supercluster experiment are listed in N Order to compare the theoretical predictions for the

Table I. The most important trigger is they-trigger. Also cross section with the experimental data, one needs an ex-
the heavily down-scaled rf of the cyclotron is used as a triglPT€SSion for this observable in terms of experimental quanti-

ger by reading out all the detectors once every 225° ties. For a scattering experiment on a target at rest one can

beam pulses. This trigger is used for the determination of thﬁer've the relation between the number of observed events

elastic cross section, which in turn is used for the absolut&ldetand the cross section:
normalization of theppy data. The raw rate is the rate at d 1

. . . . . a Atarget
which the trigger fires and the data-acquisition rate is the rate aF = SF N Net. (2
at which this trigger was written to tape. meas €gedlincPtarger™XNa

The triggers and their rates for the block-geometry experiHere, F stands for any choice of coordinates affel is the
ment are listed in Table II. In this geometry the two forward size of the experimental bin in these coordinates. The num-
TAPS-blocks A and Ksee Fig. J, receive a large contribu- - per of incoming particles iSinc, prarget is the mass density of
tion of elastically-scattered protons which penetrate into thehe target,éx is the target thickness\, is Avogadro’s num-
BaF, crystals. Consequently, in these blocks more than SO%er,Atarget is the mass number of the target atoms, agqgis
of all LED-high triggers originate from these protons. There-the detection efficiency.
fore, the rate of the QN trigger was very much different from
the rate of the LED-high trigger in these blocks. This is
different from the situation in the four backward blocks,
where the rate of the QN trigger is approximately the same The predominant background processppy measure-
as the rate of the LED-high trigger. For optimization of the ments is proton-proton elastic scattering. Via a Monte Carlo
trigger rates, a pseudo-neuti@N) trigger was made con- simulation one can estimate the background trigger rate due

A. Estimation of the background

024004-6



HIGH-PRECISION PROTON-PROTON BREMSSTRAHLUNG PHYSICAL REVIEW C 70, 024004(2004)

TABLE lIl. The probability for the different track scenarios of 2000
elastic protons in SALAD at an incident energy of 190 MeV. == Ng=2and Ny=0
"""""" 2(NE'NV:1) .
Case Ne Ny Prob. (%) Prob. (%) . 1600 —— Predicted ppyrate /,’
% * Observed ppy rate ,
(GEANT) (Data) El s
2 1200 R
- 1 1 77 77 3 /
— 7/
1 1 0 17 14 % 2
2 2 0 3 4 5 800
3 2 1 3 5 8
=
. . . . 400
to this process. At the incident energy of 190 MeV, the ki-
nematics of elastic scattering can be regarded as nonrelativ
istic, in which case the opening angle of the two protons is 0

always 90°. The maximum opening angle subtended by 10 12
SALAD is 52°, therefore only one of the two protons of an
elastic scattering event is able to reach SALAD. This was @ F|G. 9. The observegpy-trigger rate as a function of beam
very important consideration in the design of the detectorcyrrent along with the predicted rate.

since theppy-trigger requires a coincidence of two protons

in SALAD.

The trigger condition on the SALAD side Ng—Ny=2.  consists of two random tracks in SALAD delivering each
When one elastically-scattered proton traverses SALAD, iNE_NV=1 (cases 1 and 3 aboyim random time coincidence
will normally fire one element in the energy detector and onéyith a TAPS-trigger. The totgbpy-trigger rate(solid line) is
element in the veto detector, implying thidg—N,=0. Two  the sum of these two rates. It can be seen that this rate is in
or more elastically-scattered protons traversing SALAD willyery good agreement with the observed trigger ratia-

not change this condition. However, there are three othemondg. At a beam current of about 5 nA, the regby rate
possibilities of importance which can spoil this scenario.  \was about 8 counts/s.

(1) (p,n) reaction A proton can collide with a nucleus in
the energy detector and produce a neutron, for example, via
knock-out or charge-exchange reactions. The residual proton B. The elastic proton-proton channel
energy(if any) may not be enough to reach the veto detector,
while the neutron may escape without deposit energy. In this The accuracy of an absolute cross section measurement
caseNg—Ny=1. does not depend only on the statistics of the measurement,
(2) (p,p) reaction A proton can scatter off a nucleus in but also on the systematic uncertainty in determining the
the energy detector. The new direction of the proton may béntegrated luminosity. The latter is defined as the product of
such that it fires two neighboring energy detector elementsinc and the areal density of the targetggedx. A direct
and no veto element. In this cask—N,=2. measurement of,,. is performed by measuring the inte-
(3) Crossover Due to straggling, a proton can cross overgrated current with a Faraday cup in the beam stop. For the
from one energy detection element to the other, and fire onpresent setup, this method contributes with a 3% systematic
veto element. In this caddz—Ny=1. uncertainty, but the relative accuracy is better than 1%. The
A random coincidence between situatiqiy and(1), (3)  areal density of the target is the product of the mass density
and(3), and(1) and(3) will produce a validppy trigger on  of liquid hydrogen at the triple pointp=70.8 mg/cri) and
the SALAD side. Situatiori2) produces th@py trigger with  the thickness of the target cellx=6 mm. These values re-
only one proton. In Table IIl the probability for each track sult in the nominal areal density: 42.5 mg/cin However,
scenario is shown as simulated witHANT [42] and as found since the pressure difference over the synthetic target win-
in the data. In order to make a fair comparison with the datagows is large, the target is subject to bulging. The variations
the GEANT tracks are selected on the number of detector elin bulging, which are dependent on many factors, compro-
ements they fire, and not on the interaction mechanism. Thaise a precise determination é%. Since thedirect determi-
agreement between the simulation and the data is rathewation of the luminosity is not possible to the level of preci-
good, taking into account the systematic errors on the hadsion aimed for, it was decided to use the elastic proton-
ronic interactions iNGEANT. proton scattering cross section instead. The differential cross
Given the probability for the occurrence of the tracks, onesection for this process is known to a high accuracy from
can estimate the rate of thgpy trigger, starting from the various phase-shift analyses of thp world data-se{1,44).
single rates of the SALAD and TAPS detectors. In Fig. 9 theThe luminosity is obtained by fitting the measungpl angu-
two components of the predictampy rate are plotted as a lar distribution to the theoretical predictions, with only the
function of the beam current. The first compongdash- luminosity as a free parameter.
dotted ling consists of an elastic-scattering track whake A similar method is used for determining the beam polar-
=2 andNy,=0 (case 2 abovein random time coincidence ization. The dependence of the cross section on the azimuthal
with a TAPS-trigger. The second compondndbtted ling  angle¢ is described by

6
Beam current [nA]
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TABLE IV. The results of fitting the elastic-scattering data to the
two phase-shift analyses PWA93 and SAID. Ndf stands for “Num-
ber of Degrees of Freedom.” In the case of the cross section, the
data are integrated ovef, resulting in a relatively low number of
data points for the luminosity fit. This is in contrast with the fit to
the analyzing powers, where the data are binned bothaind in ¢.

LCF stands for the luminosity correction factor.

Counts [arb. units]

PWA93 SAID
Fit Ndf Value X Value X

LCF 8 0.871+0.002 0.36  0.869+0.002 0.88
py(WF) 83 -0.724+0.026 091 -0.720+0.026 0.91
py(SH 83 0.521+0.026  0.98 0.517+0.026  0.98

(providing # and ¢ information) and at least onéand possi-
bly more) energy detector elemgst. The track, as deter-
mined by the MWPC information has to point to the position
of the corresponding element in the energy detector giving a
T o0 signal. An energy element, which has fired with no wire-
chamber hit pointing to its position, is rejected since the
TDC (500 ps/channel] kinematics of those events cannot be determined. To correct
FIG. 10. The TDC spectrum of one SALAD energy scintillator. for these rejected events one has to fold the measured distri-
Events have been selected originating from the rf-trigger. The filledPution with the wire-chamber efficiency. In the case when
part of the spectrum indicates the part used to produce the elastiév0 adjacent energy elements fire, this means that a proton

320 340 360

scattering cross sections and analyzing powers. has crossed over from one element to another, either due to
multiple scattering or a hadronic interaction. The presence of

do®  dg® a signgl frc_)m a veto dgtector element i§ not taken into ac-

m = d_Q(l +p,A, COS ). (3)  countin this analysis, since not all elastically-scattered pro-

tons reach the veto detector.

The kinematics of an elastic scattering event is completely
By fitting the elastic proton-proton distribution to this ex- determined by the poldi) and azimuthal¢) angles of the
pression, takingd, from a phase-shift analysis, one obtains detected proton. The data are binned in these two parameters
the beam polarizatiop,,. and the differential cross section is determined via &9

The elastic-scattering information is obtained from ausing the nominal luminosity. This analysis is performed for
down-scaled “singles” measurement as follows. AGOR detfwo subsequent runs: in the first run, the normal liquid-
livers a pulsed 190 MeV proton beam with a frequency ofhydrogen target was used and in the subsequent run, the
60 MHz. The 60 MHz signal from the cyclotron is down- hydrogen was removed from the target, but the foils were
scaled by a factor of 2.2810°, resulting in a 267 Hz signal, kept in the cryogenic state. The background corrected spec-
which is used as the rf trigger. A rf trigger forces a read outtrum is obtained by subtracting the nominal cross sections of
of all detectors whether or not a reaction has taken placehese two runs. At the most forward angles in SALAD),
However, with the luminosity chosen for thgpy experi-  the background from the foils amounts to 12%, while it de-
ment, the chance of finding an elastic event within this trig-creases rapidly at larger scattering angles. Beyond 15°, the
ger is rather high. background is generally less than 3%. Therefore, only the

In this analysis the assumption is made that the only twalata for angles larger than 15° were used in comparison with
processes delivering particles in SALAD are elastic protonthe theoretical predictions. The wire-chamber efficiency is
proton scattering and proton-nucleus scattering in the targetetermined from the run with a liquid-hydrogen target and
foils. The contribution of other processes, like bremsstraheorrected for. The full coverage of the azimuthal ange,
lung, is less than I8 and therefore neglected. The back- results in a higher statistical accuracy for the differential
ground from the target windows is determined via an indecross sections and the analyzing powers. The correction fac-
pendent measurement with an empty target cell. In Fig. 1@r to bring the luminosity from its nominal value to the
the TDC spectrum of the SALAD energy scintillators is actual value is obtained by comparing the measured cross
shown for events originating from the rf trigger. In this spec-sections as a function @fto the predictions from two phase-
trum one can clearly see the pulsed structure of the beam. ghift analyses: SAIO44], developed at the Virginia Poly-
time gate is set around one of the rf peaks, which ensuregchnic Institute and PWA9RL], developed at the university
that the luminosity per beam pulse is measured. This gate isf Nijmegen. The results of these fits are listed in Table IV.
indicated with the dark area in Fig. 10. The events which lieThe luminosity correction factors listed here originate prima-
within the specified time range are then analyzed for tracksily from the known bulging in the target. From the reduced
A track in SALAD consists of one hit in the wire-chamber y? values, one can conclude that the data are in excellent
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target, respectively. The distributidnis fitted by Eq.(5),
which is easily derived from Eq=3), with the beam polar-

%19 f . ¢ Background subtracted ization p, as the only free parameter. For the analyzing pow-
= PO i . ersAgp(a), the predictions of the SAID and PWA93 analyses
g ; ¢ LA S are taken. The results of the fits are also listed in Table IV.
R ¢ i Using the thus-obtained beam polarizations for the WF and

do/dSy, [mb/sr]

b
(€8

SF states of the polarized source, one can extract the analyz-
ing powers from the data. These are depicted in the bottom
panel of Fig. 11. It is clear that the agreement between data
and theory is excellent.

C. The bremsstrahlung channel

The data-set of thepy supercluster experiment com-
prises a total of 180 GB, and the data of thpy block-
geometry experiment 400 GB. Since quick and repeated
analysis of this very large amount of data is not feasible and
most of the data consist of background events, a pre-
selection ofppy candidates is made in an off-line analysis.

This pre-selection is based on time-of-fligitOF) informa-
0.0 tion from TAPS. From Fig. 6, one can see that the TDC-
spectrum of the Bafcrystals consists of two distinct peaks,
one corresponding to photons and one to massive particles.
The time spectra of the Balrystals are calibrated such that
FIG. 11. The elastic-scattering cross sections and analyzinghe photon peak has its centroid around zero. A photon is
powers as a function of. The normalizations of the cross section identified with a gate ranging from -2 to 2 ns. Furthermore,
and the beam polarization are fitted to two different phase-shifa condition is set on the total energy of the photon cluster,
analysegsee the text Note that they-axis of the cross section does defined as the sum of the energies deposited in all neighbor-
not start at zero. The top panel shows the cross section using tiag TAPS detector elements in the event. A low energy
nominal luminosity with and without the correction for contribu- threshold of 20 MeV was required on photon cluster energy.
tions from the target foils. The middle panel compares the normalThis |atter cut provides the rejection of the room background
ized, efficiency corrected, angular-distribution data with phase-shiftsee the right panel of Fig.)6New event files are made,
analyses. The lower panel shows the same distribution for the angyhere only events are stored which satisfy the two cuts just
lyzing power, where the two data symbols refer to the two states Ofentioned. No cuts on the SALAD side are made at this
the beam polarization. point. This reduces the total data-set by roughly a factor of
10 for both experiments. This reduction is sufficient to store
the data of one experiment on a single tape.
agreement with the predictions from the phase-shift analyses. Having pre-sorted the data, the bremsstrahlung events are
In the middle panel of Fig. 11, the renormalized data areextracted from the pre-sorted event files. The first step in the
shown along with the predictions from SAID and PWA93. analysis on the SALAD side is to determine the proton
In order to obtain the beam polarization, one has to investracks. This is done in a similar way as with the selection of
tigate the azimuthal distributiofisee Eq.(3)]. During the the elastic events. A track thus consists of a wire-chamber hit
experiment, the beam polarization is periodically changedproviding # and ¢) and a signal from at least one energy
between three different polarization states. This is achievedetector. The only difference from the data analysis of the
by switching the polarized-ion source of the cyclotron to theelastic-scattering channel is that no veto detector behind an
Weak-Field(WF) state, the Strong-Fiel(SF) state and the energy scintillator is allowed to have fired. If a veto detector
field-OFF (OFF) state. To correct for imperfections in the did fire, the proton originated from an elastic interaction. A
detector geometry and the beam optics, the data are correctpebton track in SALAD provides the two anglésand ¢ and
with data taken with the source in the OFF state: the energy deposited in the scintillator. On the TAPS side, the
T T crystals which fired are grouped in clusters. A cluster pro-
O1n2(6: P) ~ Temd 0, ¢) vides the same information for the phott#) ¢ and energy

AY
o <
o

6 8 10 12 18 20 22 24

4 16
O1a1, [deg]

1(6,¢) = 4 . .
(6.9) UEHZ(H, b) - agmp(e, b) @ deposij as a track in SALAD does for a proton. A large part
of the background events originates from one proteee
=1 + D APP(9)cos &. 5 Table 1l1), and will thus produce one track in SALAD. These
PA(B)cos & ® events clearly do not qualify gspy candidates.

Here, o' stands for the cross section measured with the po- After the tracks in SALAD and clusters in TAPS have
larized source either in the WF or SF state afids the cross  been identified, th@py kinematics are reconstructed. Start-
section measured with the source in the OFF state. The subg with the scattering angles of the protons and the polar
scriptsLH2 andemp stand for liquid-hydrogen and empty angle of the photondy, ¢4, 6, ¢,, 6,), the analysis attempts
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TABLE V. Selections and their effect on the data for a typical , 10 65 Sunerciuster « 105 5
run of both experiments. The beam current waS nA in both & ¢ P E fock Geometry
cases. S 101 =
S S
Supercluster Block 104
Selection Perc. Factor Perc. Factor 35 3
10 % [
Recorded to tape 100% - 100% - ST I T R 1) & = e e S
Cosf q)meas- rec COs q)meas-q)rec
TOF & E,=20 MeV 4.9% 10.0 5.7% 9.6
=2 tracks in SALAD 2.3% 2.1 2.2% 2.6 FIG. 13. The distribution of cd®, meas” Py,red IS Shown for
Kinematically allowed 2.1% 1.1 2.0% 1.1 the range 0 to 1 as the solid line. For the range between -1 and O,

the results have been mirrored arounddashed lingin order to
show the shape of the backgroufse the tejt

to reconstruct the energies of the three particles and the azi-

muthal angle of the photoiE,, E;, E,, and¢,). In Appendix  |eft panels depict the correlation between the reconstructed
A the kinematics and the procedure followed for the recon-and measured proton energies for the supercluster- and
struction are described. For background events, however, ongock-geometry experiments. Sincgpy event has two pro-
may not be able to solve EGA9), since it may not have a tons, each event has two entries in these plots. In the right
real-number solution for a random combinationdf é,, 1,  panel, the same plots are made for the photon energy. It is
¢, and6,. In Table V the first series of selections applied to clear that the spectra are dominatedapy events. However,

the data are listed, together with the number of events whicBome background still remains. This background is largely

survives these cuts. removed by making use of the over-determined kinematics,
The sample of events with which EGA9) was success-

i.e., setting conditions on the spectra shown in Fig. 12, and

fully solved is used for further inspection. This inspection ison ¢., (Fig. 13.

performed by comparing the reconstructed kinematical vari- The azimuthal angle of the photo,, is the most accu-
ables(E,, E,, E, and ¢,) with their measured counterparts. rate overdetermined kinematical variable. In Fig. 13, the
Figure 12 consists of four scatter-plots of the measured angblid curves show the distribution of C(st,meas_ ¢Wec).
reconstructed energies of the particles belonging to thehis trigonometric representation is used to remove the cy-
events subjected only to the above-mentioned selections. Theic nature of the azimuthal angl@59° is close to 02 For
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real ppy events, this variable is close to 1. For background
events, no correlation exists between the measured and re-
constructedg,. From this assumption, immediately follows
that the cosine distribution for background events is an even
function. The dashed curves in Fig. 13 are the part of the
spectrum where CO8, meas™ Pyred) IS Negative(the abso-
lute value is plottegd This part of the spectrum consists of
events in which the measured azimuthal angle of the photon
is more than 90%way from its reconstructed value. These
events are considered background events. Because the back-
ground contribution of the spectrum is an even function, the
dashed lines thus show the magnitude of the background
residing under theppy peak. From the assumption of no
correlation betweenpeas and ¢, ONe can show that the
background contribution is proportional to
1/\/1— COZ(Pmeas Pred, Which is in very good agreement
with the observed shape of the background. From Fig. 13,
one can conclude that all the true bremsstrahlung events
obey the condition cd%,meas™ Py red >0.2, since it is
there that the solid and dashed curves start to deviate from
each other.

FIG. 12. Measured versus reconstructed energy of the protons !N Fig. 14 the differences in reconstructed and measured

(left pane) and the photortright paneJ for all events, where kine- €nergies of proton 2 is plotted versus that of proton 1. The
matics could be solved. The gray scale indicating the number ofUt CO$¢, meas™ #y,rec) > 0.2 is made for the plots in the left
events is logarithmic in order to enhance the areas with a low numpanel. All bremsstrahlung events survive this cut. In the right
ber of events. It is clear that the spectra are dominategpppy  panel, the remaining events, consisting of background only,
events, since reconstructed energies are equal to measured onage plotted. For the background events, no clear correlation
However, some background is still present. between the measured and reconstructed values of the proton
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trigger, and up to software analysis of events, one might
throw away good events. The parametén Eq.(2) accounts
for this effect and it is the product of all individual efficien-
cies encountered in each of the steps in determining the good
ppy events. These steps are listed in Table V and will be
discussed in reversed order. The efficiency of the kinematics
reconstruction algorithm is 100%.

The efficiency of the track reconstruction in SALAD is
-100 b solely dependent on the wire-chamber efficiency, since the
100 : : efficiency of plastic scintillators is generally known to be

r Supercl.
) [ inside gate

= A

50

> Block 100%. The efficiency of each MWPC1 plane is measured via

inside gate . . . .
> _f selecting single tracks in the two other planes and the scin-
— 50+ .

Al & tillators. Subsequently, one can check for the presence of the
&P o : ¥ first plane. The efficiency of the MWPC2 planes are checked
0? in the same way with the additional use of thelane of

C MWPC1. This position-dependent efficiency has to be ap-
'5°f plied twice, since a wire-chamber hit is required for both

F protons. A more detailed description of the performance of
2100 | ey oy STuRE o oy ™y

000 50 0 50 100-100 50 o  so 10  the wire chambers can be found in RES9].
E i [MeV] E i [MeV] The two cuts made in TAP$TOF and E,=20 MeV)
might throw away good events. Due to the generosity of the

FIG. 14. The difference between measured and reconstructegut in TOF, ranging from -2 to 2 ns, no photons are cut
energies for proton 2 versus that of protorElis =Erec-Emeas The  away. The effect of the cut oE,=20 MeV needs to be
left panels show the bremsstrahlung events. The plots in the righhvestigated. This was done with the help of GEANT simu-
panels consist entirely of background events. The gray scale indiations in which the detector response was examined with the
cating the amount of events is logarithmic. cut set at 20 MeV. The energy of the photons for the present

geometries is around 60 MeV and the effect of the energy cut

of 20 MeV is only present due to edge effects in TAPS. If a
energies is present. In the plots containing the bremsstrafphoton hits a Baj-detector which is positioned at the edge,
lung events, one can observe a concentration of eventspart of the electromagnetic shower might escape and not be
around the origin, with small tails along the diagonal. Indetected. Simulations show that the net effect of the cut of
addition to this, one can see two other bands, one along thg, =20 MeV is that approximately 3% of the bremsstrah-
positive x-axis and one along the positiyeaxis. These are lung events are cut away, depending on the kinematics. This
events where one of the protons had a hadronic interactiomas subsequently been corrected for.
In this case a part of the energy of the proton is not mea- The azimuthal acceptance in the block geometry is depen-
sured, resulting in a too-low measured energy. Also, alonglent oné,, which is a pure geometrical effect, and on the
the negativex- and y-axes one can observe much fainter photon energy, due to the 20 MeV cut. Also in the superclus-
bands. These are pile-up events, where another particle ter geometry, the azimuthal acceptance is not complete at the
detected along with a valigpy-proton in the same scintilla- edge of the detector. Strictly, the azimuthal acceptance is not
tor, resulting in a too-high measured energy. One can also sem efficiency, but a part of the solid angle, denotedAsn
that the background is not completely removed. The maxi£q. (2). In the choice of coordinates relevant for this work,
mum level of background is about 5% depending on thethe dependence o, is implicit, making an analytical de-
kinematics. termination ofé(), 52,56, practically impossible. This prob-

In order to obtain cross sections and analyzing powergem is circumvented by integrating the data ovgfe. (see
from the data, events are selected with (¢9sneas Fig. 23 latey and implementing thep,-acceptance as an ef-
—¢,ed>0.2. In order to correct for the remaining back- ficiency, determined withGEANT [42]. In the simulations,
ground, also events with c@, meas #,rec) <—0.2 are se- ppy events are generated according to phase-space distribu-
lected and subtracted from the first set of events. This protion. The generated events provide the “true” photon distri-
cedure is slightly different from the procedure described inbution, corresponding to an integration over those proton
Ref. [31], where c06p, meas™ Pyrec) > 0.3 was chosen and angles covered by SALAD, where the azimuthal coverage is
no background subtraction was performed. The backgroungiomplete. The photons are tracked through the setup, provid-
residing under the@py peak is less than 1% for the specific iNg a simulation of the measured photon distribution. By
kinematics shown in that publication. dividing these two distributions, one obtains, for a certain bin
in 6,, the combined efficiency for the azimuthal acceptance
and theE, =20 MeV cut.

The trigger efficiency is defined as the efficiency of the

In order to obtain absolute cross sections, one has to knowardware trigger to identifyppy events. The procedure to
the efficiency of the measurement. In every step in the selembtain this efficiency is fully described in R¢#0] and will
tion of true ppy events, starting from the detectors and thenot be repeated here.

D. The efficiencies of the measurement
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TABLE VI. Overview of all the parameters used to convert the 1.0

number of counts to an absolute cross section. Also se€¢2Eq. Supercluster Block Geometry
'908 A Ldaar, AAAAAA
+2 U, A A
Description Param. Component Method § AAAA“AAA‘AAAA‘A
25|
Bin size oF Standard A coshA cos, 0.6
Ade,endPAG,J2
Luminosity  nj,cpdX Beam flux Faraday cup 1.0
; O a
Areal dehSIty 42 .5 mg/CFn Q"Og Y Y ll“““‘ axzxaskxxz iz,
Renormalization Elastipp =0 3
Detection €det MWPC MWPC analysis = 08
efficiency TAPS cuts Monte Carlo '
Trigger LED-high analysis 1.0

Aa*xazagz

e T Tt
: Y

E. Estimation of systematic errors I
1

In order to convert the number of counts to a cross sec-
tion, one has to apply Eq2). The parameters used in this L5
equation are listed in Table VI. The determination of all these i Lk ad1 3% 13 |13 1;;;H§;;
parameters is discussed in the previous sections of this chay g 1.0 il * 2
ter. In Fig. 15 the time dependence of the various efficiencies®
is shown. The sources of error in the measured observable
can be separated into statistical and systematic. The determ .
nation of the statistical error is trivial, since one simply has 0 4 8 12 160 4 8 12 16
to replaceNye by YNy in Eq. (2). The determination of the Run number Run number

systematic error is more difficult, since no straightforward £ 15 The time dependence of the various components which
procedure exists. All the parameters listed in Table VI, ingnter in the calculation of thepy cross section. The data have been
principle, introduce a systematic error. split into sets which were taken subsequently in time. Going from
In the determination of the luminosity, only the error in top to bottom, the plots show the renormalization of the luminosity
obtaining the elastipp cross section is important, since the as found with the elastic proton-proton channel, the wire-chamber
nominal luminosity cancels out. The error in the elastic crosfficiency at6=16°, the trigger efficiency and the normalizpgy
section is given by statistics and the error associated witleross section for a specific bin. The time spans a period of a few
estimating the contribution of the background. The latter isweeks of running.
not constant in time due to buildup of dirt on the ultra-cold
target window foils. Since the background is rapidly decreas-
ing at increasing polar scattering angle, only the elasticof the solid angle, the corrections made witiEANT are
scattering data from 15° to 23° are normalized to the predicsmall. In the case of an incomplete solid-angle coverage, the
tions of SAID as was discussed in Sec. IllIB. The geometrical factor can exceed 5, but the accuracy of this
background contribution is determined to be 3% with thefactor resides in simulating the edges of the detectors. Even
empty-target run. This 3% is corrected for in the normaliza-if the simulation of these edge-effects is not more accurate
tion. The systematic error in this procedure is generouslyhan 30%, the total correction factor is still quite accurate.
estimated to be 1%. The statistical error in the elastic data dfor TAPS positioned in the block geometry, the systematic
all the runs is negligible. error is estimated to be 5%. For TAPS in the supercluster
The error in the determination of the wire-chamber effi-geometry, the positions of the crystals GEANT and the
ciency is given by statistics. This statistical error was alwaysiominal positions in the experiment matched exactly. Fur-
less than 1%. Instead of propagating this error on a bin-tothermore, a geometrical correction factor is absent since the
bin basis, a systematic error of 1% is used for the wire-azimuthal coverage in this experiment is complete for a large
chamber efficiency determination. part of the detector. Therefore, the Monte Carlo simulations
The error due to the corrections made with the Montein this experiment are estimated to be accurate to a 3% level.
Carlo codeGEANT is difficult to estimate. The quality of The error in the trigger efficiency is governed by the sta-
GEANT simulations for TAPS is investigated in RE88]. The tistical error. For all the runs it is at most 2%. Therefore, the
agreement between the simulated energy response and thgstematic error due to the trigger efficiency is estimated to
measured energy response is found to be very good. Therbe 2%. The last source of systematic errors resides in the
fore, the error made in the correction factor coming from thesubtraction of the background. The contribution of the back-
response of the photon detector due toEye>20 MeV cut  ground itself is at most 5%see Fig. 13 The systematic
is neglected. The error which is considered to dominate thigrror introduced by this procedure is estimated to be 1%.
correction is the accuracy to which the geometry of the ex- All the errors and their contributions to the total system-
periment is described iGEANT. In the case of a full coverage atic error are listed in Table VII. In principle, one has to
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TABLE VII. Sources of systematic errors. TINC — NT/NO
i,': i_ N|T_/N|(5 N?/Ng' R
Source Supercl. Block GV Py NUNC+ Ne/Ng
. whereN, is the number of events wit#h,,<90° or ¢, > 270°
Elasticpp 1% 1% and N is the number of events wi?r?ygef ¢, < g%0°. The
Trigger efficiency 2% 2% markers 7 and O indicate a polarized-beam state and
Monte Carlo simulation 3% 5%  unpolarized-beam state, respectively. The beam polarization
Wire-chamber efficiency 1% 1%  p, is determined from the elastic proton-proton scattering.
Background 1% 1% The variabIeGi is a geometrical factor accounting for de-

tector acceptance, which is determined with a Monte Carlo
simulation. The analyzing powers as determined with the
two different states of beam polarization are, after consis-
divide the systematic error in two classes, namely the clasgncy checks, combined to one set in order to increase the
of errors acting on the overall normalization of the crossstatistical accuracy.

section only, and the class of errors affecting the relative The analyzing poweA, is extracted in the same fashion
values of the cross section in different bins. This division is,with the only difference being that one has to measure the
however, dependent on the form of presentation of the dataop-bottom asymmetry:

The effect of Monte Carlo simulations, for example, affects 0 i im0

the relative position of points with differert,. However, for _ 1 Ny/N7—Ng/Ng ®)
data points with the sam@,, this error can be classified as an 7 G, pyNHNI+NL/NS'

error affecting the overall normalization only. The error in ] ] . )
the elastic cross section is always an overall error. In th&/hereNr is the number of counts witkh,<180° andNg is

presentation of the data in the following section, care ha$h€ number of counts witt, > 180°. The geometrical factor,
been taken to keep track of these errors as accurately &% IS @gain determined with Monte Carlo simulations.
possible.

F. Determination of the analyzing powers IV. DISCUSSION OF EXPERIMENTAL RESULTS ALONG
WITH THEORETICAL CALCULATIONS

Under the assumption of parity conservation, one can i . .
show that forcoplanarscatteringall momenta in one plane In this section the expt_arlmental re§ults are pre_sented. The
the cross section is a function Bf-f, whereP is the polar- ~ fotal amount ofppy data in the experiment in which TAPS
ization vector and iis the unit vector normal to the scattering WaS configured in the supercluster geometry comprises 4
plane. The most general form of the cross section is exMillion events. The other experiment, in which TAPS was
pressed in Eq(3), which only depends on one analyzing qonflgured in the block geometry, comprises a total of 6 mil-
power. However, in the case of noncoplanar scattering, onlion events. The total number of data poiritsns) one ob-
can construct three independent axial vectors, resulting itinS from these sets is estimated as follows. One has to bin
three analyzing powers. These three analyzing powers coft?€ data in 4 variables, namely two proton polar angigs,
stitute an axial vectoA. The cross section is then given by 2 the photon polar anglé,, and the noncoplanarity angle

the following expression: ® as defined later in EqA12) and Fig. 23. The data are not
binned in the fifth parametethe,ent (S€€ Fig. 23 Since the
doP® do® cross section is invariant under a rotation around the beam

1+P-A) axis when the beam is not polarized. With the beam polar-

0 ized, the variations in this angle yield a value for the analyz-
:L(l +pA¢ cosh ing power. The bin-size in each of the proton andl@ésand
d(2,dQ,do, 7 6) is 2°, resulting in a total of 9 bins. The bin-size &) is
+PA, sing ). 6) 10°, resulting in 3 bins_ in 'ghe supercluster experim@ss®,
Y 145° and 155fand 8 bins in the block-geometry experiment
Here, we introduce‘\i andA, to denominate the analyzing (65°, 75°, 85°, 105°, 115°, 125°, 145° and 1p5FPhe num-
powers, since the name¥, and A, are more commonly as- ber of bins in the noncoplanarity angle is less readily de-
sociated with a different definition of the scattering planerived, since the maximally allowed noncoplanarity angle is
[45]. In this convention,¢, is defined with respect to the dependent on the other three kinematic parameters. A simu-
plane perpendicular to the polarization vector. In E&).the lation reveals thatpn averagethe maximal noncoplanarity
dependence oA, drops out, since it can only be measuredangle lies at 14° for the supercluster-geometry experiment
with a polarization component in the direction of the beam,and 26° for the block-geometry experiment. With a bin-size
which was not present in our experiment. The observablesf 5°, this yields an average of 2 and 5 bins, respectively.
Aj andA, are linear combinations &, andA,. In coplanar ~ Multiplying these numbers yields a total of approximately
kinematicsA: reduces toA,. 650 bins for the supercluster-geometry experiment and 3650
In order to extract analyzing powers, the collected datains for the block-geometry experiment. However, for both
are grouped according to the polarization state of the beanprotons to be detected in SALAD, they need to have an
The measured analyzing powA;j is then given by energy above the threshold of 20 MeV. In order to obtain the

d0,d0,d6,  d0,d0,de,
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FIG. 16. Combinations of; and 6,, which can be detected in
the setup. The four lines indicate wheltg=20 MeV for 6,=70°
(solid line), #,=100° (dotted ling, #,=130° (dashed ling and 6,
=150° (dash-dotted ling In the region above a line, both proton
energies are larger than the detection threshold, vihilis lower in
the region below it.

effective number of bins which are available from the two G, 17. Cross sections for coplanar geometryat9° as a
data sets, thepy kinematics has been solved on a grid, function of ¢, for various photon polar angles. Data points shown
spanning the complete phase space covered by the expeiith triangles and squares are from the supercluster- and block-
mental setups. The total number of bins that are effectivelyjeometry experiments, respectively. The angle-to-angle systematic
available from the experiment is 434 for the superclustekerror of 2% has been added linearly to the negligible statistical
geometry and 1480 for the block geometry. Some of the datarrors of the cross sections. The overall error in the supercluster and
obtained, namely the ones where the photon has scattered litock geometries are 4% and 6%, respectively, and have not been
very forward angles, suffer from higher experimental back-included in the figure. The calculations are the fully microscopic
ground and need more attention. Thgbins of 65° and 75°  (solid line), tu-SPM (dotted ling and sk-SPM (dash-dotted ling

will, therefore, not be presented to preserve the high acculhe corresponding relative energy vergysis shown in the right
racy of the measurements. A very large number of bins thapanel.

remain still cannot be presented completely in this paper,

since this would require over 200 plots. Therefore, a repre-

sentative sample of the data not published before in Refs;ombination of#; and 6, above the lines has both proton
[31-33 will be shown. A note should be added here aboutenergies above the 20 MeV detection threshold in SALAD.
the data published in Ref§32,33. The analyzing powers All combinations below the lines ha® <20 MeV, and are
presented in these papers which were obtained from thghus not “detected” by SALAD.

block-geometry experiment have a mistake in their sign and
should be multiplied by -1.

Instead of showing the data as a function of all four vari-
ables as was done in the past references, the data will be
shown for a sample of kinematics as a function of some of In this subsection the data taken with the supercluster and
these variables and then as a function of a new vari&hlg, block geometries for coplanar kinematics are compared. This
defined in the Introduction. It should be pointed out that theis done in Figs. 17 and 19 for the cross sections and Figs. 18
combination of proton scattering angles cannot be chosen and 20 for the analyzing powers. They are also presented in
random, because one of the protons might have an energhables VIII and IX in Appendix B. The data are shown as a
below the detection threshold of SALAD. This is illustrated function of one of the outgoing proton angles, namelyor
in Fig. 16. The four lines indicate the coplanar combinationsa fixed 6, (9° and 19j and for various photon polar angles
of 6, 6, and 6,, whereE;=20 MeV. Note thatE, always indicated in each panel in the figure. Fer=135° 6,
happens to be larger than 20 MeV at these kinematics. Every145°, andd, = 155° the data are shown for both geometries.

A. Block- and supercluster-geometry data
at selected kinematics
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FIG. 18. The analyzing powers of the angle combinations
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FIG. 20. The same as Fig. 18 except tidgt 19°.

shown in Fig. 17. The errors in the analyzing powers are dominated
by statistics and the systematic errors of 2% are ignored. The ex-
planation of the curves is the same as in Fig. 17.

do/dQy A0, 6, [ub/(st” rad)]

FIG. 19. The same as Fig. 17 except tiat 19°.

For the block geometry, no data are available for proton
angles 21° and 23°. At these angles, the azimuthal coverage
for protons is no longer complete; therefore, photons will not
be detected by TAPS for coplanar events. Taking a total sys-
tematic uncertainty of 4% and 6% for the supercluster and
block geometries, respectively, into acco(see Table VI),

the experimental agreement between the two measurements
is very good where there is an overlap between the two mea-
surements. For the analyzing powers, the statistical errors are
dominant. The good agreement for the cross sections and
analyzing powers for the two geometries is observed for all
the kinematics investigated and lends confidence in our esti-
mation of the errors.

The data are compared to two different Soft Photon Mod-
els(SPM), dotted and dashed-dotted lines, in Figs. 17-20. In
a SPM the amplitude for the bremsstrahlung process is for-
mulated in a semi-microscopic way such that the soft-photon
theorem is obeyed. The first of these SPMs is based on the
model originally proposed ifi7], later refined in[8,9], and
will be referred to asu-SPM. In thetu-SPM thepp T-matrix
is evaluated at an on-shell point defined by tledu Man-
delstam variables calculated from the three on-shell legs for
each of the four Born diagrams contributing to bremsstrah-
lung. To comply with the soft-photon theorem, this leading
contribution is supplemented by a term to restore gauge in-
variance and isospin symmetry. The second SPRWSPM”
is formulated in line with the original soft-photon theorem,
and is similar to the so-called “low-SPM9] in the sense
that the SPM is formulated in terms of derivatives of e
T-matrix. In the Sk-SPM,” however, also terms are kept
which contain both a derivative of thep T-matrix and the
proton anomalous magnetic moment. All other terms are the
same. While the “low-SPM” predictions fall considerably be-
low the data for cross sections, th&SPM” shows a rather
good agreement.
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The results of the microscopic calculations including in-over the earlier version used in the calculatigias]. The
gredients depicted in Fig. [14,18,48 are shown as solid microscopic calculations also explicitly include non-
curves in the figures. There is a large difference in the prenucleonic effects such as th&-resonance and magnetic
dictions of the different models. For the kinematics presente@neson-exchange contributions. Since these are generally
here(and even moreso for those presented in R@%5-33),  small by themselves, it is unlikely that remaining uncertain-
the tu-SPM reproduces the cross sections best among thges in the non-nucleonic effects would be the origin of the
SPMs. The microscopic model, however, seem to reproducgroplem. A phenomenological study of different off-shell ex-
the shapes of the cross sections better than the SPMs. Tm%lpolations of the magnetibNy vertex [19] shows that
was established by performing a fit of the data shown in Figihese indeed may affect the cross section for kinematics
17. In this fit, a normalization factor was varied separatelywhere the large difference with the data is observed. Due to

D =Y 5
E)Obrtz;ﬁgz ?‘Fotr(r)] mlensl,rglﬁtes txgr;ezggl:r;% Lﬁ);r ?(?r ;ﬁgur(‘r:]?gr)'(o- the fact that off-shell extrapolations are representation de-
pendent, the observed effect jd9] could as well mimic

scopic modektu-SPM). The calculations of Eden and Gari 0 . .
[13]p(not shogvn in tl\f/Pe figunealso have the same shape in _dynamlcs in theNN interaction or a contact term. The phys-
the angular distributions as the microscopic model but witH®S for such an effect is an open issue but could for example

much larger absolute magnitudes. The difference betweef§fleCt the importance of certain pion loop corrections which
these two calculations is not understood. For the analyzing'® related to the proximity of the pion production threshold.
powers, the microscopic calculations do a better job than the Although the microscopic calculation shown in Figs. 18
SPMs and come very close to almost all the data shown i@nd 20 come close to almost all the analyzing-power data
the figures. This trend is also observed for the other kinema@nd seem to perform much better than the SPMs, no strong
ics not presented in this paper. conclusions can be drawn owing to the limited statistical
Another observation from Fig. 17 is that with increasing accuracy of the data. In general, one should use the SPMs
photon angle, a peak develops in the data which moves frowith some care when comparing to the data, since various
large 6, to small 6,. This peak is nicely reproduced by the prescriptions, which all satisfy the soft-photon theorem, may
microscopic calculations at large, and less so by the SPMs. _result in very different results for cross sections and analyz-
Further inspection reveals that the peak position correspond8g powers.
to a minimum of the quantity defined as relative enekgjy,
in the introduction. The variations in this kinematic variable ) ) )
for the kinematics shown are presented in the right panel of ~ B- Alternative presentation of the cross-section data
Fig. 17. Here, one can clearly see how the nucleon-nucleon As was mentioned at the beginning of this section, it is
interaction is probed at different relative energies by simplypractically impossible to present all data points measured in
varying the detection angles of photon and protons. This ishe present experiment. Instead, it is chosen to study the
one of the features that makes the bremsstrahlung procesifferences between the measured and the calculated cross
unique. From Eq(l) in the Introduction, one can see that the sections as a function of some selected kinematical variables.
sum of the variableg,, andEcy'm' is roughly constant for the This is done with the hope of understanding the differences
beam energy of the present experiment. This means that thkat have persisted between the results of the microscopic
minimum of E corresponds to the maximum & ™. The  calculations and the experimental results. In presenting the
largest differences between the data and the microscopic catata in this manner though, one loses the dependence on all
culations manifest themselves whdf is smallest or other kinematical variables. More than 1000 bins at various
equivalentIyEcy'm' is largest, i.e., when the nucleons during scattering angles for coplanar and noncoplanar geometries,
the interaction are farthest from their mass shell. The preswhere the acceptance was 100%, have been taken to make
ence of the peak is the result of strong final-state interactiothe “difference” plot.
at small values oE,(E,;;<10 MeV). This feature is less The variable used here was already defined in the Intro-
pronounced in Fig. 19 sinceE, is generally larger duction as the relative enerdy,. One can now take all data
(Ere1> 15 MeV) for the kinematics shown in this figure, re- points (from both geometriesand calculate the difference
sulting in smaller final-state interactions. between the cross-section results from the microscopic cal-
In short, the high-precision data taken in the two differentculations and the experimental measurements. These differ-
measurements agree well with each other and the systematitices are shown in Fig. 21 as a functionkpf; or equiva-
errors are well understood. The microscopic calculations relently E‘;'m' in a contour plot. Various contour&z-axis)
produce the shape of the cross sections reasonably wetlepresent the density of data points giving the same differ-
however, for certain kinematics where the relative energyence for the samg,,. The smooth curve represents the av-
between the two outgoing protons is small, there is a signifierage density of points.
cant over prediction of the data by about 20%—-30%. The As can be seen, the discrepancies between the results
source of this discrepancy is not understood. Since at thifom the theoretical calculation and the experiments become
kinematics where the discrepancy is largest the relative erarger as the relative enerdy,,, becomes smaller. The same
ergy in the emergingop system is smallest, one would figure was made in Ref. 33 for kinematics presented there.
speculate that approximations in including the CoulombThe deviations shown there were so large that a revigiéh
force might be the problem. However a detailed investigatiorof the Fleischer-Tjon potentig#6] was made. Even with the
[48] has shown that this is not the case. In addition,fgpe = most recent version, used in the present work, there seems to
T-matrix used in the calculations has been improve{#ij be still some problems remaining. To understand this picture
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E;™ [MeV] mented stacks of scintillators. The system is capable of han-
9 85 86 84 82 80 78 76 74 72 70 68 dling high count rates and allows a hardware trigger rejection
- of protons stemming from elastic scatteriptf].
r For the detection of the bremsstrahlung photons, we have
used TAPS[38]. In this campaign, TAPS consisted of ap-
proximately 400 Bak crystals, which were used in two dif-
ferent geometries. In the first geometry, all crystals were
mounted at backward angles in a large hexagon, surrounding
- the beam pipe. This results in a polar angular range of
r 125°-170° and a complete azimuthal coverage. This cylin-
drical symmetry is essential for obtaining high statistics in
cross sections and analyzing powers and specifically to mea-
T sure a second analyzing powgy,) which requires the mea-
10 15 20 25 surement of the photons in a large range of the azimuthal
Erel [MeV] angle. In order to investigate the angular distribution of the
, , ) hotons, a second experiment was performed where the cy-
FIG._ 21. The relat_lve difference petween the experimental ancii)ndrical symmetry in photon detection was sacrificed. This
theoretical cross sections as a functiorEqf andEcy'm'. The calcu-  gacond geometry, consists of six rectangular frames, each
Igtions used _to obtain the differences are the microscopic Ca'cu'%ontaining 64 crystals. These frames were positioned around
tions of Martinuset al. (Ref. [18]). the target on both sides of the beam pipe.
Only 2% of the collected events are bremsstrahlung
events, the rest being the background that could not be elimi-
better, the kinematical variabE>™ is shown on top of the nated by the trigger. In order to obtain a clean bremsstrah-
panel. The reason for plotting the data as such is to makking signal from the data, a cut is set on the time-of-flight in
clear that the differences seen in Fig. 21 may be due to th€APS to discriminate massive particles from photons. In ad-
low-energy behavior of the potential as one discusses thdition the over-determined kinematics of the reaction is used
relative energy of the outgoing particles, but may also be duéo reduce the background to a negligible level.
to ingredients of the calculation which depend on the photon For an accurate determination of the observables, one
momentum. It is clear from Fig. 21 that the discrepancy in-needs to determine the luminosity and the degree of beam
creases as a function of the photon energy. One possibilitgolarization. This is done by comparing the measured angu-
might be that the magnetic terms are estimated to be totar distribution ofpp elastic scattering with two phase-shift
large. Note also that the difference is becoming smaller aanalyses, from VP[44] and Nijmegen[1]. A fit was made
the photon energy decreases. This should be a reflection @fith only the luminosity and the beam polarization as free
the fact that the predictions of the calculations all converge aparameters. The agreement with both phase-shift analyses is
the elastic limit. The more recent measurements at 9],  excellent. The typical value for the degree of beam polariza-
to study lower photon energies, aim at this aspect of theion is 0.65, with an accuracy of 0.01. The total detection
investigation. efficiency of the system exceeds 80% and the geometrical
The differences between the theory and the data weracceptance of the system, estimated v&HANT, ranges, in
plotted as a function of several kinematic variables, but nall cases, from 20% to 100%. The systematic error on the
correlation between the differences and the variables wereross-section data with the TAPS detector in the supercluster
seen. These sorts of figures should serve as a guide in tlyometry is 4%. The error on the cross sections produced
search for possible sources of problems which cause thwith TAPS in the block geometry is 6%. The error in the
theory to deviate from the data at the level of 20% to 30%. Itanalyzing powers is dominated by statistics.
was shown in the last subsection how these differences be- The two ppy experiments have overlapping coverage.
have as a function of angle. The relevant parameter seems Both the cross sections and analyzing powers of the two
be E,¢ as can be deduced from Fig. 21. experiments are in excellent agreement with each other. Also
an earlier cross section measurempgtif], performed at a
slightly higher energy200 MeV), and with much less accu-
racy is in agreement with cross sections measured in the
At KVI, Groningen, a series of measurements has beepresent experiment.
performed at 190 MeV beam energy with the aim to measure The experimental data are compared with the results of
proton-proton bremsstrahlung cross sections and analyzingalculations based on Soft-Photon Models and the relativistic
powers with high precision. For the detection of the outgoingmicroscopic calculation of Martinust al. [14,18,48. The
protons, SALAD was used. This detector was specificallylatter model includes, in addition to a consistent propagation
designed and built for these experime[83]. It has a large of the intermediate off-shell nucleons, higher-order contribu-
solid angle of 400 msr and allows one to make cylindrically-tions like the magnetic meson-exchange currents, the
symmetric measurements around the beam axis for most @f-isobar and negative-energy states. The overall agreement
the polar angular range. The covered polar angles range froof the experimental cross sections with the microscopic cal-
6° to 26°. The detector consists of two wire chamb&9 culation is fair as far as the shape of the angular distributions
with a central hole for beam passage followed by two segis concerned. However, this calculation seems to overesti-
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V. SUMMARY AND CONCLUSIONS
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mate the cross sections almost everywhere in phase spasalving the kinematic equations in spherical coordinates is
The results of the microscopic calculations are satisfactorputlined. The definitions used here are similar to the ones
when compared to the experimental analyzing powers, albeitsed by Drechsel and Maximdd5], but differ in details.

with limited statistical accuracy. The SPM calculations comeThese differences are introduced, because this experiment is
closer to the experimental cross sections in magnitude evemerformed with a polarized beam, which complicates the pic-
though the shapes are not as well reproduced as they are hyre to some extent when determining the analyzing power.
the microscopic calculation. There are sizable differences be-

tween various SPMs. However, they all fail to describe the 1. Solving the kinematic equations

data for the analyzing powers. ) _

A close inspection of the bulk of the cross-section data A PPy eéventis described by the momentum vectors of the
shows that differences from the results of the calculations arfrée outgoing particles. Each momentum vector has three
largest where the relative enerdg,e,, of the two outgoing components, anq the final state has thus nine parameters,
protons is smallest, or equivalently, the photon energy in th&vhich describe it completely. These nine parameters are,
center of mass,ES™ is highest. The origin of these however, not mdepeno_lent, because of the laws qf energy and
20% —30% discrepancies as discussed in Sec. IV B is not yé‘ﬂomentum conservation. These four conservation laws re-
understood. It might reside either in the sector dealing witfluce the number of independent parameters to five. In the
NN interaction or in the ingredients dealing with the cou-laboratory system, theaxis is chosen along the direction of
pling of the photons to a proton. To distinguish betweenth® incoming proton, which has momentym They-axis is
these two effects, one needs to study the reaction as a funghosen along the direction of polarization of the beam, or-
tion of E,, and Ecy.m. separately. For any beam energy, thesdhogonal toz. Tht_a x-axis completes the right-handed set of
two are correlated to each other, and measuring one jgrthogonal directions. The target proton has zero momentum.
equivalent to measuring the other. To study, in more detailTh€ momenta of the two outgoing protons g and pg.
the differences at smaller photon energies in the center of€ momentum of the photon ks The energy and momen-
mass, a recent experiment has been performed at KVI witflM conservation laws now yielghatural units7=c=1 are
the same beam energy. This experiment aims at investigatidgsed
the cross sections at kinematics approaching the elastic limit.
Here, the microscopic calculations and those based on the
soft-photon theorem begin to converge and should agree bet- 3 s
ter with the data. The data of that experiment are being ana- VPA+ M+ pg+mp+k=\pi+m+m,.  (A2)

lyzed presently. Finally, it is desirable to perform an experi-

ment at different beam energies to change the scale betweghere’mp is the mass of the_: proton. The (_:onventlonal ch0|_ce
E.., and ES™. The result of such an experiment coupled toof the five parameters to fix the kinematics are the spherical
S

those presented here and those of the experiment performggggisIg\]:vtsh?ormmoynigtnazamﬁiﬁ gBh:}?cgrgc?cy).rdTirT:tecggig-
recently at KVI should shed some light on the issue of P

whether discrepancies between the data and the calculations, . sing, cosp, + pg sinf cospg + k sind, cosp, =0
as observed in the present measurement, have their roots in
the hadronic sector or the photon coupling.

Pa * Pg+K=pp, (A1)

(A3)

Pa SiNda Sing + pg Sing singg + k sing,, sing, =0,
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Pa COYp + Pg COSHp + Kk COSA, = . (A5)

rlnf one substitutes this expression foin Eq. (A5), it can be
§olved forpg:

s = q cosf + Vg7 cogd,, — Mt cog,( cogh, - cosbp)

(FOM) with financial support from the “Nederlandse Organi- p,
satie voor Wetenschappelijk OnderzoglWO). cos 0,~ cos b
(A7)
APPENDIX A: KINEMATICS whereq is defined as

_ (2, -2 _J2 a2 _
In this appendix the kinematics of thepy reaction is 0= Pa CO + (VP + My + My = VP, + M) COSY,, = Py

discussed. The procedure used in the data analysis for (A8)
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FIG. 22. The two different solutions of the kinematic equations

with the samey, b, 0, ¢a and g. of noncoplanar scattering, the definition of protons 1 and 2 is

still unique, but a trivial interpretation is not always avail-

able.
With some algebra, one can eliminage from Egs.(A3) and With protons 1 and 2 so defined, the three vecmrg,,
(A4): and k can either form a right-handed system, whépe

X ps) k>0 or a left-handed system, whefe; X p,) -k <0.

ISi?6, = (Pa SiN6a = P Sinfp) These two situations are depicted in Fig. 23. The “parity”

+ 4paPg SiNb, Sindg SINFD’ (A9)  of a ppy event is now defined as the sign of this vector
Here, the new variablé’ is defined as product:
o=T4 02" (A10)
2 2

T =sigr{(p; X po) -K]. (Al11)

In Eq. (A9) one can substitutk from Eq. (A6) and pg from
Eq. (A7). The resulting expression has onbg as an un-
known, and can be solved by numerical means.
From Eq.(A10) one can see that in the case of coplanar
kinematics®’ is either O orr. In this special case the parity
IT is not defined, since the vector product in E411) yields

From Eq.(A7) it can be seen that there are in general twoQ. One can define a second coordinate system for each event
possible choices fopg given a certainp,. Furthermore, it in such a manner that it is rotated around the beam direction
turns out that E¢A9) has in general two solutions, resulting with respect to the external coordinates. Teaxis is cho-
in a total of four different mathematical solutions. Two of sen such that proton 1 makes an an@lavith the positive
these solutions are nonphysical in the sense that they produge-axis and proton 2 makes an angbewith its negative part.
negative values for eithg,, pg or k. The other two solutions  They’-axis is orthogonal to the’-z plane. Since the angte
are valid solutions of the kinematic equations, givBn¢,,  in this new coordinate system is 0 for coplanar events, it is
0, ¢g and 6. The labelsA andB have been assigned arbi- referred to as the “noncoplanarity angle.” One can define it
trarily to the two protons. By assigning labels 1 and 2 to thegs
two protons in a unique way, one can discriminate between
the two different solutions. For the sake of the argument, the
solution with the lowest value g, is called solution | and
the other solution 11, i.e.py<px. One can now adopt the ® =11 asir(| sin(®")|) (A12)
convention to labep, asp; andpg asp, in case of solution
[. In the case of solution I, it is the other way arourdd 2
andBO 1. This results in a unique labeling of the two pro-
tons, independent of the initi#l, B labeling. wherell is the parity of the event an®’ is defined in Eq.

For the case otoplanar kinematics, the difference be- (A10). Using this definition, the noncoplanarity angle con-
tween the two solutions is depicted in Fig. 22. In the firsttains the information on the handedness of the veqigrpg
possibility (solution I, the photon is emitted to the same sideand k. The ambiguity ofIl in the coplanar case is then
of the beam axis as protof. For the other possibilityso-  solved in a natural way. The anglelies between /2 and
lution II), the photon is emitted to the same side as pr&on /2. The external coordinate system and the coordinate sys-
With the above definition, this means that proton 1 lies ontem of the event make an angle which is called.,. The
the same side of the beam axis as the photon. Note that thggometrical interpretation of the noncoplanarity angle and
interpretation holds only for coplanar scattering. In the casepg,en is depicted in Fig. 23.

2. Conventions for the kinematics
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APPENDIX B: DATA TABLES

TABLE VIII. Cross sections and analyzing powers for the supercluster-geometry data presented in Figs. 17 through 20. The cross
sections are given in units gfb/sP/rad.

0,(deg 0,(deg 6,(deg do/dQ Ado/dQ A, AA,
9 11 135 0.796 0.018 -0.025 0.086
9 13 135 1.148 0.019 -0.047 0.061
9 15 135 1.409 0.020 0.066 0.051
9 17 135 1.493 0.019 -0.093 0.046
9 19 135 1.406 0.019 -0.010 0.046
9 21 135 1.359 0.024 -0.092 0.065
9 23 135 1.210 0.031 -0.201 0.095
9 9 145 0.704 0.018 -0.016 0.092
9 11 145 1.076 0.020 0.015 0.071
9 13 145 1.450 0.021 0.038 0.052
9 15 145 1.508 0.020 0.050 0.046
9 17 145 1.477 0.019 0.014 0.045
9 19 145 1.370 0.018 -0.123 0.046
9 21 145 1.232 0.023 -0.075 0.067
9 23 145 1.149 0.029 -0.281 0.091
9 9 155 0.950 0.022 0.009 0.079
9 11 155 1.360 0.023 0.106 0.063
9 13 155 1.476 0.022 0.047 0.055
9 15 155 1.417 0.021 -0.085 0.052
9 17 155 1.305 0.019 -0.104 0.052
9 19 155 1.222 0.018 -0.093 0.051
9 21 155 1.106 0.023 -0.232 0.080
9 23 155 0.973 0.029 -0.180 0.105
19 11 135 0.210 0.007 -0.039 0.108
19 13 135 0.530 0.010 0.059 0.065
19 15 135 0.749 0.011 0.025 0.051
19 17 135 0.929 0.011 0.048 0.044
19 19 135 1.145 0.012 0.045 0.039
19 21 135 1.381 0.018 -0.039 0.047
19 23 135 1.524 0.025 -0.096 0.059
19 9 145 0.119 0.005 -0.080 0.166
19 11 145 0.397 0.009 0.100 0.078
19 13 145 0.729 0.011 0.221 0.054
19 15 145 0.917 0.011 0.020 0.043
19 17 145 1.172 0.012 -0.016 0.037
19 19 145 1.346 0.013 0.004 0.033
19 21 145 1.599 0.019 -0.020 0.040
19 23 145 1.791 0.027 0.004 0.051
19 9 155 0.216 0.008 -0.027 0.119
19 11 155 0.637 0.012 0.198 0.063
19 13 155 0.944 0.013 0.156 0.050
19 15 155 1.196 0.014 -0.003 0.042
19 17 155 1.412 0.014 0.014 0.036
19 19 155 1.647 0.015 -0.032 0.034
19 21 155 1.890 0.021 -0.068 0.039
19 23 155 1.896 0.029 -0.113 0.053
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TABLE IX. Same as Table VIII but for the block geometry.

PHYSICAL REVIEW C 70, 024004(2004)

6,(deg 6,(deg 0,(deg do/dQ) Ado/dQ A, AA,
9 13 105 0.465 0.020 0.013 0.105
9 15 105 0.739 0.024 -0.060 0.080
9 17 105 0.920 0.025 -0.087 0.062
9 19 105 0.910 0.025 0.011 0.060
9 13 115 0.666 0.028 -0.007 0.102
9 15 115 0.968 0.031 0.057 0.081
9 17 115 1177 0.032 0.038 0.067
9 19 115 1.061 0.030 -0.036 0.068
9 11 125 0.556 0.027 0.012 0.109
9 13 125 0.927 0.032 -0.127 0.081
9 15 125 1.201 0.033 -0.099 0.064
9 17 125 1.475 0.035 -0.094 0.060
9 19 125 1.343 0.033 -0.032 0.056
9 9 145 0.777 0.027 -0.130 0.086
9 11 145 1131 0.030 0.054 0.057
9 13 145 1.377 0.030 0.071 0.049
9 15 145 1.609 0.031 0.016 0.044
9 17 145 1.528 0.028 -0.064 0.040
9 19 145 1.373 0.026 -0.031 0.043
9 9 155 0.927 0.026 0.094 0.065
9 11 155 1.267 0.028 0.025 0.049
9 13 155 1.373 0.027 0.044 0.042
9 15 155 1.400 0.025 -0.045 0.038
9 17 155 1.295 0.023 -0.024 0.037
9 19 155 1.193 0.022 -0.036 0.039
19 11 105 0.178 0.010 0.018 0.132
19 13 105 0.182 0.009 -0.215 0.125
19 15 105 0.335 0.012 -0.276 0.086
19 17 105 0.562 0.014 -0.006 0.059
19 19 105 0.660 0.015 -0.054 0.053
19 11 115 0.180 0.011 -0.024 0.147
19 13 115 0.229 0.012 -0.303 0.116
19 15 115 0.501 0.016 -0.181 0.079
19 17 115 0.644 0.017 -0.004 0.062
19 19 115 0.784 0.019 0.048 0.056
19 11 125 0.176 0.011 -0.013 0.136
19 13 125 0.342 0.014 -0.112 0.112
19 15 125 0.657 0.018 -0.075 0.064
19 17 125 0.797 0.019 0.061 0.055
19 19 125 0.909 0.020 0.050 0.049
19 9 145 0.121 0.008 -0.106 0.150
19 11 145 0.363 0.012 0.114 0.081
19 13 145 0.753 0.016 0.041 0.048
19 15 145 0.974 0.017 0.065 0.039
19 17 145 1.235 0.018 0.055 0.035
19 19 145 1.408 0.019 0.045 0.031
19 9 155 0.179 0.008 -0.133 0.106
19 11 155 0.595 0.014 0.020 0.052
19 13 155 0.889 0.016 0.052 0.038
19 15 155 1.164 0.016 0.046 0.031
19 17 155 1.387 0.017 0.016 0.027
19 19 155 1.553 0.018 -0.029 0.024

024004-21



MAHJOUR-SHAFIEl et al.

[1] V. G. J. Stokset al, Phys. Rev. C48, 792 (1993; 49, 2950
(1994; M. C. M. Rentmeesteet al, Phys. Rev. Lett82, 4992
(1999.

[2] R. Machleidtet al, Phys. Rev. C53, R1483(1996.

[3] R. B. Wiringaet al, Phys. Rev. C51, 38 (1995.

[4] J. Ashkin and R. E. Marshak, Phys. ReR6, 989 (1949.

[5] F. E. Low, Phys. Rev110Q 974 (1958.

[6] E. M. Nyman, Phys. Lett. B25, 135(1967); Phys. Rev.170,

1628(1968.

[7]1 M. K. Liou, D. Lin, and B. F. Gibson, Phys. Rev. @7, 973
(1993.

[8] M. K. Liou, R. Timmermans, and B. F. Gibson, Phys. Rev. C [34]

54, 1574(1996); Phys. Lett. B345 372(1995.
[9] A. Yu. Korchin, O. Scholten, and D. Van Neck, Nucl. Phys. A
602 423(1996); A. Yu. Korchin and O. Scholteribid. 581,
493 (1995.
M. I. Sobel and A. H. Cromer, Phys. Re®¥32, 2698(1963.
V. Herrmann and K. Nakayama, Phys. Rev4g, 1450(1992.
F. de Jonget al, Phys. Lett. B333 1 (1994.
J. A. Eden and M. F. Gari, Phys. Rev. &3, 1102(1996.
4] G. H. Martinus, O. Scholten, and J. A. Tjon, Phys. Re\b&
686 (1998.
[15] F. de Jong, K. Nakayama, and T. S. H. Lee, Phys. Re&1C
2334(1995.
[16] F. de Jong and K. Nakayama, Phys. Revbg 2377(1995.
[17] M. Jetter and H. W. Fearing, Phys. Rev.51, 1666(1995.
[18] G. H. Martinus, O. Scholten, and J. A. Tjon, Phys. ReV5€§
2945(1997; G. H. Martinuset al, Few-Body Syst.26, 197
(1999.

(10]
(11]
(12]
(13]
[1

[19] S. Kondratyuk, G. Martinus, and O. Scholten, Phys. Lett. B

418 20(1998.

[20] Y. Li, M. K. Liou, and W. M. Schreiber, Phys. Rev. &7, 507
(1998.

[21] V. Herrmannet al, Nucl. Phys. A582, 568 (1995; K. Na-
kayama(private communication

[22] A. Katsogianniset al., Phys. Rev. C49, 2342(1994.

[23] M. Jetter, H. Freitag, and H. V. von Geramb, Phys. 318,
229(1993); Nucl. Phys. A553, 665¢(1993.

[24] B. Gottschalk, W. J. Shlaer, and K. H. Wang, Nucl. Ph484,
491 (1967).

[25] K. W. Rothe, P. F. M. Koehler, and E. H. Thorndike, Phys.
Rev. 157, 1247(1967).

[26] K. Michaelianet al, Phys. Rev. D41, 2689(1990.

PHYSICAL REVIEW C 70, 024004(2004)

[27] B. v. Przewoski, H. O. Meyer, H. Nann, P. V. Pancella, S. F.
Pate, R. E. Pollock, T. Rinckel, M. A. Ross, F. Sperisen, Phys.
Rev. C 45, 2001(1992.

[28] R. Bilger et al, Phys. Lett. B429, 195(1998.

[29] J. Ztomanczuk, A. Johansson, and the WASA-PROMICE col-
laboration, Nucl. PhysA631, 622¢(1998.

[30] K. Yasudaet al., Phys. Rev. Lett.82, 4775(1999.

[31] H. Huismanet al, Phys. Rev. Lett.83, 4017(1999.

[32] H. Huismanet al, Phys. Lett. B476, 9 (2000.

[33] H. Huismanet al, Phys. Rev. C65, 031001R) (2002.

L. Friedrichet al, Proceedings of the International Workshop

on Polarized Beams and Polarized Targetdited by H. Paetz

gen Schieck and L. SydowWorld Scientific, Singapore,

1996, p. 198.

[35] H. W. SchreuderProceedings of the XVth International Con-
ference on Cyclotrons and their Applicatiod®P Publishing,
London, 1998, p. 592.

[36] N. Kalantar-Nayestanaki, J. Mulder, and J. Zijlstra, Nucl. In-
strum. Methods Phys. Res. Al7, 215(1998.

[37] N. Kalantar-Nayestanalgt al., Nucl. Instrum. Methods Phys.
Res. A 444, 591 (2000.

[38] A. R. Gableret al,, Nucl. Instrum. Methods Phys. Res. 246,
168(1994); H. Stroher, Nucl. Phys. News, 7 (1996).

[39] M. Volkerts et al,, Nucl. Instrum. Methods Phys. Res. 428
432(1999.

[40] S. Schadmandt al, Nucl. Instrum. Methods Phys. Res. A
423 174(1999.

[41] W. R. Leo, Techniques for Nuclear and Particle Physics Ex-
periments(Springer-Verlag, Berlin, 1994

[42] CERN Program Library Long Writeup 8013

[43] J. G. Messchendorpt al, Phys. Rev. Lett.82, 2649(1999);
83, 2530(1999; Phys. Rev. C61, 064007(2000.

[44] R. A. Arndt et al, Phys. Rev. C56, 3005(1997).

[45] D. Drechsel and L. C. Maximon, Ann. Phy@\.Y.) 49, 403
(19698.

[46] J. Fleischer and J. A. Tjon, Nucl. Phy#84, 375 (1974);
Phys. Rev. D15, 2537(1977; 21, 87 (1980.

[47] J. G. Rogerst al, Phys. Rev. C22, 2512(1980.

[48] M. D. Cozmaet al, Phys. Rev. C65, 024001(2002; 68,
044 003(2003.

[49] M. Mahjour-Shafiei, Ph.D thesis, University of Groningen,
2004.

024004-22



