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Measurement of Proton-Proton Bremsstrahlung at 389 MeV
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Proton-proton bremsstrahlung cross sections have been measured at 389 MeV incident energy. A
two-arm spectrometer and a liquid hydrogen target system have been used to measure the proton-proton
bremsstrahlung events with small background. At the present kinematical conditions, an enhancement
of the cross sections due to theD current contribution is predicted. The measured cross sections are
larger than the theoretical predictions including theD current contribution. [S0031-9007(99)09352-7]

PACS numbers: 25.10.+s, 13.75.Cs, 21.30.–x
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Proton-proton bremsstrahlung (ppg) is one of the most
fundamental nucleon-nucleon (NN) inelastic scattering re-
actions. It has been investigated to study the off-she
behavior of theNN interaction and differentiate between
the various models for many years [1,2]. A recent theo
retical study, however, pointed out that the informatio
that can be obtained in determining the off-shell effec
is less clear than previously thought [3]. In some theo
retical studies on theppg reaction at the intermediate
energy, it is predicted that the influence of more elabo
rate mechanisms on theppg reaction should be included,
such as meson-exchange currents, negative energy sta
and the D current [4–7]. Some of these calculations
predict that theD current contribution may increase the
cross section about100% even at about 400 MeV in-
cident proton energy, which is far below theD reso-
nance region [5–7]. The contribution of theD current
to the differential cross section is predicted to be max
mum at the proton anglesu1 ­ u2 , 20± and ug , 70±

[5,6]. There were several measurements ofppg reaction
around and above the pion production threshold ener
at TRIUMF [8] (Tlab ­ 280 MeV), IUCF [9] (Tlab ­
294 MeV), COSY [10] (Tlab ­ 293 MeV), and LBL [11]
(Tlab ­ 730 MeV). Recently, the virtual bremsstrahlung
in proton-proton scattering (pp ! ppe1e2) was also
measured at below the pion production threshold [12].
the TRIUMF, IUCF, and COSY experiments, incident en
ergies were not high enough to be sensitive to the effe
of theD current. In the TRIUMF and IUCF experiments
they aimed mainly at the off-shell effects of theNN inter-
action and measured both protons at small angle. The
fore their setups were not suitable for investigating theD

current contribution to theppg process. In the LBL ex-
periment, their experimental setup did not cover the kin
matical region where theD effect is expected to be large.
The measurement of the virtual bremsstrahlung aimed
obtaining new aspects for the bremsstrahlung process.
0031-9007y99y82(24)y4775(4)$15.00
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In this paper we report the measurement of theppg

reaction at a proton incident energy of 389 MeV. We
measured the two outgoing protons with two magneti
spectrometers. The spectrometers were placed at t
most forward angles, which were26±, on each side of
the beam so as to be close to the kinematical conditio
that gives maximumD contribution. In this kinematical
condition, theD current contribution is predicted to be
large, especially at forward photon emission angles [5,7
The phase space is almost constant as a function of t
photon emission angle, and the angular dependence of
cross sections is sensitive to that of the matrix elements
theppg reaction.

The experiment was performed at the Research Ce
ter for Nuclear Physics (RCNP), Osaka University. A
389 MeV proton beam from the RCNP ring cyclotron
was delivered to a liquid hydrogen target, which was de
veloped by the Kyushu University group [13]. The tar-
get thickness was about 9 mm and the container window
were made of12.5 mm thick aramid foil. Two outgoing
protons were detected with the two-arm spectromete
Grand Raiden (GR) [14] and Large Acceptance Spec
trometer (LAS) [15], both at26.0±. A schematic view
of the two-arm spectrometer is shown in Fig. 1. The
counter system for both spectrometers consisted of tw
pairs of multiwire vertical drift chambers (MWDC) for
track reconstruction and trigger scintillators, which are se
on the focal plane of the spectrometers. The event w
triggered by hits at both the GR and LAS trigger scintil-
lators. The position and direction,x, x0, y, andy0 on the
focal plane of the spectrometer, were measured by a p
of MWDC. Since particles cross the MWDC at an incli-
nation of45± (36±) for the GR (LAS), several sense wires
along a particle trajectory put out signals and a relativel
large efficiency of the MWDC is obtained. The detection
efficiency of each MWDC was more than99%, and the
track-finding efficiencies were about98% for the GR and
© 1999 The American Physical Society 4775



VOLUME 82, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 JUNE 1999

the
less

re
.
ld
o-
is-

o
al
ac-

ce

ace

s-

oss

ng
ge
liq-
and
-
ons
e
se

ta
in
etic
.

FIG. 1. Schematic view of the two-arm spectrometer syste
the Grand Raiden (GR) and the Large Acceptance Spectrom
(LAS). D, Q, SX, and MP denote dipole, quadrupole
sextupole, and multipole magnets, respectively.

95% 98% for the LAS. From thex, x0, y, andy0 at the
focal plane, the momentum vector of the outgoing partic
was traced back. The momentum resolutions of the G
and LAS were420 keVyc and 560 keVyc (FWHM), re-
spectively, for the928 MeVyc proton, which were ob-
tained by the measurement of thep-C elastic scattering
and including the beam energy spread. Live times
the DAQ system were86% 99% by using a fast DAQ
system for the spectrometer system at RCNP [16]. T
four-momentum and invariant mass of the third outgoin
particle were calculated with the measured proton m
menta. In order to reduce the background caused by
beam halo, a beam halo monitor system which consis
of four plastic scintillators was set at about 100 cm u
stream from the target. The beam was tuned to mi
mize the counting rate of these plastic scintillators. Th
beam intensity was monitored with a beam line polarim
ter placed upstream of the target, which counted thepp
elastic scattering events from an aramid foil target. T
beam intensity was about 15 nA. The luminosity wa
measured by observing thepp elastic scattering on the
liquid hydrogen target. These protons were detected
the luminosity monitor, which consisted of plastic scintil
lators mounted vertically at the angle of42.2±, at a dis-
tance of 33.8 cm from the target.

At noncoplanar geometries, the dynamic range of t
photon emission angle is suppressed by the moment
conservation and the phase space changes largely n
the kinematical limit. In order to avoid such a larg
change, coplanar geometries are desirable [4]. Moreov
most of the theoretical calculations are performed
coplanar geometries. In order to select the coplanarppg

events, we put slits in front of the magnets of the two
arm spectrometer and limited the out-of-plane angles
630 mrad. The in-plane angular ranges were615 mrad
for the GR and660 mrad for the LAS. The solid angles
of the GR and LAS were 1.8 and 7.2 msr, respective
with these slits. The solid angles were checked by t
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measurement of thepp elastic scattering with a CH2
target. The difference of the phase space between
coplanar case and the present geometrical setting is
than2%, and it was corrected.

The momentum acceptances of the GR and LAS we
limited to 4% and 20%, respectively, by a software cut
Theppg events cannot be covered by one magnetic fie
setting, so that we have chosen 11 settings of the tw
arm spectrometer in order to measure the angular d
tribution of the photon emission between30± and 180±.
Figure 2 shows theppg phase space corresponding t
the momenta of the two protons, with the geometric
acceptances of the two-arm spectrometer taken into
count. The boxesA K in this figure correspond to the
11 magnetic field settings. For example, the settingsA,
B, andC correspond toug ­ 30± and the settingsH, I,
andK to ug ­ 150± 180±. The photon is emitted to the
same side of the LAS. The limited momentum acceptan
of the spectrometer reduces the phase space of theppg

events. This reduction was corrected with a phase sp
calculation.

At an incident energy of 389 MeV, there are large po
sible sources of background. One of them is thepp !
ppp0 process, which at this energy has a rather large cr
section of48 mb [17]. Protons from thepp elastic scat-
tering from the target hydrogen and inelastic scatteri
from nuclei of the target container foils also cause lar
backgrounds. Using the two-arm spectrometer and the
uid hydrogen target, we suppressed these backgrounds
obtained theppg events with a good signal-to-noise ra
tio [18]. The spectrometer has been set to detect prot
from the ppg reactions, therefore the protons from th
ppp0 process do not hit the trigger scintillators becau
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FIG. 2. Theppg phase space as a function of the momen
of the two protons at our experimental setting. The boxes
this figure are the momentum acceptances for each magn
field setting. This is obtained with a phase space calculation



VOLUME 82, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 JUNE 1999

e
e
l
w
as

are

se
l-
n-
to
re

is-

r-
a
rs,
he
ld

u-
d

e
S
m
-

e

they have very different momenta from those of theppg

process. Thepp elastic scattering events are not detecte
either, unless one of the protons is scattered from the w
and loses energy in the spectrometer. The protons fro
the Asp, p0d reactions also cause triggers. Two indepe
dently scattered protons may enter the spectrometer in
accidental coincidence. We estimated the number of the
events from coincidences coming from two different bea
bunches and it is subtracted. TheAsp, 2pd quasielastic
events from nuclei of the target container foils also con
tributed to the background. The magnitude of this contr
bution was estimated from the “empty target” runs, whic
were hydrogen gas target runs. Because of the low te
perature of the liquid hydrogen target, the residual gas
the scattering chamber was frozen on the target foils a
this also caused background. In order to estimate the c
tribution from the frozen gas correctly, we performed th
empty target runs at a temperature of about 25 K, whe
nitrogen and oxygen molecules are still frozen.

The squared missing mass spectra reconstructed fr
the detected two protons are shown in Fig. 3. These a
obtained from theD andF magnetic field settings which
correspond to about70± and120± photon emission angles,
respectively. A clear peak about0 MeV2 which corre-
sponds to theppg process is obtained. The backgroun
events due to the accidental coincidence and from t
empty target run are also shown in the top figures. T
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FIG. 3. The squared missing mass (M2
X ) spectra reconstructed

from the two observed proton momenta. The results f
the D and F magnetic field settings are shown. Top: Th
spectra as taken with the liquid hydrogen target runs (solid
contribution from the accidental coincidence events (dashe
and the “empty target” runs (dotted). Bottom: The missin
mass spectra after subtracting the accidental coincidence
the background events (open circles with error bars). The so
lines show the result of a Monte Carlo simulation.
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yield of the empty target run are normalized to that of th
liquid hydrogen target run using the beam current. Th
difference spectra, given by open circles with statistica
errors, are shown in the bottom figures. The figures sho
that the background has been estimated correctly and h
been subtracted from the data. The experimental data
compared to the result of a Monte Carlo simulation. In
this simulation, the events were generated with the pha
space distribution, and the energy straggling and mu
tiple scattering in the target and the momentum and a
gular resolutions of the spectrometer were taken in
account. It is clear that the missing mass spectra we
well accounted by the simulation.

Figure 4 shows the coplanarppg differential cross
sections as a function of the reconstructed photon em
sion angleug in the laboratory system. The error bars
in this figure include statistical errors and include the e
ror in the magnetic field setting of the spectrometer. If
change in the magnetic field of the spectrometer occu
the ppg phase space changes and it causes error in t
phase space correction. This change of the magnetic fie
setting was less than0.1%, and the error for the phase
space correction is less than15%. It was estimated using
a phase space calculation. In order to verify the acc
racy of the absolute normalization factor, we measure
the pp elastic scattering cross section with a CH2 target
of 2.37 mgycm2 thickness. The measurements were don
in three ways: the GR single-arm measurement, the LA
single-arm measurement, and the GR and LAS two-ar
coincidence measurement. In addition, the liquid hydro
gen target was also used to measure thepp elastic scat-
tering with the GR and the luminosity monitor. As shown
in Fig. 5 the measuredpp elastic scattering cross sections

0

1

2

3

4

5

6

7

8

9

10

0 30 60 90 120 150 180
θγ (deg.)

dσ
/d

Ω
1d

Ω
2d

θ γ (
µb

/s
r/

sr
/r

ad
)

nucleonic + ∆ current

nucleonic only

FIG. 4. The differential cross sections for thepp ! ppg in
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FIG. 5. The differential cross sections for thepp elastic
scattering in the laboratory system. The results of the G
single-arm measurement (open circles), the LAS single-ar
measurement (open squares), the GR and LAS coinciden
measurement (open triangles), and the measurement with
luminosity monitor (closed triangle) are shown. The line is th
result of the SAID.

agree with the values obtained by the SAID program [19
within 4%.

The ppg differential cross sections of the presen
work were compared to the theoretical calculations o
de Jonget al. [5]. In Fig. 4, the solid line corresponds
to the calculation including the contribution from theD

current, and the dashed line is the result of the calculati
that incorporates only the nucleonic current contribution
These calculations predict that theD effect is seen at
forward photon emission angles and the differential cro
section increases by a factor of 2 at aboutug ­ 70±. The
present data favor the calculations including theD current,
but especially at aboutug ­ 70±, where the effect of the
D current seems to be large, the present result is abo
70% larger than the theoretical prediction including th
contribution of theD current. On the other hand, the
present result is not much different from the theoretic
predictions at the backward angles. Another result of th
calculation including the meson-exchange currents and t
D current at our kinematical conditions [7] also predicts
smaller differential cross section than that of the prese
data. This suggests that there might be contributions
some other mechanisms to theppg cross section, and a
further theoretical study is desired.

In summary, we have measured the differential cro
sections for thepp ! ppg at 389 MeV incident energy.
The two outgoing protons were detected with the two
arm magnetic spectrometer both at the scattering ang
of 26.0±. Using the magnetic spectrometer and the liqui
hydrogen target, we have succeeded in measuringpp !
4778
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ppg events with a small background. The accuracy of t
absolute normalization factor is verified by the measur
ment of thepp elastic scattering. The measuredpp elas-
tic scattering cross sections agree with the values obtain
by the SAID program within4%. The obtainedppg cross
sections are larger than the theoretical predictions inclu
ing theD current contribution at aboutug ­ 70±. A fur-
ther theoretical study is needed to pin down the origin
this discrepancy.
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