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Quasifree bremsstrahlung in thedp\dpg reaction above the pion production threshold
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9Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
10IKP, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

11Institute of Experimental Physics, Warsaw University, PL-0061 Warsaw, Poland
~Received 9 September 2001; published 27 February 2002!

Experimental results of thedp→dpg reaction are presented for several observables with deuteron projectile
energies between 437 MeV and 559 MeV. The kinematically complete measurements were performed at the
CELSIUS storage ring with the PROMICE/WASA setup. Angular and spectral distributions of the charged
ejectiles are decomposed into fractions that can be attributed to a quasifreenp→dg process with a spectator
proton and to a process involving all three nucleons. Within the acceptance of the detector, about two thirds of
the events are associated to the quasifree process; the remainder are characterized by substantial transverse
momentum components transferred to a participating outgoing proton.
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I. INTRODUCTION

Bremsstrahlung from nucleus-nucleus and from prot
nucleus interactions show characteristics suggesting tha
main source of theg emission are primarily the nucleon
nucleon scattering processesNN→NNg @1#, where N de-
notes either a protonp or a neutronn. Consequently,NN
→NNg is an essential ingredient for models of the brem
strahlung process on nuclei, that will, however, be influen
by the presence of additional nucleons. This impact of
nuclear environment on the inelasticNN interaction may be
studied by a comparison of the photon production inpd
interaction to the free two nucleon processespn→png, pn
→dg, andpp→ppg.

Possible reaction mechanisms may be grouped into
following classes@2#: ~1! pd→ 3Heg, ~2a! pd→pngps ,
~2b! pd→ppgns , ~2c! pd→pnpg, ~3a! pd→dgps ,
~3b! pd→pdg.

For the radiative capture mechanism~1!, we refer to Ref.
@3#. The mechanisms~2a! and ~2b! are genuine quasifre
NN→NNg processes where one of the nucleons of the ta
deuteron enters only as spectatorNs . When compared to the
free two-nucleon case, the folding with the momentum d
tribution of the participating target nucleon will extend th
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photon spectrum to higher energies. This approach was
lowed by Nakayama@4# based upon mechanism~2a! only,
since mechanism~2b! is expected to play a minor role@5#
due to the smaller elementary cross sections forpp→ppg as
compared topn→png. Finally, mechanism~2c! represents
all processes involving all three nucleons.

The processes~3a! and ~3b! are more complex. They in
clude:

~3a! pn bremsstrahlung as in mechanism~2a! with ps and
a momentum match between the interacting nucleons
leads to a deuteron bound state@Fig. 1~a!#. This is also called
a quasifree~QF! radiative capture in thenp system.

~3b! The coherent bremsstrahlung on the deuteron.
use this term as a synonym for all reactions involving
three nucleons. This includes processes where the deuter
considered as a fundamental particle as well as those w
theg is produced inpN→pNg interactions@Fig. 1~b!# or in
pn→dg after initial pN scattering@Fig. 1~c!# or more com-
plex processes not shown here.

So far comprehensive theoretical calculations forpd
→pdg, including several of the processes listed above
not available.

Nakayama@4# uses a meson-exchange potential for t
elementarypn bremsstrahlung amplitude to describepd
bremsstrahlung. He obtains at most a qualitative agreem
with then existing inclusive experimentalpd→Xg data
@5,6#. In particular, it was necessary to multiply the predict
values with an arbitrary normalization factor of 1.67
achieve agreement with the experimental data, indica

p-
©2002 The American Physical Society09-1
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that important contributions to the totalpd bremsstrahlung
cross section were not understood.

More recently Huismanet al. @7# have studied thepp
→ppg reaction, both experimentally and with microscop
model calculations, concluding that at present no hi
quality NN model calculation consistent withpp→ppg data
exists. It must be suspected that this applies more to ca
lations forpd→pdg, owing to the increased complexity. T
this end exclusive data onpd→pdg is needed, in order to
select kinematic regions where only one or a few of
reaction channels are believed to be dominant. Then the
terpretation of the data should be easier. Particularly, g
reaction mechanisms to study are those involving a spec
nucleon.

Experimentally, there is still a lack of high-quality brem
strahlung data in thepd system. From here on we denote t
initial state with the first particle being the projectile and t
second the target, i.e.,pd a proton beam impinging on
deuteron target, anddp the process with inverse kinematic

First experiments were carried out in the late 1960s.
ington et al. @8# have measured the inclusivepd→Xg reac-
tion atTp5145 MeV and Koehleret al. @2# at Tp5197 MeV
with contradicting results concerning the total cross secti
as well as the importance of different production mec
nisms. Later Pinstonet al. @5# presented results forpd
→Xg at Tp5200 MeV, and Claytonet al. @6# at Tp5145
and 195 MeV, both in agreement with the results fro
Ref. @2#.

None of these experiments were able to distinguish
tween the different reaction channels mentioned above

FIG. 1. Diagrams for some possibledp→dpg production
mechanisms:~a! quasifree production mechanism viapn→dg, also
called spectator model;~b! and ~c! so called coherent mechanism
~b! includes quasifree production viapN→pNg, ~c! includes res-
cattering.
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cause they only measured the outgoingg. The energy range
under study was also limited by thep0-production threshold
because of the difficulties to reject events withg ’s originat-
ing from p0 decays.

The experimental situation is different for the radiati
capture channelpd→ 3Heg, which can be more easily sepa
rated due to the constraints that can be applied for bin
reactions. Several exclusive measurements exist forpd
→ 3Heg and the inverse radiative capture processg3He
→pd ~see e.g.,@9,10,3# and references therein!.

Preliminary results have recently been presented forpd
bremsstrahlung atTp5190 MeV @11#. In addition to theg
the charged ejectiles were also detected, but not identifi
Therefore, this experiment might yield exclusive results b
yond pd→ 3Heg.

The most straightforward way to improve the database
pd bremsstrahlung experimentally is to investigate it with
detector setup capable not only to detectg’s, but also to
measure and identify all the outgoing charged particles w
a good acceptance.

The reaction channels~2a! and~3a! have the inherent ex
perimental difficulty that the spectator protons are emit
with small momenta in the initial deuteron rest frame. Th
direct detection inpd reactions requires the measurement
low energy spectator protons. For this purpose the dete
has to be placed around the vertexinsidethe target chambers
since even thin target chamber windows absorb most of
spectator protons~see e.g., Ref.@12#!. This difficulty can be
overcome by usingdeuteron projectilesin conjunction with
hydrogen targetsto boost the energy of the spectator nuc
ons @13#.

The experiment presented here follows this line and is
first exclusive measurement of a spectator mechanismdp
→dgps above the pion production threshold.

The paper is organized as follows. Section II gives a
scription of the detector, the measurements, and the e
selection procedure. In Sec. III, we discuss the reaction m
els fordp→dpg used in the Monte Carlo simulation, and
Sec. IV we compare the experimental results with the sim
lations and present total cross sections fordp→dgps . The
conclusions are summarized in Sec. V.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

A. General

The experiment has been performed at the cooler sync
tron CELSIUS of the The Svedberg Laboratory@14# with a
deuteron beam impinging on an internal hydrogen cluster
target. The experiment mainly aimed at the investigation
the production mechanism fordp→dpp0 for which the re-
sults are given in Ref.@13#. Measurements were carried o
at five different projectile energies betweenTd5437 and 559
MeV ~The threshold fordp→dpp0 is 414.5 MeV.! Two pro-
duction runs were separated by half a year and the low
projectile energy was repeated for a consistency check.

The CELSIUS storage ring was filled with typically
3109 deuterons by stripping injection. Electron cooling w
applied at the two lowest energiesTd5437 MeV and 454
9-2
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QUASIFREE BREMSSTRAHLUNG IN THEdp→dpg . . . PHYSICAL REVIEW C 65 034009
MeV to improve the signal-to-background ratio for the
runs.

B. Target and PROMICEÕWASA detector

The experiment used the PROMICE/WASA setup and
shown schematically in Fig. 2. It can be divided into t
target system, the central detector~CD! for photon and
charged particle detection, and the forward detector~FD!
section for charged particles.

The target was operated with pressurized H2 gas that was
vertically injected into the interaction region through
nozzle cooled to 20–30 K@15#. At the intersection with the
CELSIUS beam the jet formed a beam of 6.5 mm diame
across and 10.5 mm along the direction of the circulat
projectiles. The typical areal thickness was 1.331014 cm22,
which resulted in luminosities of 131029 to 2
31029 cm22 s21.

The central detector consisted of two 738 arrays of
CsI~Na! modules on each side of the beam. They constitu
electromagnetic calorimeters~CEC, as shown in Fig. 2! with
thickness of about 16 radiation lengths and covered an a
lar range of 30°<Q lab<90°. With respect to the horizonta
plane the azimuthal coverage varied withQ lab from
225°<F<125° ~at Q lab590°) to 240°<F<140° ~at
Q lab530°). Thin scintillator bars~CFB! in front of the CECs
allowed to veto charged particles. In addition, there w
upstream counters to veto beam halo events.

The forward detector covered scattering anglesQ lab from
4° to 22° with a sequence of detectors to provide part
identification and particle momentum by position and ene
loss measurements. A segmented, thin~3-mm plastic scintil-
lator! window counter~FWC!, serving as trigger on charge
hadrons, was followed by two sets of thin walled cylindric
drift chambers~FPC! to determinex and y coordinates for
tracking, and by a combination of a scintillator hodosco
~FTH! and range hodoscope~FRH!.

The FTH consisted of 5-mm-thick scintillators, one lay
of 48 radial shaped elements~refered to as FTH3!, preceded
by two layers with 24 elements, bent as Archimedian spir

FIG. 2. PROMICE/WASA detector at the CELSIUS storage ri
~dimensions are given in mm!.
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with opposite helicity. They comprised 1104 triangular pixe
@16# for particle identification viaDE, hit multiplicity mea-
surement, and track separation. The four layers of the F
each being 11 cm thick, were sufficient to stop deutero
~protons! with kinetic energies up to 400 MeV~300 MeV!.
The downstream veto~FVH! finally allowed previously
stopped particles to be seperated from penetrating cha
particles. A more detailed description of the detector is fou
in Ref. @17#.

C. Luminosity measurement

The absolute luminosity was obtained from the simul
neously measured elasticdp scattering at small (5°<Q lab

<15°) scattering angles, as described in detail in Ref.@13#.
The forward going deuteron was identified in the FD, and
recoiling proton was detected with silicon strip detecto
placed outside the scattering chamber behind a 0.5-mm s
less steel vacuum window.

The systematic error associated with the luminosity m
surement results from the uncertainty of the reference d
@18# for elasticpd scattering~8%!, and from the scatter o
the angular distribution measured with the strips as co
pared to the reference value, which amounted to 5%~15%!
for the second~first! run period. The integrated luminositie
are listed in Table I.

D. Triggers

The total event rate in the WASA/PROMICE setup was
the order of 105 Hz. A two-level hardware trigger reduce
the event rate to less than 1 kHz. The main physics trig
~referred to asTI) selected events with two charged particl
stopped in the FRH by requiring two coincident hits in t
window counters~FWC!, the first two layers of the forward
hodoscope~FTH! and no hit in the downstream veto~FVH!.
The veto condition suppressed breakup eventsdp→npp
with energetic protons, without affecting the pion produci
channels anddp→dpg. At the two lowest beam energies o
Td5455 MeV ~andTd5437 MeV) the last~last two! layers
of FRH were included as a veto. This did not reduce
acceptance for the pion production channels, for which
experiment was designed, but rejecteddp→dpg events with
proton energies of more than 250 MeV~200 MeV!.

In the offline analysis the triggerTI was combined with
the request of at least one neutral hit~i.e., no signal in the
CFB! with more than 10 MeV deposited in one of the tw
CsI arrays of the CD. Further, this combination is referred
as triggerTII.

Additional triggers were set up for coincidences of neut
hits in the two parts of the CD for offline identification of th
p0 decay, for light emitting diode generated light puls
events@19# to monitor the detector gains, for the luminosi
measurement via elasticdp scattering, and for subevent
controlling the FTH, the FRH, the CEC, and the CFB ve
detectors offline. These triggers were prescaled for pro
adjustment of the trigger rates.
9-3
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J. GREIFFet al. PHYSICAL REVIEW C 65 034009
E. Detector calibration and particle identification

The position dependent energy calibration of the FD pl
tic scintillators was obtained with dedicatedpp elastic scat-
tering runs.

The CsI crystals were calibrated with photons from t
p0→2g decay, wherep0s of precisely known kinetic energ
were produced inpp→ppp0 reactions with two protons in
the FD. As a result, the reconstructedp0 invariant massmgg
showed a width of about 10 MeV (s).

The particle identification made use of the trigger mo
together with hit pattern and pulse height information.

The identification of protons and deuterons in the FD w
based on theDE-E technique. Since the discrimination
deuterons against the more copious protons was most cr
for our experiment, software cuts were carefully explored
first determining the loci of protons from supplementa
measurements of, e.g.,pp→ppp0 andpp→dp1 events.

Figure 3 shows a good separation obtained between
tons and deuterons. Whenever necessary, cuts were set
to the deuterons to minimize misinterpretation of protons
small fraction of events with deuterons in the exit chan
may be lost this way due to the finite energy resolution a
the impact of dead detector material.

Inefficiencies of the detector due to secondary interac
losses, in particular, due to breakup reactions of deuter
have been studied in detail and were taken care of by ex
sion of the GHEISHA code used in theGEANT @20# based
Monte Carlo simulations@21,13#. Uncertainties in the reac
tion probabilities for deuterons led to a total systematic
certainty of 15% for the deuteron acceptance compare
about 1% for protons.

Photons were detected in the CD only, requiring a hit w
at least 10 MeV energy deposited in the CEC crystals and
hit in the corresponding CFB veto. No discrimination agai
neutrons was applied so they are also classified as ne
hits.

F. Event identification

Similar to the analysis of thedp→dpp0 reaction@13#,
events with one identified deuteron and one identified pro
have been selected with theTII trigger condition. As an ex-
ample, Fig. 4~a! shows the squared missing mass distribut
of the deuteron-proton pair for the event sample atTd
5492 MeV. Two peaks are clearly visible, one around
squaredp0 mass and one around 0 MeV2/c4 originating

FIG. 3. Cuts used for particle separation with data from eve
taken at Td5559 MeV and mainly originating from thedp
→dpp0 reaction.
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from dp→dpg. The missing energy of the deuteron-proto
pair exceeded always 70 MeV so that elasticdp scattering
can safely be excluded.

To select a clean data sample of bremsstrahlungs eve
we required a match between the direction of the miss
momentum of the deuteron-proton pair and the measu
angle of the neutral hit, assuming that it originates fro
theg. The difference of the two was required to be less th
23° in the laboratory system. In addition, a cut on t
squared missing mass~m.m.2! of 20.01 GeV2/c4<m.m.2

<0.01 GeV2/c4 has been applied to reject random coin
dences from thep0 production. Figure 4~b! shows the se-
lected event sample after these cuts. Figure 4~c! is the
complement to Fig. 4~b! and contains the background. Sim
lar plots are shown in Fig. 5 for all projectile energies und
study.

Within the event selection and during the event analy
we did not make use of theg-energy information obtained
with the CEC calorimeter. The reason is that for hits
the outer crystals a part of theg energy may not be de
tectable due to the possibility that a part of the elect
magnetic shower is lost at the sides of the crystal arrays
to leakage.

Using the energy information would have restricted o
analysis to those events where theg has hit the central 536

ts

FIG. 4. Squared missing-mass distributions of candidatedpg
events at a beam energy ofTd5492 MeV; ~a! events obtained un-
der the condition of an identified deuteron and an identified pro
plus one neutral hit in the central detector,~b! remaining events
under the additional constraint on theg angle and after a cut on th
squared missing mass, and~c! is the complement to~b! and contains
the background.
9-4
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QUASIFREE BREMSSTRAHLUNG IN THEdp→dpg . . . PHYSICAL REVIEW C 65 034009
out of 738 crystals and therefore, reducing our accepta
by nearly a factor of 2.

III. REACTION MODELS AND MONTE CARLO
SIMULATIONS

The data analysis presented here follows the princip
outlined in Ref.@13# for the analysis of thedp→dpp0 reac-
tion. Apart from quasifree bremsstrahlung off a sing
nucleon, quantitative microscopic models of reaction mec
nisms of bremsstrahlung indp→dpg reactions are lacking
Therefore, in our analysis we adopted a more phenome
logical approach, attempting to separate the calculable q
sifree contribution~3a! from all other reaction mechanism
involving all three nucleons explicitly. For the later cohere
production ~3b! we used a pure three-body (dpg) phase
space distribution, characterized by a constant matrix
ment. The matrix element used for the quasifreedp brems-
strahlung process that is added incoherently is describe
the following.

A. Quasifree bremsstrahlungpd\dgps

Meyer and Niskanen@22# have evaluated thepd→pdp0

cross section by relating it to the elementary processpn
→dp0. For the pion production close to threshold they c
culate the matrix element

FIG. 5. Squared missing-mass distribution for preselec
events for all projectile energies under study. Thedpg events~solid
lines! are separated from the background~gray areas!. The decreas-
ing statistics for theg events at higher energies reflects only t
different integrated luminosities.
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uM pd→dp0ps
u25

2Ep8EB8Es8

En* Ep*
uFd~k!u2 uM pn→dp0u2. ~1!

Following their notation, the first factor is a phase spa
factor that contains total energies of the target proton (p), the
beam deuteron (B), and the spectator proton~s! in that pd
→psdp0 reference frame where the finaldp0 subsystem is
at rest~denoted by a prime!, and total energies of the partic
pating nucleonsp andn in the center-of-mass~c.m.! system
of thepn→dp0 reaction~denoted with an asterisk!. The two
reference systems differ only slightly due to the fact that
target neutron is bound in the first, but free in the seco
system.uFd(k)u2 is the probability density of the neutro
momentumkW in the beam deuteron rest frame calculat
from the Bonn potential@23#. Within the initial deuteron rest
frame the spectator proton has consequently a momen
pW s52kW .

uM pn→dp0u2 has been parameterized in terms of the e
perimentally observed differential cross section for the re
tion pn→dp0:

uM pn→dp0u2516~2p!2s2

pp*

q*

dspn→dp0

dVq*
, ~2!

where s2 denotes the squared invariant mass of thepn
→dp0 system, andpp* andq* are the proton and pion mo
menta, respectively.

This model succeeded in describing a significant fract
of the dp→dpp0 event yield, which we have observed
those beam energies where all possible neutron mom
within the deuteron could contribute to the pion producti
@13#. Therefore, it seemed natural to apply this model also
describe thepd→dgps reaction in terms of the quasifre
pn→dg cross section by basically replacing thep0 with g.

Applying this change to the quasifree model forpd
→dp0ps from now onq* denotes the momentum of theg
and s2 the squared invariant mass in thepn→dg system,
and we get from Eqs.~1! and ~2! for pd→dgps :

uM pd→dgps
u25

2Ep8EB8Es8

En* Ep*
uFd~k!u264p2s2

pp*

q*

dspn→dg

dVq*
.

~3!

Application of Eq.~3! requires the knowledge of the dif
ferential cross sections dspn→dg /dVq* over a broad range o
energies.

These cross sections are, however, not well known. Ni
las et al. @27# discuss angular distributions of the neutro
induced capture processnp→dg in context with data and
theoretical predictions for the inverse process of deute
photodisintegration. They find substantial differences c
cerning the absolute values of the cross sections. Their
gular distributions showed, besides a flat maximum n
Qc.m.'70°, nostructure.

Based upon a larger set of data, Jenkinset al. @24# have
parameterized the total and differential cross sections for
photodisintegration processgd→pn for photon energies be

d

9-5
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tween 20 MeV and 440 MeV. They represented it by t
usual Legendre polynomial expansion to fourth order:

dsgd→pn

dVp*
5(

l 50

4

Al~Eg!Pl~cosQ* ! ~4!

with Q* being the c.m. angle between the incoming pho
and outgoing proton andAl(Eg) extracted from a pruned
data set.
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Based on reciprocity, the inverse cross section can the
calculated from

dspn→dg

dVq*
5

9

4

pp*
2

q* 2

dsgd→pn

dVp*
, ~5!

where the squared ratio of center-of-mass momenta for
entrance (pp* ) and exit (q* ) channel for the same center o
mass energy is deduced from kinematics as
pp*
2

q* 2
5

4Eg
2md

2

@2mdEg1md
22~mp1mn!2#@2mdEg1md

22~mn2mp!2#
. ~6!
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B. Monte Carlo simulation

The analysis was accompanied by a completeGEANT

based @20# Monte Carlo ~MC! simulation. As mentioned
above events can be generated either according to p
space or using the quasifree model, i.e., with a weight
proportional to the squared transition matrix elementsuM u2

according to Eq.~3!.
The MC events were then analyzed with the same met

as the experimental data.

C. Decomposition of the quasifree contribution

The experimental observables used in the analysis w
the laboratory anglesQp , Qd and energiesTp , Td of thedp
pairs, as well as their opening angles/dp and coplanarities
DFdp5Fd2Fp . With these six observables the events a
kinematically fully determined.

The g angle has already been used as a constraint for
event selection and, as mentioned earlier, its energy infor
tion has not been required throughout the analysis to incre
the acceptance of the CEC.

We now base our results on the agreement between
experimental distributions and the distributions of reco
structed, MC generated events.

In order to quantify to which extent the quasifree and
coherent models can reproduce the data, a simultaneou
ting procedure to the six observables has been applie
each projectile energy. This procedure yields~i! the contri-
bution of the two reaction mechanism included in the ev
generation,~ii ! the reaction cross sections, and~iii ! the de-
tector efficiency. The same procedure has been used be
for the analysis ofdp→dpp0 and is described in detail in
Ref. @13#.

IV. RESULTS AND DISCUSSION

A. Experimental observables

Figure 6 shows the experimental observables atTd
5455 MeV in comparison to a best fit with a quasifree an
coherent contribution. The distributions at the other be
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energies exhibit similar qualitative features and differ on
due to statistical uncertainty of the numberNexp of observed
events~see Table I! and the slightly different detector accep
tance.

As a result of the fit procedure, we got the best descript
of the experimental data with contributions from the qua
free process varying between 57% and 65% in the projec
energy range under study.

The most significant evidences for the quasifree proc
are the distributions of the assigned spectator protons. Th
protons can be expected to be emitted with approxima
half the deuteron beam momentum folded with the mom
tum distribution inside the deuteron. Indeed a significa
number of protons is emitted at small angles with a peak
half the deuteron beam energy. This is in clear contradict
to what is expected for a pure phase space distributed
cess.

Nevertheless, the quasifree model fails to explain the
cess of protons emitted at larger angles and lower kin
energies. These events can only be explained assuming
the protons have participated in the reaction mechanism
more than just carrying away their initial momenta. A simil
result has been found for thedp→dpp0 channel@13#.

Good agreement is seen in the MC description of
other observables as well. However, the experimental ene
distributions favor slightly higher deuteron and smal
proton energies. This may be an indication for the prese
of an attractive final state interaction between the outgo
deuteron and protons, which has not been included in
MC event generation process fordp→dpg. Inclusion of
such a final state interaction has already been propo
in Ref. @22# to explain thepd→pdp0 data of Ref.@25#.
However, within the quasifree model such a final state
teraction fails to explain the observation of protons und
larger angles@13#. Therefore, it seems more reasonable
assign this discrepancy to a poor description of the cohe
mechanisms.

It is worth noting that for thedp→dpp0 process the qua
sifree fraction is small~less than 20%! close to the 3N
threshold. However, it increased monotonically to about 6
for projectile energies of more than 150 MeV above th
9-6
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threshold. Therefore, it was not possible to describe this d
without including coherent contributions@13#.

From a study of double-pion production in thedp system
with deuteron projectile energies from 1.63 GeV to 2.
GeV, fractions of 40% to 53% for a proton spectator mec
nism emerged@26#. This is yet another example that fa
above thresholds where kinematic constraints on a quas
process are small, a substantial contribution from mec
nisms involving all three nucleons is present.

B. Phase space coverage, detector efficiency

The degree of confidence in the experimental results
quires a careful examination of the detector acceptance
the two different models under study.

For thedp→dpp0 experiment@13# the use of a deuteron
beam was crucial to get access to the region of phase s
where spectator protons are expected. For pion produc
the kinematics constrain protons and deuterons to forw
angles and the acceptance of the experiment was mainly
ited by the beam pipe.

For thedp→dpg studies the situation is significantly dif
ferent. Similar to elasticdp scattering, protons may be emi
ted up to the maximum angle of close toQ lab590°, but—
due to the experimental conditions—they were on
detectable up toQ lab522°. In addition, we restricted ou

FIG. 6. Experimental angular and energy distributions of
dp→dpg observables~crosses! at Td5455 MeV in comparison to
a best fit~solid line! composed of a quasifree~QF, dashed! and a
phase space contribution~dash-dotted!. The steep fall in the proton
energy distribution at about 250 MeV is due to the use of the
layer of FRH as a veto at this beam energy.
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analysis to those events withg’s emitted between 30°
,Q lab,90° to get clean event samples.

The Dalitz plots in Fig. 7 show the impact of the acce
tance for quasifree and for coherentg production: The ex-
periment was sensitive to approximately half of the pha
space covered by the quasifree bremsstrahlung pro
where the proton is always emitted towards forward ang
but only to a small fraction of the phase space that can
populated by the coherent bremsstrahlung processes.

This can also be translated in terms of theg energyEg .
The quasifree model populates the areas of phase s
around a constant invariant massAsdg with a spread given
by the Fermi momentum distribution of the spectator prot
Within the beam energy range, under study, this is equiva
to 100 MeV,Eg,200 MeV for which the detector setu
had a good sensitivity, while a coherent process may prod
g ’s of lower energy.

Based upon the small acceptance and since the cohe
reaction mechanisms are not known in detail it is theref
not possible to extract reliable total cross sections for th
mechanisms.

For the quasifree process, however, the model assu
tions are justified by the agreement between Monte Ca
and the experimental data and therefore, one can extrap
the measured results to the two regions of phase space
were not covered by the detector.

e

st

FIG. 7. Dalitz plots fordp→dpg at Td5492 MeV. The invari-
ant mass within thepg system is plotted versus the invariant ma
within the dg system. The left column shows the whole set
generated events for the two models, while the right column
cludes the acceptance of the experiment. The first row contains
Monte Carlo data for a pure phase space distribution. The sec
row shows those events that have been generated assumin
quasifree production process. The plot in the third row conta
experimental data.
9-7
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TABLE I. Total cross sections and error estimates fordp→dgps .

Td Lint Nexpt. s tot,dp→dgps
dsN dsd dsp dsL dsaccept

~MeV! (nb21) (mb) ~%! ~%! ~%! ~%! ~%!

436.7 25.7 2209 8.762.3 2 15 1 10 20
436.7 17.4 1787 11.063.3 2 15 1 17 20
454.7 21.4 1761 8.162.2 2 15 1 10 20
491.8 15.9 480 12.263.7 5 15 1 17 20
514.8 7.1 237 11.863.3 6 15 1 10 20
559.0 17.2 590 17.965.5 4 15 1 17 20
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The number of events where the spectator proton esc
undetected into the beam pipe is determined with high ac
racy by its momentum distribution in the projectile deutero
The number of events withg’s emitted at angles not covere
by the CD depends, however, mainly on the differential cr
section for thenp→dg reaction. To estimate the uncertai
ties in the determination of thedp→dgps cross section we
made the simplified assumption of an elementarynp→dg
cross section, which is constant with energy and angle.
values for the totaldp→dgps cross section then increase
by less than 20% and therefore, we estimate that the sys
atical error for the acceptance is less than 20%.

C. Cross sections

Results of the present investigations are given in Tabl
The errors for the total cross section include the statist
error (dsN), the errors for the detection efficiency of proto
(dsp) and deuterons (dsd), the error in the luminosity
(dsL), and the estimated error from acceptance caused
the uncertainties in the quasifree spectator model (dsaccept).
The errors are assumed to be independent and have
added quadratically.

It is difficult to put our results for the quasifree cro
sections tot,dp→dgps

in a context with previous measuremen
due to the uncertainties in the reference data. From the c
pilation @24# and from Ref.@27# the elementary total cros
sections fornp→dg can be expected to be around 15mb for
neutron energies ofTn5200 MeV rising slowly to about
18 mb for Tn5300 MeV.

As a first approximation—where the neutron energ
compare to half the deuteron beam energiesTd—our quasi-
free model results are in a rough agreement of the extra
cross section with the free two nucleon measurements.

For the pd→Xg case there exist some inclusive tot
cross sections at energies betweenTp5195 MeV and 200
MeV just below the pion production threshold@2,5,6#, corre-
sponding to aboutTd5400 MeV in our case. Consistent va
ues arounds tot534 mb are reported.

Therefore, we conclude from our exclusive data thatdp
→dgps is one of the most important mechanisms with
contribution of about 30% to the overall bremsstrahlu
spectrum in this energy range.

The measurements forpd→ 3Heg yielded cross section
that were significantly lower with 1.5mb at Tp5156 MeV
@9# and falling below a 1mb @10# within the energy range
covered by our experiment.
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V. SUMMARY AND OUTLOOK

For the first time the reactiondp→dgp has been studied
exclusively in a kinematically complete experiment at fi
deuteron projectile energies above the pion product
threshold. Spectroscopy of the forward going deuterons
protons was performed with the PROMICE/WASA setup. A
additional detection of theg allowed to discriminate back
ground events. Simultaneous measurement of the elasticdp
scattering provided the luminosity reference for absol
cross sections.

The detector acceptance covered the quasifreedp
→dgps process but was only sensitive to a small fraction
phase space where coherent bremsstrahlung involving
three nucleons can be expected.

Within the covered range of the experiment angular a
energy distributions of the outgoing nucleons showed ch
acteristics that can be predicted assuming an elementarynp
→dg process with a spectator proton. However, the sp
troscopy of the outgoing protons indicated also the prese
of other processes involving all three nucleons similar
previous measurements of the meson production reac
dp→dpp0 @13#.

Exclusive cross sections are given for thedp→dgps pro-
cess, showing that this reaction mechanism plays an im
tant role inpd bremsstrahlung.

With dp→ 3Heg reaction contributing only a small frac
tion of the totalpd bremsstrahlung it would be interestin
to also measure exclusive data for all the other compe
reaction mechanisms with a large acceptance in phase sp
The use of deuteron projectiles has in this respect pro
to be well suited to examine processes with spectator pro
and to disentangle the exit channels with more than t
particles.
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