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Pion production in dp\dNp reactions with deuteron projectiles
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Kinematically complete events have been studied for the reactionsdp→dpp0 anddp→dnp1 at projectile
energies between 437 and 559 MeV. The measurement covers a range of pion momentah5pp,c.m.

max /mpc from
near the production threshold (h50.32) to h50.86 close to theNN→NNp threshold. The measurements
were performed at the CELSIUS storage ring with the PROMICE/WASA setup. Angular and spectral distri-
butions of the charged ejectiles as well as total cross sections are decomposed into the fractions that can be
attributed to a quasifreeNN→dp process with a spectator nucleon, and to a process involving all three
nucleons. The quasifree contribution increases with energy and dominates from theNN→NNp threshold on.
The results are compared to calculations with a spectator model with and withoutdp final state interactions.

PACS number~s!: 13.75.Cs, 21.45.1v, 25.10.1s, 25.40.Qa
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I. INTRODUCTION

Pion production in nucleon-nucleus collisions can be
proximated as a production in the nucleon-nucleon (2N) sys-
tem if the momentum distribution of nucleons in the nucle
environment is adequately taken care of@1–4#. Beyond that,
three-nucleon (3N) forces may contribute@5–7#, but they
are expected to be small. In addition initial and final st
interactions~FSIs! may come into play and obscure the e
ementary pion production process to some extent@8–10#.

The 3N system given by thepd interaction is the easies
and most tractable one to investigate in this context. Thi
particularly true, if one wants to study the quasifreeNN
→NNp process, since the deuteron is loosely bound and
average distance between its two nucleons accordingly la
This work deals with a study of the reactionspd→pdp0 and
pd→ndp1 between the 3N and the 2N pion production
thresholds with focus on the quasifree~QF! contribution.

Above the 2N threshold, i.e., at proton projectile energi
in excess of 280 MeV, the pion production in thepd system
does not require the participation of a third nucleon for m
mentum conservation and it may act as a true spectator to
QF NN→NNp process. Its participation is needed belo

*Present address: Department of Radiation Sciences, Upp
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this energy, at least to the extent that its internal mot
relative to the reacting nucleon provides the missing mom
tum for subthreshold pion production. This momentum,k,
becomes the higher as the 3N threshold at about 210 MeV
projectile energy is approached, where it reach
200 MeV/c. The probability density of the nucleon mome
tum in the deuteron peaks atk50; the probability for having
k5200 MeV/c is about a factor of 103 lower. In the QF
reaction picture this converts into a corresponding drop
the production cross sections frommb to nb scales. This is a
main reason why only a few studies of thepd→Ndp pro-
cess have been performed up to 1990, only for energies
above threshold@11–14# and with limited statistics.

However, the advent of proton storage rings with coo
beams about ten years ago brought the study of theNN in-
teraction in few nucleon systems to unprecedented level
precision. The first—and so far only—study of the reacti
pd→pdp0 between the 2N and 3N threshold was per-
formed at the Indiana Cooler using an internal D2 gas jet
target and a forward detector for charged particles@15#. The
excitation functions of the total cross section were int
preted in terms of a QF mechanism withpn→dp0 being the
only contributing 2N channel@8#. The model gave the cor
rect order of magnitude~within a factor of 5! for the cross
section and the steep drop when approaching the 3N thresh-
old could be attributed to the target deuteron wave functi
The correct energy dependence, however, could only be
produced with the inclusion of apd-FSI of Watson-Migdal
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J. GREIFFet al. PHYSICAL REVIEW C 62 064002
type @16# and an overall normalization. The authors@8# then
conclude from the excitation function, that the main prop
ties of the pd→pdp0 reaction near threshold can be e
plained by this QF model.

The most straightforward way to verify this experime
tally is to investigate the angular and energy distributions
the supposed spectator proton, which should reflect the in
momentum distribution in the deuteron. This analysis of
pd→pdp0 data together with supplementary data acqui
concurrently for the isospin related channelpd→ndp1,
yielded results which were incompatible with a dominan
of the QF mechanism@17#. The differential cross section
close to the 3N threshold (h<0.5) rather point towards a
more uniform phase space population. The QF mechan
starts to be important close to the 2N threshold and is con
centrated in regions of the phase space where the ta
nucleons have low momenta in the laboratory frame. T
condition, however, excludes direct nucleon spectator sp
troscopy. It was indirectly accessible in thepd→ndp1 re-
action via detection of thed but it was limited by the detecto
acceptance for thep1.

These restrictions can be overcome by increasing the
ceptance with a detector of larger solid angle coverage,
some capability forp0 andp1 detection, and by usingdeu-
teron projectilesin conjunction with an internalhydrogen
target to boost the energy of the spectator nucleons. T
study presented here includes improvements along th
lines to quantify the quasifree mechanism in thedp→dNp
reaction between the 3N and the 2N threshold. Here, 2N
threshold means the minimum projectile energy needed
pion production, where one of the two projectile nucleo
interacts with the target proton, whereas the second con
ues as spectator with the initial beam velocity. The pape
organized as follows. Section II gives a description of t
detector and the measurements. In Sec. III we discuss
sible reaction mechanisms, models, and the Monte C
simulations. Section IV contains details of the data analy
followed by the experimental results ondp→dpp0 anddp
→dnp1 and their comparison to model calculations. O
conclusions are summarized in Sec. V.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

A. General

The experiment was performed at the Cooler Synchrot
CELSIUS of the The Svedberg Laboratory with a deute
beam impinging on an internal hydrogen cluster jet targ
Measurements were carried out at five different projec
energies between thedp→dpp0 and thepn→pnp0 thresh-
old. They are listed in Table I, where the energy in exces
the pion production threshold is expressed ash
5pp,c.m.

max /mpc with pp,c.m.
max being the largest center-of-mas

pion momentum in dimensionless units. The thresholds
QF pion production in the 2N subsystempn→dp0 (pp
→dp1) at h50.83 ~0.84! are slightly above~below! our
highest deuteron projectile energy. The two production r
were separated by half a year and the lowest projectile
ergy was repeated in the second run for a consiste
check.
06400
-

f
al
e
d

e

m

et
is
c-

c-
nd

e
se

or
s
n-
is
e
s-

lo
is

r

n
n
t.
e

f

r

s
n-
cy

The CELSIUS storage ring@2# was filled with typically
23109 deuterons; their stripping injection and subsequ
acceleration took about 30 s. The coasting beam was
used for up to 540 s without noticeable intensity loss. El
tron cooling was applied at the two lowest energiesTd
5437 and 454 MeV to improve the signal-to-backgrou
ratio for these runs. At the end of thisflattop interval the
beam was dumped and within 30 s the next cycle started

B. Target and PROMICEÕWASA detector

The experiment used the PROMICE/WASA setup and
shown schematically in Fig. 1. 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@18# was operated with pressurized H2 gas that
is vertically injected through a nozzle cooled to 20–30
into the interaction region. At the intersection with the CE
SIUS beam the jet forms a beam of 6.5 mm diameter acr
and 10.5 mm along the direction of the circulating proje
tiles. The typical areal thickness was 1.331014 cm22 which
resulted in typical luminosities of 12231029 cm22 s21.

The central detector consists of two 738 arrays of
CsI~Na! modules on each side of the beam. They constit
electromagnetic calorimeters~CEC! with thickness of about
16 radiation lengths and cover an angular range of630°
<Q lab<690° and 225°<F<125° with respect to the
horizontal plane. Thin scintillator bars~CFB! in front of the
CECs allow to veto charged particles. In addition there
upstream counters to veto beam halo events.

The forward detector covers anglesQ lab from 4° to 22°
with a sequence of detectors to provide particle identificat
and momentum by direction and pulse height measureme
A segmented thin~3 mm plastic scintillator! window counter
~FWC! serving as trigger on charged hadrons is followed
two sets of proportional drift chambers~FPC! to determinex
and y coordinates for tracking, and by a combination of
scintillator hodoscope~FHD! and range hodoscope~FRH!.

The FHD consists of 5mm thick scintillators, one layer
48 radial shaped elements, preceded by two layers with
elements, bent as Archimedian spirals with opposite helic
They comprise 1104 triangular pixels@19# for particle iden-
tification via DE, hit multiplicity measurement, and trac
separation. The four layers of the FRH, each being 11
thick, are sufficient to stop deuterons~protons, charged pi-
ons! with kinetic energies up to 400 MeV~300, 170 MeV!.
The downstream veto~FVH! finally allows to separate
stopped from penetrating charged particles. A more deta
description of the detector is given in Ref.@20#.

C. Luminosity measurement

The absolute luminosity was obtained from a concurr
measurement of elasticdp scattering at small (5°<Q lab
<15°) scattering angles. The forward going deuteron w
identified in the FD, and the recoiling proton was detec
with silicon strip detectors with nine vertically oriented strip
of 300 mm thickness and 5 mm320 mm area. They were
placed outside of the scattering chamber behind the thin~0.5
2-2
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PION PRODUCTION INdp→dNp REACTIONS WITH . . . PHYSICAL REVIEW C62 064002
mm stainless steel! window. A minimum proton energy o
12–15 MeV was required for unambiguous proton detecti
Elastic scattering events were identified from~i! the copla-
narity and~ii ! a kinematically correct opening angleQdp .
The latter also allowed for separating these events fr
background events of the breakup reactiondp→npp, see
Fig. 2.

The systematic error associated with the luminosity m
surement results from the uncertainty of the reference d
@21# 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.

D. Triggers

The total event rate in the WASA/PROMICE setup was
the order of 105 Hz. A two level hardware trigger brough
this to an event rate less than 1 kHz. The main physics t
ger ~referred to as TI! required two coincident hits in the
window counters~FWC!, the first two layers of the forward
hodoscope~FHD!, and no hit in the downstream veto~FVH!,
to select events with two charged particles stopped in
FRH. The veto condition helped to suppress breakup ev
dp→npp with energetic protons, without affecting the pio
producing channels. Trigger TI was combined in offli
analysis with the request of at least one neutral~i.e., no sig-
nal in the CFB! hit in one of the two CsI arrays comprisin
the CD. This combination is referred to as trigger TII in t
following.

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 LED generated light pulser events@22# to
monitor the gain of the detectors, for the luminosity me
surement via elasticdp scattering, and for subevents contro
ling the FHD, the FRH, the CEC, and the CFB veto detect
offline. These triggers were prescaled for proper adjustm
of the trigger rates.

E. Detector calibration and particle identification

The particle identification makes use of the trigger mo
in combination with hit pattern and pulse height informati

FIG. 1. The PROMICE/WASA detector at the CELSIUS sto
age ring.
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obtained from the components of the detector subgroups.
elements of the FRH and the third layer of the FHD we
read out via long-range multihit TDCs, in addition, to reco
delayed pulses. This information supplemented thep1 iden-
tification.

The position dependent energy calibration of the FD pl
tic scintillators was obtained with dedicatedpp elastic scat-
tering runs atTp5400 MeV. The light response to deute
ons andp1 was explored using the exit channelpp→dp1

based on this calibration. Following@23#, the results were
parametrized in light response functionsL(T)5a1T2a2(1
2expa3T

a4) of the kinetic energyT of a stopped particle
(p,d,p1) with fit parametersai .

The CsI crystals were calibrated with photons from t
p0→2g decay, wherep0’s of known energy were produce
in pp→ppp0 reactions with identification of the two
charged particles in the FD. As a result, the reconstruc
invariant massmgg showed a width of about 10 MeV (s).

The identification of charged particlesp,d,p1 is based on
the energy loss of penetrating and deposited energie
stopped particles. The discrimination of deuterons aga
the more copious protons is most crucial for our experime
Software cuts were carefully explored by first determini
the loci of protons from supplementary measurements
e.g.,pp→ppp0 andpp→dp1 events. Deuterons were the
identified indp→dpp0 reactions with trigger TII and recon
struction of the missing pion mass. The upper part of Fig
shows that, whenever necessary, the cuts were set clo
the deuterons to minimize misinterpretation of protons. T
way a small fraction of events with deuterons in the e
channel may be lost due to the finite energy resolution
the impact of dead detector material.

Deuterons will undergo nuclear interactions with the sc
tillator material and, in particular, break up with a nonneg
gible probability in the FRH. This effect was investigate
with thepp→dp1 events taken atTp5400 MeV. The bot-
tom part of Fig. 3 shows that particles in correct angu
correlation with thep1 are identified as deuterons by the
energy loss in the FHD, but some fraction deposits too li
energy in the FRH and fails to be accepted as deuteron.
selection of deuterons in a small angular binQ lab57°
60.5° yields not only the peak atTd5170 MeV, but also a
low-energy tail. Monte Carlo simulations~see Sec. III D! re-
veal that only a small fraction in the tail is due to the com
peting pp→pnp1 channel; deuteron breakup in seconda

FIG. 2. Deuteron angular distributions forTd5455 MeV in co-
incidence with recoiling protons in detector strips atQp

576°(72°)60.65°. The dashed line indicates the background s
traction.
2-3
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J. GREIFFet al. PHYSICAL REVIEW C 62 064002
reactions accounts for the major part. Additional exami
tions at different deuteron energies confirm that the ene
dependence of these losses is well described by the sim
tions.

The p1 identification was tuned withpp→dp1 events
obtained in the calibration run with the TI trigger. In additio
to theDE vs E signature, thep1 candidates were requeste
to be followed by a delayed pulse from thep1→m1nm

→e1nenmn̄m decay (t52.2 ms) within 6 ms, either in the
stopping FRH element or its immediate neighbors. This c
straint reduced the detection efficiency by about 25%,
was very efficient in removing background. As an exam
we show in Fig. 4 data from adp→dnp1 production run
and the distribution of the reconstructed missing mass of
neutron. Application of the delayed hit criterion was acco
panied by detailed Monte Carlo simulations and an exp
mental verification of thep1 decays with the correct half life
of the m1 decay.

III. REACTION MODELS AND MONTE CARLO
SIMULATIONS

A. Quasifree pion production dp\Ndp

In a truly quasifreedp reaction, two of the nucleons in
teract with the third one acting as a spectator. This is sc
matically shown in Fig. 5~a!. In the case of thedp→dpp0

reaction there are three possibleNN processes that may con
tribute at thep0 production vertex~i! pn→dp0, ~ii ! pp
→ppp0, and~iii ! pn→pnp0. It is argued in Ref.@8# that ~i!
dominates, because near threshold the cross section for~ii ! is
much smaller and because~iii ! favors the population of the
four body final stateppnp0. Similarly, the quasifree reactio
dp→ndp1 should be based on app→dp1 reaction.

The diagram Fig. 5~a! has been evaluated@8# by relating
the differentialpd→pdp0 cross section to the elementa

FIG. 3. The upper figures show the cuts used for particle id
tification in dp→dpp0 at Td5559 MeV. The lower left figure
shows the same forpp→dp1 at Tp5400 MeV and the lower right
figure is the distribution of energy deposited in the FD by the s
sample of particles emitted at 6.5°<Q lab<7.5°; the dashed line is
the Monte Carlo simulation includingd breakup.
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processpn→dp0. We adopt this formalism for the two
isospin related reactions studied in this paper in the gene
ized notationdp→Nsdp. With the target proton being at res
it is obvious, that the pion production below the 2N thresh-
old of the elementary process can only comply with mom
tum conservation through the momentumkW of the participat-
ing nucleon N in the projectile deuteron. The spectat
nucleon Ns has consequently a momentumpW s52kW . This
gives rise to the probability densityuFd(k)u2 of the nucleon
momentumk in the target deuteron to appear in the invaria
matrix element of the spectator model:

uM u25
2Ep8EB8Es8

EN* Ep*
uFd~k!u2uM pN→dpu2. ~1!

Here, the first factor is a phase space factor which conta
total energies of the target proton (p), the beam deuteron
(B), and the spectator~s! in thatdp→Nsdp reference frame
where the finaldp subsystem is at rest~denoted by a prime!,
and total energies of the participating nucleonsp, N in the
center-of-mass system of thepN→dp reaction ~denoted
with an asterisk!.

The invariant matrix element of the elementarypN
→dp process is not derived from a microscopic model, b
expressed using the experimental cross sec
dspN→dp /dVq* (cosQp* ) evaluated ath* 5q* /mpc:

uM pN→dpu2516~2p!2s2

pp*

q*

dspN→dp

dVq*
. ~2!

In Eq. ~2! s2 denotes the invariant mass squared of thepN
→dp system, andpp* and q* are the proton and pion mo
menta, respectively.uF(k)u2 has been calculated from th
Bonn potential@24# as incoherent sum of theS- and the
D-state probability density. Insertion of Eq.~2! in Eq. ~1!
then providesabsolutecross sections based on the expe
mental cross sections forpn→dp0 @25# andp1d→pp @26#,
the latter being related by isospin invariance and deta
balance to the former. A Legendre polynomial expansion
been fitted to the data forh<1,

dspn→dp0

dVq*
~cosQp* !5

spn→dp0~h!

4p
1a2~h!P2~cosQp* !

~3!

-

-

FIG. 4. E vs DE plots and missing mass distribution fordp
→dnp1 events atTd5559 MeV.
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PION PRODUCTION INdp→dNp REACTIONS WITH . . . PHYSICAL REVIEW C62 064002
yielding a2(h)5(47.2 mb)h3. The angle integrated cros
section is given by@25#

spn→dp0~h!5
1

2
~c1h1c3h3! ~4!

with c15184 mb andc35781 mb. Theh3 dependence re
flects the pionp wave contribution. For the isospin relate
elementary reactionpp→dp1 the cross sections in Eqs.~3!
and ~4! are multiplied by a factor of 2.

B. Partial wave expansion

The spin degrees of freedom of the final three-body s
c f are described with the quantum numbersL, S, j, l, and
J as follows:L andSdenote the total orbital angular mome
tum and spin of theNd subsystem coupled tojW5LW 1SW . With
the angular momentuml of the pion with respect to the
center-of-mass of theNd system, the total angular momen
tum J is obtained, viz.JW5 jW1 lW. The eigenstates contributin
to the pd→Ndp transition can be grouped into parti
waves Ll @27#. For an expansion into partial waves, th
three-body wave functionc f(pW N ,pW d ,pW p) is factorized as
cNd(pW Nd)•cp(qW ), wherepW Nd denotes the momentum of th
relative motion in theNd system, andqW the momentum of
the pion with respect to this subsystem. The relatively h
momentum transfer of'400 MeV/c makes the interaction
of short range, and one can employ a zero-range approx
tion @28# to calculate the transition matrix elementuMLl u2 for
the partial waves

uMLl u2}upW Ndu2LuqW u2l . ~5!

In addition, uMLl u2 depends on the angleQp of the pion in
the center of mass and the direction of the outgoing nucl
in the Nd rest systemQN both with respect to the directio
of the incoming proton. TheSswave has no angular depen
dence;p ~P! waves give rise to two componentsuMLpu2

}q2 and }q2 cos2 Qp (uM Plu2}pNd
2 and }pNd

2 cos2 QN)

FIG. 5. Diagrams forpd→Ndp near threshold: QF pion pro
duction viapN→dp without ~a! and with ~b! pd-FSI; QF process
pN→pNp0 without ~c! and with~d! D resonance excitation. Ope
circles denote the deuteron wave function and filled ones reac
amplitudes.
06400
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@28#. Furthermore we assume that the expansion can be
ited to the lowest partial waves close to thresholdh
<0.86), viz.

uM u25uMSsu21uMSpu21uM Psu21uM Ppu21uM Pdu2. ~6!

The sp and SP interference give rise to additional term
linear in cosQ whereas thed waves introduce cosn Qp de-
pendencies withn>3, too.

An attempt to determine the partial wave amplitudes fro
a fit of Eq. ~6! to experimental data as it was done, e.g.,
Ref. @29# for pp→ppp0 is of interest. One can confront th
contributions of different spin and angular momentum eig
states, e.g., the onset of pionicp andd waves above thresh
old, to reaction or potential models; and their orthogona
allows for an extrapolation into the regions of phase sp
not covered by the detector. This way one can determ
detection efficiencies and total cross sections.

For thedp→Ndp case, however, the number of eige
states contributing is too high for a rigorous separation of
individual amplitudes or the different transition classesLl as,
e.g., done forpp→pnp1 by Pleydonet al. @30#. In addition
the partial wave approach neglects the extension and s
ture of the deuteron. We therefore restrict this expansion
two aspects: We fit only those fractions of the experimen
distributions that are at variance with the QF approach of
~1!, and we consider only the dominant terms describing m
mentum and angle dependence, neglecting all interfere
effects. Details are given in Sec. IV C.

C. Final state interaction

In dp→dNp there are three candidates for two-body fin
state interactions~FSIs!: pd, pN, andNd. The application
of the Watson-Migdal treatment of FSI@16# requires the rela-
tive momentumk and the distance between the interacti
particles to be small, and the FSI to be strong compared w
the short range primary interaction, here the pion product
Under these assumptions the transition probability includ
FSIs is proportional to the elastic scattering cross sect
viz. uMFSI(k)u2}sFSI(k). Since bothpd and pN scattering
are weak,Nd-FSI will dominate.

sFSI(k) is calculated inS-wave approximation forNd
scattering as an incoherent, weighted sum of the chan
spin doublet~D! and quartet~Q! cross sections

sFSI~k!5
4p

C0~k!2k2 F1

3
sin2ds

D1
2

3
sin2ds

QG , ~7!

whereds
D andds

Q are the respective phase shifts andC0(k) is
the Coulomb penetration factor~that is unity for nd-FSI!.
The numerical values for the phase shifts were obtained f
@31# which uses an effective-range expansion fitted topd
scattering data for momentak<180 MeV/c, and similarly
in @32# from nd scattering data fork<140 MeV/c. As k
→0, the pd cross section and thus the weighting fact
sFSI(k) vanishes due to the Coulomb barrier, whereas thend
cross section is not influenced andsFSI reaches its maxi-
mum. Following@8# the valuessFSI of Eq. ~7! can be applied

n

2-5
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J. GREIFFet al. PHYSICAL REVIEW C 62 064002
in the QF approach@Fig. 5~b!# as ~normalized! weighting
factors to the matrix elements~1!. This way the modified
energy dependence due to FSI is taken care of, causing
cross sections to be renormalized. This weighting may a
be applied to the matrix elementuMLl u2 of any partial wave,
in particular to the constant matrix elementuMSsu2, to modify
the pure phase space distribution accordingly. The impac
this FSI will be examined for both models in Sec. IV.

D. Monte Carlo simulation and detector efficiency

The experiment and the analysis were accompanied
comprehensive Monte Carlo~MC! simulation, based on
GEANT @33#, including details of the detector geometry, e
ergy and angular straggling, secondary hadronic interact
in the detector material and decays of short lived partic
Events could be generated either evenly distributed or wi
weighting proportional to the squared transition matrix e
mentsuM u2 according to Eqs.~1!, ~6!, and~7!. The resulting
events were then tracked through a thoroughly tested
model of the whole experiment including the actual trigg
conditions, electronic settings and vertex distribution@2,34#.
The MC events were analyzed with the same method as
experimental events for direct comparison with the exp
mental results.

Judged on the extent of agreement between the exp
mental distributions and reconstructed, MC generated ev
depending on the reaction model used, a best descriptio
the reaction mechanism is approached. It leads to~i! a de-
composition of the reaction mechanism into incoherent c
tributions of the reaction models included in the event g
eration; ~ii ! the total reaction cross sections, and~iii ! the
detector efficiency, the latter two being dependent on
event generator chosen. The technical details are give
Sec. IV C and IV D.

The main sources of detector inefficiency were the limi
angular acceptance of deuterons and protons (Q>40) due to
the beam pipe and of theg from p0 decay in trigger mode
TII. This reduces the acceptance typically by factors of 3 a
10, respectively. As an example we present simulations
the pure QF process at a projectile energy slightly above
2N→2Np threshold in Fig. 6 together with the distribution
of accepteddpp0 events. They amount to'33% for trigger
TI and 10% for TII, with little variation over the accessib
phase space. A further reduction by'25% occurs with the
p1 identification for thedp→dnp1 channel.

IV. OFFLINE ANALYSIS AND DISCUSSION OF RESULTS

A. Event separation

Separation ofdp→dpp0 requires bothp and d being
identified in the forward detector. Additional cuts on ener
and angle were applied along the kinematical limits in acc
dance with the finite experimental resolution. Due to t
short range of thedp pair for the two projectile energie
closest to threshold, the last layers of the FRH could sa
be used to veto punch-through protons from break up
bremsstrahlungs reactions. Trigger TII required, in additi
one photon with an energy deposition of at least 10 MeV
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the CD. As a result, a cleanp0 signal is seen in the missin
mass vs missing energy distribution reconstructed from
dp pair as shown in Fig. 7, and a clear separation from
bremsstrahlungs eventsdp→dpg is obtained@35#. There-
fore our event separation was based on the trigger TII for
projectile energies but the lowest, 436 MeV, where the l
cross section requires the higher efficiency of TI. The nu
bers of identified events are listed in Table I. Thedp
→dnp1 events could clearly be identified with the two fo
ward going charged particles and the reconstructed neu
mass. The numbers of events found at the three proje
energies 492, 515, and 559 MeV are given in Table I. At
lower energies the majority of deuterons escape through
beampipe leaving too few detected events to be analyze

B. Observables indp\dpp0

The direct experimental observables are the labora
anglesQp , Qd and energiesTp , Td of thedp pairs , as well
as their opening angles/dp and coplanaritiesDFdp5Fd
2Fp . These are shown in Fig. 8 for the projectile ener
559 MeV. The deuteron energy that allows an element
pn→dp0 process with no internal motion involved (k'0)
is about 10 MeV lower, such that the kinematical hindran
of the spectator mechanism is only 0.5 as compared to 123

near the 3N threshold.
The spectator protons are expected to have their en

distributions peaking at half the projectile energy and a
low angle. In contrast, the experimental data extend
smaller energies and larger angles, indicating that a subs
tial momentum transfer to the deuterons is involved. F
such events the deuteron energy distribution shows an ex
at high energies. The excess of events with large open
angles/dp also has to be attributed to transverse mome
transferred to the proton, because the deuteron angles
kinematically limited toQd,150. These qualitative feature
were also confirmed in an event selection that allowed
proton to escape down the beam pipe. It required onl
deuteron in the forward detector in coincidence with ap0

identified by its 2g decay in the central detector.
The importance ofpd-FSI was studied with the Watson

Migdal approach. At the 2N threshold, theuF(k50)u2

FIG. 6. MC generated response of the PROMICE/WASA e
periment to the spectator energy spectrum in the primary deut
rest frame forTd5559 MeV ~thick solid line! of dp→dpp0

events (h50.86) with trigger options TI~thin solid line! and TII
~dashed!, and for→dnp1 ~dash-dotted,h50.78). Also shown is
the corresponding response~dotted! for the pd study at IUCF@17#
for h50.89.
2-6
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PION PRODUCTION INdp→dNp REACTIONS WITH . . . PHYSICAL REVIEW C62 064002
weighting in the quasifree model favors relative momentk
'250 MeV/c, where FSI is small and not muchk depen-
dent. The attractive FSI is expected to decelerate the fa
proton and accelerate the slower deuteron. Figure 9 c
pares proton and deuteron distributions as predicted f
quasifree interaction with and without FSI. There is no v
ible influence on the angular distribution of the specta
proton or the reaction deuteron; the energy distributions s
as expected, however, to an extent that is too small to
count for the observed~see Fig. 8! difference between ex
periment and quasifree prediction. There must be ano
reaction mechanism beyond that of the quasifree model,
with or without FSI.

C. dp\dnp¿ and phase space coverage

The observables of the detecteddp1 pairs correspond to
those of thedp pairs fordp→dpp0, i.e.,Qd ,Qp1,Td ,Tp1,
the opening angle/dp1, and the coplanarityDFdp1. The
distributions forTd andQd in Fig. 10 for the projectile en-
ergies 559 MeV (h50.78) and 515 MeV (h50.62) show
similar deviations from the QF model as were already s
for dp→dpp0 in Fig. 8. Thep1 with its small momentum
and narrow energy distribution, however, cannot contrib
much to this discrepancy. This indicates that the suppo
spectator neutron must have acted as participant. Indeed
distributions for Tn and Qn reconstructed from the direc
observables show similarity to those for the outgoing pro
in dp→dpp0.

It is important to confirm that the sensitivity of the expe
ment to different reaction models is not severely hampe
by the acceptance of the PROMICE/WASA detector. T
has been tested by simulating the acceptance for two extr
cases of initial phase space population, namely, the unif
Ss wave coverage and the spectator model distribution p
portional to the squared matrix element of Eq.~1!. The re-
sults for both reaction channelsdpp0 anddnp1 are shown
in Fig. 11 as Dalitz plots.

The dynamic variables used fordp→dNp are dimen-
sionless combinations of the squared invariant massessab in
the subsystemab with x}sNp2sdp and y}sNd and a nor-
malization that removes the dependence of the Dalitz
contour on the total invariant mass. The first row of Fig.
demonstrates that the two reaction channels are complem
tary with respect to the accessible phase space, which ca

FIG. 7. Missing mass distributions atTd5455 MeV to an iden-
tified dp pair in the FD, accompanied by oneg in the CD.
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traced back to the two charged particles requested in the
for triggering. The quasifree reaction model~second row!
generates a population with two maxima corresponding t
pion going backwarda or forward b in the Np→dp
center-of-mass frame. The detection of the forward goingp0

FIG. 8. Experimental angular and energy distributions of
dp→dpp0 observables~crosses! at Td5559 MeV in comparison
to a best fit~solid line! composed of a quasifree~QF, dashed! and a
partial wave~SF, dash-dotted! contribution.

FIG. 9. Energy and angular distributions of deuterons and p
tons fromdp→dpp0 events generated for a pure QF mechani
and Td5559 MeV without ~dashed line! and with ~solid line!
dp-FSI. The detector acceptance is not included.
2-7
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J. GREIFFet al. PHYSICAL REVIEW C 62 064002
or p1 is favored by the detector geometry; the partial su
pression of the backward going pion makes the detector
sensitive to terms in Eq.~6! linear in cosQp . The two reac-
tion channels complement each other in such a way, th
sensitivity to both generated phase space populations sh
result. Indeed, the experimental data in the bottom row
both reactions show copious events in excess of the
model.

In order to quantify the extent to which the quasifr
model can reproduce the data, a fitting procedure to the
rect observables has been applied. The idea is to compar
distributions of all observables in the laboratory frame w
distributions resulting from the matrix elements of Eqs.~1!
and ~6!, and to fix their relative contributions in a simulta
neous best fit toall data of one reaction channel at a giv
projectile energy.

D. Incoherent decomposition of experimental distributions

Let x( i , j ) be the number of events in binj of the distri-
bution of the i th out of I experimental observables (I<6)
andmk( i , j ) the corresponding number for reconstructed M
events from a simulation ofN0 events generated with th
reaction modelk. The experimental result shall then be be
fitted with the incoherent sum ofK reaction mechanisms, viz

f ~ i , j !5 (
k51

K

ckmk~ i , j ! ~8!

by varying the parametersck>0 for a minimum of

x2~c1 , . . . ,cN!5(
i 51

I
1

J~ i ! (
j 51

J( i )
@x~ i , j !2 f ~ i , j !#2

x~ i , j !
. ~9!

Here,J( i ) is the number of bins with event numbersx( i , j )
.0 for the observablei. From the total numberNgen

5N0(k51
K ck of generated events, a fractiondNgen(tps) will

FIG. 10. Comparison of the experimental deuteron observa
~crosses! for dp→dnp1 at Td5559 MeV ~top! and 515 MeV
~bottom! to the best fit~solid line! with QF ~dashed! and SF~dash-
dotted! contributions.
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populate the phase space bin@tps ,tps1dtps#. With
dNrec(tps) being the fraction of reconstructed events, the
sulting detection efficiency is given by

eMC~tps!5
dNrec~tps!

dNgen~tps!
. ~10!

We assume now that the best fit gives a good descriptio
the experimental results for all observables and phase s
bins accessible, viz.

dNexp~tps!'dNrec~tps!, ~11!

and also a realistic description of the PROMICE/WASA d
tector performance:ePW(tps)'eMC(tps). This fit procedure
has been applied at each projectile energy to all six obs
ables of the reactiondp→dpp0 and to five observables from
dp→dnp1; in the latter caseTp1 was excluded, because
is prone to larger systematic errors.

The following partial waves were included in the fit i
addition to the spectator model:Ss,Ps ~isotropic and aniso-
tropic in QN), Sp,Pp ~isotropic and anisotropic inQN), Pd
~isotropic and anisotropic inQN). The terms anisotropic in
Qp (Sp,Pp,Pd) have been omitted as well as thes-p and
S-P interference terms. This omission was preceded by s
eral tests including all or some of these terms; they show
that the fit quality was not sensitive to them and that th
coefficientsck indicated only small contributions. In particu
lar the fraction attributed to the QF model did not depend
the terms omitted. The sum of partial wave terms is used

es

FIG. 11. Dalitz plots fordp→dNp at Td5559 MeV. The first
column shows the MC generated distributions for a constant ma
element~Ss, first row! and for the QF mechanism~second row!. The
accepted events are fordp→dpp0 (dp→dnp1) in the center
~right! column; the corresponding experimental results are in
bottom row.~See text for details.!
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PION PRODUCTION INdp→dNp REACTIONS WITH . . . PHYSICAL REVIEW C62 064002
describe the yield incompatible with the spectator model
is hereafter referred to as selected fit~SF!.

Figures 8 and 10~top! show for the projectile energie
close to the 2N pion production threshold, that an excelle
fit can be obtained simultaneously for all observables, w
the QF part accounting for about half the observed yield. T
salient features of these best fits are also visible at lo
projectile energies; a selection of observables with sensiti
to the two reaction components for 0.32<h<0.71 is shown
in Fig. 12. Upon approach of the 3N threshold for pion pro-
duction, the fraction of events attributed to a QF mechan
decreases. At the same time, however, the predicted sh
of the two reaction components approach each other w
the distributions get altogether narrower and the event st
tics lowers, because the particles tend to escape through
hole of the beam pipe. All this makes the fit results le
accurate.

Lo et al. @14# have studied differential cross sectio
d3s(pd ,Qd ,Qp) of the pd→ndp1 reaction far above

FIG. 12. Comparison of the experimental proton observab
~crosses! for dp→dpp0 at the indicated projectile energies (h val-
ues! to the best fit~solid line! with QF ~dashed! and SF~dash-
dotted! contribution.
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threshold (Tp5800 MeV, h53.1) in a kinematically com-
plete experiment with a two arm spectrometer. They find t
QF is the dominant mechanism in that region of phase sp
where the target neutron recoils with zero momentum, i.e.
pp→dp1 geometry. In regions with higher (100 MeV/c)
momentum transfer, however, the spectator model unde
timates the experiment suggesting that other mechani
contribute noticeably. Hogstromet al. @13# concluded from a
similar experiment atTp5585 MeV (h52.3) in regions
with neutron recoil momenta>400 MeV/c that several
mechanisms involving all three nucleons@as, e.g., in Figs.
5~c!, 5~d!# contribute and that the one nucleon exchange p
cess of Fig. 5~a! is heavily suppressed. From the analysis
these results Ducket al. @36# conclude that double scatterin
amplitudes with aD produced at the first collision determin
the gross features of the differential cross sections.

E. Total cross sections

With reference to the fit results of Eq.~9! we can extrapo-
late the experimental information on the event genera

s

FIG. 13. Top: Relative contributions of the QF~triangles! and
SF ~circles! production mechanism to the distributions of obse
ables indp→dpp0 ~open symbols! anddp→dnp1 ~closed sym-
bols!. Bottom: Comparison of thedp→dpp0 excitation function
s(h) of this work ~open squares! and its decomposition into QF
~open triangles! and SF contribution~open circles! with the result
from Ref. @17# ~open crosses!. The line gives the prediction of the
spectator model@8# without pd-FSI.
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J. GREIFFet al. PHYSICAL REVIEW C 62 064002
level into phase space regions not covered by the dete
acceptance. The differential cross section for population
the phase space bin is obtained from Eqs.~10!, ~11! as

ds~tps!5
1

L int

dNexp~tps!

ePW~tps!
5

1

L int
dNgen~tps!, ~12!

whereL int denotes the integrated luminosity. Integration
Eq. ~12! over finite regions of the phase space yields
corresponding cross sections and, in particular, the t
cross section of a reaction is obtained as

s tot5
1

L int
Ngen5

N0

L int
(
k51

K

ck5 (
k51

K

s tot,k ~13!

such that the best fit coefficientsck eventually provide the
decomposition ofs tot into the contributionss tot,k of the re-
action models given in Fig. 13. Fordp→dpp0 the fraction
attributed to the quasifree process increases almost line
from 13% for both measurements ath50.32 to 59 % ath
50.86. These numbers depend on the event generato
plied for extrapolation into the phase space not seen by
detector and may therefore vary with the event selection
teria. Alternative criteria, e.g., the requirement of one ide
tified deuteron in the FD in conjunction with twog ’s from
the p0 decay in the CD and a missing mass identification
the supposed spectator proton, have been applied. The
tral and angular distributions of these deuterons always
quired similar SF contributions relative to the QF comp
nent.

The fractions deduced fromdp→dnp1 scatter around
this trend. Forh50.62, a deviation by 15% from thedp
→dpp0 data is observed, which is considered an outcom
the limited acceptance and statistics for the two lower p
jectile energies~see Table I! rather than a systematic effec

The total cross sectionss tot obtained with Eq.~13! are
listed in Table I together with the error estimates. The nu
bersNdNp of events in Table I correspond to statistical erro
dN<3%. The detection of charged particles discussed
Sec. II E is associated with systematic uncertainties. Pro
identification capabilities of the PROMICE/WASA setu
have been studied in previous experiments as well as
MC simulations and are estimated to be very accuratedp
<1%); the deuteron detection is influenced by second
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reaction losses, in particular breakup processes (dd<15%).
The p1 identification with the delayed pulse technique h
an inaccuracydp1,15%. The uncertaintiesdL of the lumi-
nosity monitor were already given in Sec. II C.

The errorsdaccept resulting from the extrapolation of th
phase space population into regions not covered by the
tector acceptance are estimated from several best fit atte
under varying selection criteria fordp→dpp0 to be,10%.
For dp→dnp1 the acceptance is, mostly due to the r
stricted angular coverage forp1 detection, too small to give
a reliable error estimate. Charge symmetry requires a fa
of 2 for the cross section ratios(dp→dnp1)/s(dp
→dpp0). At least this qualitative relation is fulfilled and
excludes excessive values ofdacceptfor the p1 production.

We now turn to the discussion of the excitation functio
for dp→dpp0 that are compared in Fig. 13~bottom! with
the results from Ref.@17#. For h<0.45 both excitation func-
tions are in good agreement although the two experime
setups cover different regions of the phase space: Thepd
experiment@15# is essentially blind to the QF interaction
because a spectator proton would come from the target
teron at rest and could be detected only with a minimum~see
Fig. 6! of 17 MeV kinetic energy resulting from the interna
motion. Our dp experiment in contrast has a comfortab
acceptance for the spectator protons, since these move
about half the projectile deuteron energy and need onl
small transverse momentum component for being detecta

The observed agreement therefore leads to the conclu
that the QF fraction of the totalpd→pdp0 cross section can
only be small; the reaction products must rather genera
smooth distribution in phase space that allows a good
trapolation into the region not accessed. This applies in p
ticular to distributions resulting from transition matrix ele
ments uMSsu2,uM Psu2, and uMSpu2 that dominate the SF
representation@17,35#. It should be stressed that the IUC
experiment@15# was designed for this momentum range (h
,0.4).

Indeed Fa¨ldt and Wilkin @37# have found that close to
threshold (h<0.35) thepd→pdp0 excitation function can
be related to that of the corresponding binary reactionpd
→ 3 Hep0 @38,39#. Their calculation assumesS wave domi-
nance in the finaldp system and needs no assumption on
TABLE I. Experimental conditions, total cross sections, and error estimates fordp→dpp0 (dp
→dnp1)

Ed L int hdpp° Trigger Ndpp0 s tot dsN dsd dsp,p1 dsL dsaccept

MeV 1034 cm22 (hdnp1) (Ndnp1) mb % % % % %

436.7 2.57 0.32 dp 1949 0.5760.12 2 15 1 10 10
436.7 1.74 0.32 dp 1747 0.7760.19 2 15 1 17 10
454.7 2.14 0.43 dpg 1820 2.660.5 2 15 1 10 10
491.8 1.59 ~0.52! dp1 ~971! 2066 3 15 15 17 –
491.8 1.59 0.61 dpg 2643 1864 2 15 1 17 10
514.8 0.71 ~0.62! dp1 ~1274! 47612 3 15 15 10 –
514.8 0.71 0.71 dpg 2416 3467 2 15 1 10 10
559.0 1.72 ~0.78! dp1 ~9206! 144642 1 15 15 17 –
559.0 1.72 0.86 dpg 12 480 90622 1 15 1 17 10
2-10
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PION PRODUCTION INdp→dNp REACTIONS WITH . . . PHYSICAL REVIEW C62 064002
p0 wave. A reasonable description of the excitation funct
is obtained which indicates a preference for thedp spin-
doublet over the spin-quartet state. This is at variance wi
statistical population as in the QF mechanism, see Eq.~7!.

For h.0.45 the QF contribution tos tot becomes increas
ingly important. Here, the two excitation functionss tot(h)
disagree by a factor up to 3. Based upon Eq.~13! we can
decompose our results tot into the two excitation functions
sQF(h) for the QF process andsSF(h) for the SF compo-
nent. The agreement betweensSF and the result fors tot of
Ref. @17# in Fig. 13~b! for the whole rangeh<1 is remark-
able; indeed it seems that the disagreement ins tot is essen-
tially due to the missing QF component in the data of Re
@15,17#.

Our excitation functionsQF(h) agrees inh dependence
as well as in absolute units within a factor of 2 with th
calculation@8# of the QF process using the matrix element
Eq. ~1!. The ~relative! excitation function calculated for th
QF mechanism withpd-FSI enhances the excitation functio
only for lower h such that the agreement with our expe
mental datasQF(h) is lost. And what is the impact of a
pd-FSI on the decomposition of the total cross section at
projectile energy? As already shown in Fig. 9 for t
Watson-Migdal approach it has moderate influence on
spectral and none on the angular distributions of the eject
Inclusion of this FSI in the spectator model component
plied in the fitting procedure led to fractions compatible w
the trends in Fig. 13, however, with systematically higherx2.
Based on our data, thepd-FSI seems therefore insufficien
and inadequate to account for the deviations from the
model calculations.

V. SUMMARY

The reactionsdp→dpp0 and dp→dnp1 have been
studied in a kinematically complete experiment at five d
teron projectile energies between the thresholds for thedN
→dNp and a QFNN→NNp process. Spectroscopy of th
forward going charged particles was performed with
PROMICE/WASA setup; the third neutral particle was eith
identified by its missing mass (n,p0), or by the p0→gg
decay. Concurrent measurement of the elasticdp scattering
provided the reference data for absolute cross sections.

The detector efficiency was derived by extrapolating
reaction yield into phase space regions not covered by
detector acceptance. This calculation was based on an i
herent combination of the QF process@8# and a mechanism
parametrized in a partial wave expansion~SF! best fitting the
observed yields.

For dp→dpp0, the angular and spectral distributions
,
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the supposed spectator proton to an elementarynp→dp0

process are observed in phase space regions where it i
nematically favored by a zero recoil momentum. Close
threshold the necessary recoil momentum in the order of
MeV/c has to come from the momentum distribution in t
projectile deuteron; this makes the QF mechanism a rare
cess. With increasingh the recoil momentum needed de
creases and can be provided with higher probability from
Fermi motion enhancing the QF process.

Altogether, however, the outgoing protons clearly indica
a preference for momentum transfers higher than those
pected from a QF process and point towards a mechan
involving all three nucleons. A Watson-Migdal typepd-FSI
alone cannot account for this discrepancy, because it d
not extend the range of transferred momenta, and it is
compatible with the weight that must be given toP wave
contributions. If genuine 3N forces, e.g., of the Tucson
Melbourne type are excluded@6,21#, double scattering am
plitudes of the kind discussed in Ref.@36# may be promising
candidates for a coherent description of all observables
terms of reaction models.

In order to give a more quantitative estimate of the Q
contribution without knowing details of the competing 3N
reaction mechanism, we applied a fitting procedure that
compasses all non-QF contributions in a partial wave exp
sion neglecting interference effects. The resulting decom
sition is consistent for bothdN→dNp channels of this
paper; it yields a fractional QF component that increases
most linearly with h and reaches 50–60 % at theNN
→NNp threshold. According to Refs.@13,14# the QF
mechanism does not exhaust the observed differential c
sections even far above (h>2.3) threshold.

The excitation functionsspdp0(h) and sndp1(h) differ
by a factor of roughly 2 as expected from charge indep
dence. Agreement with the resultsspdp0(h) from Ref. @15#
is obtained if it is assumed that there the QF component
either too small~for h<0.45) or too much outside the de
tector acceptance to provide a substantial contribution.
excitation functionsQF(h) of the dpp0 channel is in good
agreement both in shape and in absolute values with the
model @8# and nopd-FSI is needed.
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