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Pion production in dp—dNar reactions with deuteron projectiles
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Kinematically complete events have been studied for the readatipasdp#° anddp—dn=™" at projectile
energies between 437 and 559 MeV. The measurement covers a range of pion mt;mpﬁ‘fém_/m,,c from
near the production thresholdy&0.32) to »=0.86 close to theNN— NN 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 quasifreelN—d7 process with a spectator nucleon, and to a process involving all three
nucleons. The quasifree contribution increases with energy and dominates frofiNthé\ N+ threshold on.
The results are compared to calculations with a spectator model with and withdirtal state interactions.

PACS numbegps): 13.75.Cs, 21.45:v, 25.10+s, 25.40.Qa

[. INTRODUCTION this energy, at least to the extent that its internal motion
relative to the reacting nucleon provides the missing momen-
Pion production in nucleon-nucleus collisions can be aptum for subthreshold pion production. This momentum,
proximated as a production in the nucleon-nucleoN)8ys-  becomes the higher as thé&lZhreshold at about 210 MeV
tem if the momentum distribution of nucleons in the nuclearprojectile energy is approached, where it reaches
environment is adequately taken carg bf4]. Beyond that, 200 MeV/c. The probability density of the nucleon momen-
three-nucleon (B) forces may contribut¢5-7], but they  tum in the deuteron peaks at=0; the probability for having
are expected to be small. In addition initial and final statex=200 MeV/c is about a factor of 1Dlower. In the QF
interactions(FSI9 may come into play and obscure the el- reaction picture this converts into a corresponding drop of
ementary pion production process to some ex8ntL0. the production cross sections frgub to nb scales. This is a
The 3N system given by th@d interaction is the easiest main reason why only a few studies of tpe— Nd pro-
and most tractable one to investigate in this context. This igess have been performed up to 1990, only for energies far
particularly true, if one wants to study the quasifid®  above thresholfi11-14 and with limited statistics.
— NN process, since the deuteron is loosely bound and the However, the advent of proton storage rings with cooled
average distance between its two nucleons accordingly largeeams about ten years ago brought the study of\tNein-
This work deals with a study of the reactiopd— pd=° and  teraction in few nucleon systems to unprecedented levels of
pd—ndz* between the Bl and the N pion production precision. The first—and so far only—study of the reaction
thresholds with focus on the quasifré@F) contribution. pd—pd7® between the ® and AN threshold was per-
Above the N threshold, i.e., at proton projectile energies formed at the Indiana Cooler using an internal @as jet
in excess of 280 MeV, the pion production in thd system  target and a forward detector for charged parti¢les. The
does not require the participation of a third nucleon for mo-excitation functions of the total cross section were inter-
mentum conservation and it may act as a true spectator to thgreted in terms of a QF mechanism wjih— d=° being the
QF NN—NN7 process. Its participation is needed belowonly contributing 21 channel[8]. The model gave the cor-
rect order of magnitudéwithin a factor of 5 for the cross
section and the steep drop when approaching thdt3esh-
*Present address: Department of Radiation Sciences, Uppsatdd could be attributed to the target deuteron wave function.
University, Uppsala, Sweden. The correct energy dependence, however, could only be re-
TCorresponding author. produced with the inclusion of pd-FSI of Watson-Migdal
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type[16] and an overall normalization. The auth¢8 then The CELSIUS storage rinf2] was filled with typically
conclude from the excitation function, that the main proper-2x 10° deuterons; their stripping injection and subsequent
ties of thepd— pdx® reaction near threshold can be ex- acceleration took about 30 s. The coasting beam was then
plained by this QF model. used for up to 540 s without noticeable intensity loss. Elec-

The most straightforward way to verify this experimen-tron cooling was applied at the two lowest energieg
tally is to investigate the angular and energy distributions of=437 and 454 MeV to improve the signal-to-background
the supposed spectator proton, which should reflect the initialatio for these runs. At the end of thflattop interval the
momentum distribution in the deuteron. This analysis of thebeam was dumped and within 30 s the next cycle started.
pd—pd=° data together with supplementary data acquired

concurrently for the isospin related channetl—ndz™, B. Target and PROMICE/WASA detector

yielded results which were incompatible with a dominance . .
. ; : . The experiment used the PROMICE/WASA setup and is

of the QF mechanisril7]. The differential cross sections shown schematically in Fig. 1. It can be divided into the

close to the 8l threshold ¢7<0.5) rather point towards a
more uniform phase space population. The QF mechanis@rgftegyszi?a;h;etgiggﬁl gﬁ(t:ie(iﬁg?z)r\];\?a{r dpr:jc:g:ﬁ%d
starts to be important close to th&Zhreshold and is con- ged p 0

8§ctlon for charged particles.

centrated in regions of the phase space where the targ . .
nucleons have low momenta in the laboratory frame. This The_ targe_[lﬁ] was operated with pressurizeg Has that
s vertically injected through a nozzle cooled to 20-30 K

condition, however, excludes direct nucleon spectator speé . . . ) : .
troscopy. It was indirectly accessible in the—nda re- into the interaction region. At the intersection with the CEL-

action via detection of thd but it was limited by the detector :Lgslg%arpm:]zl]g; fo:rrpes ;rgiﬁ(% Ocijt.r?en::rirr]cﬂIIZ?neterr?)(':ég?s
acceptance for ther . : g g proj

. . . 4 72 .
These restrictions can be overcome by increasing the aé”ii‘ltlzﬁgﬁp'cilaﬂﬁﬂitr]h(;glﬁ?eesszfviazsfi%glg ccnr?‘ ZS!VP'Ch
ceptance with a detector of larger solid angle coverage, anf yP )
some capability forr® and 77+ detection, and by usindeu-

The central detector consists of twoxB arrays of
teron projectilesin conjunction with an internahydrogen Csl(Na) modules on each side of the beam. They constitute
target to boost the energy of the spectator nucleons. Th

lectromagnetic calorimetef€EC) with thickness of about
study presented here includes improvements along the

6 radiation lengths and cover an angular range-@&0°
nes to quantiy the quasifiee mechanism in the—dnw  jubt SO0 BTt e of the.
reaction between theN8 and the N threshold. Here, R : ) L
threshold means the minimum projectile energy needed fOFECS allow to veto charged particles. In addition there are
pion production, where one of the two projectile nucleons

upstream counters to veto beam halo events.
interacts with the target proton, whereas the second contin-

The forward detector covers anglég,, from 4° to 22°
ues as spectator with the initial beam velocity. The paper igwth a sequence of detectors to provide particle identification

organized as follows. Section Il gives a description of theand momentum_by direction gnd _pu_lse he|ght measurements.
detector and the measurements. In Sec. Ill we discuss po _segmentgd thig3 mm plastic scmtlllat@rwmdqw counter
sible reaction mechanisms, models, and the Monte Carl WO) serving as trigger on charged hadrons is follqwed by
simulations. Section IV contains details of the data analysi WO sets of proportlonal d”ﬁ chambeSPQ to det_ermlne<
followed by the experimental results ap— dps® anddp an_dy coordinates for tracking, and by a combination of a
—dnz" and their comparison to model calculations OurSCIntIIIaltor hodoscopéHD) and range hodosco&RH).
conclusions are summarized in Sec. V ' The FHD consists of 5mm thick scintillators, one layer of
o 48 radial shaped elements, preceded by two layers with 24
elements, bent as Archimedian spirals with opposite helicity.
They comprise 1104 triangular pixdl&9] for particle iden-
A. General tification via AE, hit multiplicity measurement, and track

. eparation. The four layers of the FRH, each being 11 cm
The experiment was performed at the Cooler Synchrotro@hick, are sufficient to stop deuterorotons, charged pi-

CELS'.US .Of Fhe The S\{edberg Laboratory with a.deuteronong with kinetic energies up to 400 Me\B00, 170 MeV.
beam impinging on an internal hydrogen cluster jet target

Measurements were carried out at five different projectiIeThe downstream vetdFVH) finally allows to separate

energies between thip—dpa® and thepn— pna® thresh- stoppgd. fromf pﬁnztrating c_harged particlgs. A more detailed
old. They are listed in Table I, where the energy in excess ogescrlonn of the detector is given in RE20].

the pion production threshold is expressed ap
=pram/m,c with pI'Z.. being the largest center-of-mass
pion momentum in dimensionless units. The thresholds for The absolute luminosity was obtained from a concurrent
QF pion production in the I8 subsystempn—d#® (pp  measurement of elastidp scattering at small (520,
—dw™) at »=0.83 (0.84 are slightly above(below) our  <15°) scattering angles. The forward going deuteron was
highest deuteron projectile energy. The two production rungdentified in the FD, and the recoiling proton was detected
were separated by half a year and the lowest projectile erwith silicon strip detectors with nine vertically oriented strips
ergy was repeated in the second run for a consistencgf 300 um thickness and 5 mm20 mm area. They were
check. placed outside of the scattering chamber behind the(thB

Il. EXPERIMENTAL SETUP AND MEASUREMENTS

C. Luminosity measurement

064002-2



PION PRODUCTION INdp—dN7 REACTIONS WITH . .. PHYSICAL REVIEW C62 064002

CD Central Detector FD Forward Detector 1] @ F
FPC FHD FRH FVH g £ 10000 |-
] ] s
CEC 3x5 10000 [~ 76° 7500 -
-— [ F
. r 5000 |-
Fwe 5000 r
[ 2500 |-
0.7Fe CFB [, . liilai E... i il
:/‘\/m\ \ j % 20 25 % 20 25
Beam Target 8, (deg) 6, (deg)
78
? FIG. 2. Deuteron angular distributions fég=455 MeV in co-
incidence with recoiling protons in detector strips &,
=76°(72°)£0.65°. The dashed line indicates the background sub-
’l C traction.
) = " " ‘ g obtained from the components of the detector subgroups. All
bl el

elements of the FRH and the third layer of the FHD were

FIG. 1. The PROMICE/WASA detector at the CELSIUS stor- read out via long-range multihit TDCs, in addition, to record
age ring. delayed pulses. This information supplementedtieiden-
tification.

The position dependent energy calibration of the FD plas-
tic scintillators was obtained with dedicate@ elastic scat-
tering runs aff ;=400 MeV. The light response to deuter-
QNS andw" was explored using the exit chanmgb—d="

mm stainless steewindow. A minimum proton energy of
12-15 MeV was required for unambiguous proton detection
Elastic scattering events were identified frgimthe copla-
narity and(ii) a kinematically correct opening angt@, .
gg?ké?gﬁgdales\?eﬂlsovgf ?h;o[)rzz?(ﬁrpat:ggc%%s_em%v; n;seef "M ased on this calibration. Followin@3], the results were
Fig. 2. ' parametrized in Iight_ response functiohsT)=a1T—a2(_l
The systematic error associated with the luminosity mea=" expaiT%) of the kinetic energyT of a stopped particle
surement results from the uncertainty of the reference date?.d,7 ") with fit parameters; . _
[21] for elasticpd scattering(8%), and from the scatter of ~_The Csl crystals were calibrated with photons from the
the angular distribution measured with the strips as comar’— 2y decay, wherer®'s of known energy were produced
pared to the reference value, which amounted to(3%89  in pp—pp=° reactions with identification of the two

for the secondfirst) run period. charged particles in the FD. As a result, the reconstructed
invariant massn,,,, showed a width of about 10 MeVoy).
D. Triggers The identification of charged particlgsd, 7" is based on

the energy loss of penetrating and deposited energies of
stopped particles. The discrimination of deuterons against
the more copious protons is most crucial for our experiment.

The total event rate in the WASA/PROMICE setup was in
the order of 18 Hz. A two level hardware trigger brought

this to an event rate less than 1 kHz. The main physics trig ) o
ger (referred to as Tl required two coincident hits in the Software cuts were carefully explored by first determining

window countersFWC), the first two layers of the forward the loci of prgtons from su+pplementary measurements of,
hodoscopéFHD), and no hit in the downstream vetgVH),  €-9-PP—pp7 andpp—dw" events. Deuterons were then
to select events with two charged particles stopped in thédentified indp— dp=° reactions with trigger Tl and recon-
FRH. The veto condition helped to suppress breakup evengfruction of the missing pion mass. The upper part of Fig. 3
dp—npp with energetic protons, without affecting the pion shows that, whenever necessary, the cuts were set close to
producing channels. Trigger Tl was combined in offlinethe deuterons to minimize misinterpretation of protons. This
analysis with the request of at least one neural, no sig- way a small fraction of events with deuterons in the exit
nal in the CFB hit in one of the two Csl arrays comprising channel may be lost due to the finite energy resolution and
the CD. This combination is referred to as trigger TIl in the the impact of dead detector material.
following. Deuterons will undergo nuclear interactions with the scin-
Additional triggers were set up for coincidences of neutraltjjjator material and, in particular, break up with a nonnegli-
hits in the two parts of the CD for offline identification of the gible probability in the FRH. This effect was investigated
7° decay, for LED generated light pulser evef®2] to  ith thepp—dm™ events taken af,=400 MeV. The bot-
rsrzﬁglrtr(l)(;nih\(/eiag;g]s{i);;:;{hsiac:te(;ﬁrﬁtg]oraslhcfiofr():hsig:?éﬂ?:?énqqrgﬁ-tom part of Fig. 3 shows that particles in correct angular
X ' " correlation with ther™ are identified as deuterons by their
ling the FHD, the FRH, the CEC, and the CFB veto detector nergy loss in the FHD, but some fraction deposits too little

offline. These triggers were prescaled for proper adjustme nergy in the FRH and fails to be accepted as deuteron. The

of the trigger rates. selection of deuterons in a small angular bih,,=7°
+0.5° yields not only the peak 8,;=170 MeV, but also a
low-energy tail. Monte Carlo simulatiorisee Sec. Il D re-
The particle identification makes use of the trigger modeyeal that only a small fraction in the tail is due to the com-
in combination with hit pattern and pulse height information peting pp— pn« " channel; deuteron breakup in secondary

E. Detector calibration and particle identification
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FIG. 4. E vs AE plots and missing mass distribution fdp
—dn7" events affy;=559 MeV.

counts

processpn—dx’. We adopt this formalism for the two
isospin related reactions studied in this paper in the general-
ized notatiord p— Ngd7r. With the target proton being at rest

Py ST

e e Coete Rl b it is obvious, that the pion production below th&l 2hresh-
energy FRH ( GeV ) energy FD (GeV ) old of the elementary process can only comply with momen-

FIG. 3. The upper figures show the cuts used for particle iden-t[um conservation through the momentunof the participat-

tification in dp—dpm® at T,—559 MeV. The lower left figure ing nucleonN in the projectile deuteron. The spectator

shows the same fgrp—d= " at T,=400 MeV and the lower right n!JCIeo_n Ns has Conseqygntly a _momentzum= — k. This
figure is the distribution of energy deposited in the FD by the sub-gives rise to the probability densitg4(«)|* of the nucleon
sample of particles emitted at 65®,,<7.5°; the dashed line is momentumx in the target deuteron to appear in the invariant

the Monte Carlo simulation including breakup. matrix element of the spectator model:

reactions accounts for the major part. Additional examina- 2E ERE!

tions at different deuteron energies confirm that the energy |M|2=T|<I>d(:<)|2|MpNﬁdw|2. (1)
dependence of these losses is well described by the simula- ENEp

tions.

The =™ identification was tuned witpp—d=* events Here, the first factor is a phase space factor which contains
obtained in the calibration run with the Tl trigger. In addition total energies of the target protom)( the beam deuteron
to the AE vs E signature, ther* candidates were requested (B), and the spectatds) in thatd p— Nd reference frame
to be followed by a delayed pulse from the*—w*vﬂ where the final7 subsystem is at regtlenoted by a prime
et ,,e,,/;# decay ¢=2.2 us) within 6 us, either in the and total energies of the participating nucIe_-cmS\l in the
stopping FRH element or its immediate neighbors. This concenter-of-mass system of theN—dw reaction (denoted
straint reduced the detection efficiency by about 25%, buwith an asterisk
was very efficient in removing background. As an example The invariant matrix element of the elementapN
we show in Fig. 4 data from dp—dn=* production run —dr process is not derived from a microscopic model, but
and the distribution of the reconstructed missing mass of thexpressed  using the  experimental cross section
neutron. Application of the delayed hit criterion was accom-dopn_q4-/dQqx(cosOT) evaluated aty* =q*/m,.c:
panied by detailed Monte Carlo simulations and an experi-
mental verification of ther * decays with the correct half life p* do
of the u™ decay. |MpNHdﬂ'|2:16(27T)252_z —TpN—dm )

q qu*
Ill. REACTION MODELS AND MONTE CARLO
SIMULATIONS In Eq. (2) s, denotes the invariant mass squared of pin
—dm system, ancb; andg* are the proton and pion mo-
menta, respectivelyl®(«)|?> has been calculated from the

In a truly quasifreedp reaction, two of the nucleons in- Bonn potential[24] as incoherent sum of th& and the
teract with the third one acting as a spectator. This is schep-state probability density. Insertion of E() in Eq. (1)
matically shown in Fig. &). In the case of thelp—dp7®  then providesabsolutecross sections based on the experi-
reaction there are three possilblé&l processes that may con- mental cross sections fpm—d=° [25] and 7" d— pp [26],
tribute at thew° production vertex(i) pn—d=°, (i) pp  the latter being related by isospin invariance and detailed
—ppn?, and(iii) pn—pnz®. Itis argued in Ref[8] that(i)  balance to the former. A Legendre polynomial expansion has
dominates, because near threshold the cross secti¢in)fr  been fitted to the data fop<1,
much smaller and becaus$i ) favors the population of the
four body final state pn°. Similarly, the quasifree reaction

A. Quasifree pion production dp—Nd

dp—ndn* should be based on@p—dm* reaction. M(cos’;): MJraz( 7)P4(cosO*)
The diagram Fig. &) has been evaluatd@] by relating dQgx 4
the differentialpd— pd® cross section to the elementary 3)
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a) T b) T [28]. Furthermore we assume that the expansion can be lim-
pN—dT_ -~ pN—dmT__-~ ited to the lowest partial waves close to thresholg (

P f d P o= O— d <0.86), viz.
d N d=—d N IM[2=[Msd?+|Mg?+[Mpgl>+|Mp|?+[Mpgl?. (6)

The sp and SP interference give rise to additional terms

) - x d) D gan R linear in co®® whereas thal waves introduce cd® . de-
pN_)N,Ef// : i X~ pendencies witm=3, too.
p N = An attempt to determine the partial wave amplitudes from
> & - \ a fit of Eq. (6) to experimental data as it was done, e.g., in
d d ‘:A ke Ref.[29] for pp— pp=° is of interest. One can confront the

contributions of different spin and angular momentum eigen-

FIG. 5. Diagrams fopd— Nda near threshold: QF pion pro- states, e.g., .the onset of .piorpmndd waves qbove thresh—_
duction viapN—d without (a) and with (b) pd-FSI; QF process ©ld; to reaction or potential models; and their orthogonality
pN— pN=° without (c) and with(d) A resonance excitation. Open allows for an extrapolation into the regions of phase space

circles denote the deuteron wave function and filled ones reactioROt Co_vered_b_y th_e detector. This way one can determine
amplitudes. detection efficiencies and total cross sections.

For thedp— Ndm case, however, the number of eigen-
yielding a,(7)=(47.2 ub)5*. The angle integrated cross States contributing is too high for a rigorous separation of the
section is given by25] individual amplitudes or the different transition clastéss,

e.g., done fopp—pnz* by Pleydonet al.[30]. In addition
1 the partial wave approach neglects the extension and struc-
Tpndn0(7) = 5 (C177+ csn’) (4)  ture of the deuteron. We therefore restrict this expansion in
two aspects: We fit only those fractions of the experimental
distributions that are at variance with the QF approach of Eq.
(1), and we consider only the dominant terms describing mo-
mentum and angle dependence, neglecting all interference
effects. Details are given in Sec. IV C.

with ¢;=184 ub andc;=781 ub. The 5® dependence re-
flects the pionp wave contribution. For the isospin related
elementary reactiopp—d= " the cross sections in Eq)
and (4) are multiplied by a factor of 2.

. . C. Final state interaction
B. Partial wave expansion

. , In dp— dNar there are three candidates for two-body final
The spin degrees of freedom of the final three-body state . . - S
o are described with the quantum numberss |, I, and State interactionsFSI9: d, #N, andNd. The application

J as follows:L andSdenote the total orbital angular momen- qf the Watson-Migdal treatment of FE16] requires t.he relaj
i - 2L tive momentumk and the distance between the interacting
tum and spin of thé&\d subsystem coupled fo=L + S. With

X _ particles to be small, and the FSI to be strong compared with
the angular momenturh of the pion with respect to the the short range primary interaction, here the pion production.
center-of-mass of théld system, the total angular momen- ynder these assumptions the transition probability including
tum J is obtained, vizJ=j + . The eigenstates contributing FSls is proportional to the elastic scattering cross section,
to the pd—Ndm transition can be grouped into partial viz. |Mgg(k)|?=og(k). Since bothrd and 7N scattering
waves LI [27]. For an expansion into partial waves, the are weakNd-FSI will dominate.

three-body wave functionj(py.pq.p,) is factorized as ors(K) is calculated inSwave approximation foNd
de(ﬁNd),%(a), whereﬁNd denotes the momentum of the Scattering as an incoherent, weighted sum of the channel-

relative motion in theNd system, andi the momentum of P doublet(D) and quartetQ) cross sections
the pion with respect to this subsystem. The relatively high

momentum transfer 0£400 MeV/c makes the interaction ors(k)= Esin25§+ Esin25§ , (7)
of short range, and one can employ a zero-range approxima- Co(k)?Kk?13 3
tion [28] to calculate the transition matrix elemem | for
the partial waves wheres® and s are the respective phase shifts ayfk) is
the Coulomb penetration factgthat is unity for nd-FSl).
IM % | pnal?lal?. (5)  The numerical values for the phase shifts were obtained from

[31] which uses an effective-range expansion fittedptb
In addition,|M,|? depends on the angl® , of the pion in  scattering data for momente<180 MeV/c, and similarly
the center of mass and the direction of the outgoing nucleoin [32] from nd scattering data fok<140 MeV/c. As k
in the Nd rest systen® both with respect to the direction —0, the pd cross section and thus the weighting factor
of the incoming proton. Th&swave has no angular depen- o (k) vanishes due to the Coulomb barrier, whereastthe
dence;p (P) waves give rise to two componentd ,|>  cross section is not influenced amgg, reaches its maxi-
«q? and xq?cog 0, (|[Mp|?xpZ, and <p,co€®,)  mum. Following[8] the valuesreg of Eq.(7) can be applied
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in the QF approachFig. 5b)] as (normalized weighting 8
factors to the matrix elementd). This way the modified 3
energy dependence due to FSI is taken care of, causing the °©
cross sections to be renormalized. This weighting may also

be applied to the matrix elemefi|? of any partial wave,

in particular to the constant matrix eleméktgd?, to modify
the pure phase space distribution accordingly. The impact of L e L

this FSI will be examined for both models in Sec. IV. 0 001 002 003 004 005 006
Ty (GeV)

.

FIG. 6. MC generated response of the PROMICE/WASA ex-

] ) ) periment to the spectator energy spectrum in the primary deuteron

The experiment and the analysis were accompanied by @st frame forT,=559 MeV (thick solid line of dp—dpm®
comprehensive Monte CarlgMC) simulation, based on events ¢=0.86) with trigger options Tithin solid line and TII
GEANT [33], including details of the detector geometry, en-(dashed, and for—dn=* (dash-dottedy;=0.78). Also shown is
ergy and angular straggling, secondary hadronic interactionge corresponding responégotted for the pd study at IUCF[17]
in the detector material and decays of short lived particlestor »=0.89.
Events could be generated either evenly distributed or with a
weightingzproportional to the squared transition matrix ele-the CD. As a result, a clean® signal is seen in the missing
ments|M|* according to Eqst1), (6), and(7). The resulting ass vs missing energy distribution reconstructed from the
events were then tracked through a thoroughly tested M

model of the whole experiment including the actual trigger P pair as shown in Fig. 7, and a clear separation from the
conditions, electronic settings and vertex distributi@r4]. bremsstrahlungs eventip—dpy is obtained[35]. There-

The MC events were analyzed with the same method as f fore our event separation was based on the trigger TII for all

experimental events for direct comparison with the ex erfrgrojectile energies but the lowest, 436 MeV, where the low
m(l,ontal results P PEMcross section requires the higher efficiency of Tl. The num-
Uits. bers of identified events are listed in Table |. The

Judged on the extent of agreement between the EXPET, ynr+ events could clearly be identified with the two for-

(rjneene'[ﬁ:j?lr:str(;?]uzlrloenfezr;gOrﬁcrﬁgztéllj(lzjtseeda N;Cbgg? g;astgrcii E\éinésard going charged particles and the reconstructed neutron
P 9 , P ass. The numbers of events found at the three projectile

B e i opEEries 452,515, nd 550 M\ are guen n Table | A e
omp ; ; . lower energies the majority of deuterons escape through the
tributions of the reaction models included in the event gen-

eration: (i) the total reaction cross sections, afiil) the beampipe leaving too few detected events to be analyzed.
detector efficiency, the latter two being dependent on the
event generator chosen. The technical details are given in
Sec. IVC and IV D. The direct experimental observables are the laboratory
The main sources of detector inefficiency were the limitedangles®,,, ®4 and energied,, T4 of thedp pairs , as well
angular acceptance of deuterons and prot@s4°) dueto  as their opening angleg 4, and coplanaritieA®,=d4
the beam pipe and of the from #° decay in trigger mode —®,. These are shown in Fig. 8 for the projectile energy
TII. This reduces the acceptance typically by factors of 3 and59 MeV. The deuteron energy that allows an elementary
10, respectively. As an example we present simulations fopn—d#° process with no internal motion involved0)
the pure QF process at a projectile energy slightly above thi&g about 10 MeV lower, such that the kinematical hindrance
2N— 2N threshold in Fig. 6 together with the distributions of the spectator mechanism is only 0.5 as compared @ 10
of acceptedip7® events. They amount t&33% for trigger  near the 3 threshold.
TI'and 10% for TlI, with little variation over the accessible  The spectator protons are expected to have their energy
phase space. A further reduction by25% occurs with the distributions peaking at half the projectile energy and at a
7" identification for thedp—dn=" channel. low angle. In contrast, the experimental data extend to
smaller energies and larger angles, indicating that a substan-
IV. OFFLINE ANALYSIS AND DISCUSSION OF RESULTS tial momentum transfer to the deuterons is involved. For
such events the deuteron energy distribution shows an excess
at high energies. The excess of events with large opening
Separation ofdp—dp#° requires bothp and d being angles/ 4, also has to be attributed to transverse momenta
identified in the forward detector. Additional cuts on energytransferred to the proton, because the deuteron angles are
and angle were applied along the kinematical limits in accorkinematically limited to® 4<15°. These qualitative features
dance with the finite experimental resolution. Due to thewere also confirmed in an event selection that allowed the
short range of thelp pair for the two projectile energies proton to escape down the beam pipe. It required only a
closest to threshold, the last layers of the FRH could safelgleuteron in the forward detector in coincidence withr
be used to veto punch-through protons from break up ordentified by its 2y decay in the central detector.
bremsstrahlungs reactions. Trigger Tl required, in addition, The importance opd-FSI was studied with the Watson-
one photon with an energy deposition of at least 10 MeV inMigdal approach. At the ® threshold, the|®(x=0)|?

D. Monte Carlo simulation and detector efficiency

B. Observables indp—dpz®°

A. Event separation
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FIG. 7. Missing mass distributions @t=455 MeV to aniden-  ° 4®- 8 °

tified dp pair in the FD, accompanied by onein the CD.

weighting in the quasifree model favors relative momeata Lf
~250 MeV/c, where FSI is small and not mudhdepen- O
dent. The attractive FSI is expected to decelerate the faste
proton and accelerate the slower deuteron. Figure 9 com,,
pares proton and deuteron distributions as predicted frorr§ :
quasifree interaction with and without FSI. There is no vis- © 100
ible influence on the angular distribution of the spectator r
proton or the reaction deuteron; the energy distributions shift
as expected, however, to an extent that is too small to ac
count for the observe(see Fig. 8 difference between ex- r rf
periment and quasifree prediction. There must be anothe %5 w150 N R
reaction mechanism beyond that of the quasifree model, be i Agy, (deg) Lo (deg)
with or without FSI.

1500 =

counts
4

500

FIG. 8. Experimental angular and energy distributions of the
dp—dpm® observablegcrossesat T4=559 MeV in comparison
to a best fit(solid line) composed of a quasifré®F, dashedand a

The observables of the detectéet ™ pairs correspond to partial wave(SF, dash-dottedcontribution.
those of thedp pairs fordp—dpn?, i.e.,04,0 +, T4, T+,
the opening angle” 4.+, and the coplanaritdA®4,.+. The  traced back to the two charged particles requested in the FD
distributions forTy and®4 in Fig. 10 for the projectile en- for triggering. The quasifree reaction modslecond row
ergies 559 MeV {=0.78) and 515 MeV §=0.62) show generates a population with two maxima corresponding to a
similar deviations from the QF model as were already seepion going backward® or forward 2 in the Np—d=
for dp—dp#? in Fig. 8. Thesw" with its small momentum center-of-mass frame. The detection of the forward geifig
and narrow energy distribution, however, cannot contribute
much to this discrepancy. This indicates that the supposeg,sowow ¢
spectator neutron must have acted as participant. Indeed, tk?%? 30000

C. dp—dnz* and phase space coverage

distributions forT, and ®,, reconstructed from the direct °§m§ P “°°°°§
observables show similarity to those for the outgoing proton 4o 30000 -
in dp—dp=P. Soasod 20000 )

It is important to confirm that the sensitivity of the experi- fm
ment to different reaction models is not severely hamperec ¢+ O
by the acceptance of the PROMICE/WASA detector. This T,(GeV) 0, (deg)
has been tested by simulating the acceptance for two extrem_
cases of initial phase space population, namely, the uniforrr‘gim

Sswave coverage and the spectator model distribution pro-33(5xm

=)
=
=3
[
-
e
w
=3
rS
wn
—
=}
—
w

FEVUAM VUATIRY

Z: 40000

portional to the squared matrix element of Efy). The re- 25000 £ 30000

sults for both reaction channetp=° anddnz* are shown MWOE 20000

in Fig. 11 as Dalitz plots. 10000 = 10000
The dynamic variables used fatp—dN7 are dimen- 0E A R ol 1 —
sionless combinations of the squared invariant masges 0 o szp(GeV(;'3 ’ ° 9:? deg)

the subsystenab with xocsy,.— Sy, andyxsygy and a nor-
malization that removes the dependence of the Dalitz plot FIG. 9. Energy and angular distributions of deuterons and pro-
contour on the total invariant mass. The first row of Fig. 11tons fromdp—dp=® events generated for a pure QF mechanism
demonstrates that the two reaction channels are complemeand T,=559 MeV without (dashed ling and with (solid line)
tary with respect to the accessible phase space, which can de-FSI. The detector acceptance is not included.
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FIG. 10. Comparison of the experimental deuteron observables ¥
(crosses for dp—dnz* at Ty=559 MeV (top) and 515 MeV 2o Hoos: -~ C
(bottom to the best fif(solid line) with QF (dashedland SF(dash- Lo Bl o B
i i * ok -50 25 0 -100 -50 0
dotted contributions. o<T4-T, (%) X (%)

or 7" is favored by the detector geometry; the partial sup- FIG. 11. Dalitz plots fordp—dN at ;=559 MeV. The first
pression of the backward going pion makes the detector lesslumn shows the MC generated distributions for a constant matrix
sensitive to terms in Ed6) linear in co® ... The two reac- elementSs first row) and for the QF mechanisfsecond row. The
tion channels complement each other in such a way, that accepted events are fatp—dp#°® (dp—dnz™) in the center
sensitivity to both generated phase space populations shoufdght) column; the corresponding experimental results are in the
result. Indeed, the experimental data in the bottom row fopottom row.(See text for details.
both reactions show copious events in excess of the QF
model. populate the phase space binrys,7pst+d7,g]. With

In order to quantify the extent to which the quasifree dNd 7ps) being the fraction of reconstructed events, the re-
model can reproduce the data, a fitting procedure to the disulting detection efficiency is given by
rect observables has been applied. The idea is to compare the dNped 7ps)
distributions of all observables in the laboratory frame with emc(Tps) = W
distributions resulting from the matrix elements of E¢B. gert 7ps

and (6), and _to fix their relative cont_ributions in a simu_lta— We assume now that the best fit gives a good description of
neous .t|>est fit t@ll data of one reaction channel at a given o eyperimental results for all observables and phase space
projectile energy. bins accessible, viz.

(10

D. Incoherent decomposition of experimental distributions d NeXp( Tps) ~dNed Tps) ' 11

Let x(i,j) be the number of events in bjnof the distri-  and also a realistic description of the PROMICE/WASA de-
bution (?f_thelth out of | e>.<per|mental observables$<6) tector performancespy( 7o) = emc(7ps). This fit procedure
andmy(i,]) the corresponding number for reconstructed MChas been applied at each projectile energy to all six observ-

events from a simulation o, events generated with the ables of the reactiodp— dp=° and to five observables from
reaction modek. The experimental result shall then be bestdp—dn=*; in the latter casd .+ was excluded, because it

fitted with the incoherent sum &f reaction mechanisms, viz. is prone to larger systematic errors.

K The following partial waves were included in the fit in
f(i,j)= 2> cam(i,j) (8)  addition to the spectator mode:s Ps (isotropic and aniso-
k=1 tropic in ®y), Sp,Pp (isotropic and anisotropic i), Pd
by varying the parameters.=0 for a minimum of (isotropic and anisotropic i®y). The terms anisotropic in

| W) e o 0., (Sp,Pp,Pd) have been omitted as well as the and
2(c =3 1 > [x(i,)—f(0,))] ) S-P interference terms. This omission was preceded by sev-
N =N O = x(i,j) ' eral tests including all or some of these terms; they showed
that the fit quality was not sensitive to them and that their
Here,J(i) is the number of bins with event numbex§ ,j) coefficientsc, indicated only small contributions. In particu-
>0 for the observable. From the total numbeMNgy, lar the fraction attributed to the QF model did not depend on
= Nozleck of generated events, a fractioiNge{ 7,5) Wil the terms omitted. The sum of partial wave terms is used to
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bols). Bottom: Comparison of thelp—dp#° excitation function
FIG. 12. Comparison of the experimental proton observablesr(7) of this work (open squargsand its decomposition into QF

(crossesfor dp—dp#? at the indicated projectile energies yal- (open trianglesand SF contributior{open circleg with the result
ues to the best fit(solid line) with QF (dashedl and SF(dash-  from Ref.[17] (open crossgs The line gives the prediction of the
dotted contribution. spectator mod€l8] without pd-FSI.

. S . . hreshold T,=800 MeV, »=3.1) in a kinematically com-
describe the yield incompatible with the spectator model an lete experiment with a two arm spectrometer. They find that

IS he_reafter refe(rjred to as ﬁelec;[ed(?]ﬂ. et . QF is the dominant mechanism in that region of phase space
Figures 8 and 1Qtop) show for the projectile energies \here the target neutron recoils with zero momentum, i.e., in

close to the & pion production threshold, that an excellent 5, . 4.+ geometry. In regions with higher (100 Medy/
fit can be obtained simultaneously for all observables, withyomentum transfer, however, the spectator model underes-
the QF part accounting for about half the observed yield. Thgimates the experiment suggesting that other mechanisms
salient features of these best fits are also visible at lowegontribute noticeably. Hogstroet al.[13] concluded from a
projectile energies; a selection of observables with sensitivitgimilar experiment aff,=585 MeV (7=2.3) in regions
to the two reaction components for 083%=0.71 is shown with neutron recoil momenta=400 MeV/c that several
in Fig. 12. Upon approach of theNsthreshold for pion pro- mechanisms involving all three nucleofes, e.g., in Figs.
duction, the fraction of events attributed to a QF mechanisn®(c), 5(d)] contribute and that the one nucleon exchange pro-
decreases. At the same time, however, the predicted shapesss of Fig. &) is heavily suppressed. From the analysis of
of the two reaction components approach each other whilghese results Duckt al.[36] conclude that double scattering
the distributions get altogether narrower and the event statigmplitudes with a\ produced at the first collision determine
tics lowers, because the particles tend to escape through tiee gross features of the differential cross sections.
hole of the beam pipe. All this makes the fit results less
accurate.

Lo etal. [14] have studied differential cross sections  With reference to the fit results of E(Q) we can extrapo-
d30(pg,®4,0,) of the pd—ndnx" reaction far above late the experimental information on the event generator

E. Total cross sections
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level into phase space regions not covered by the detectoeaction losses, in particular breakup processigs=(5%).
acceptance. The differential cross section for population offhe 7" identification with the delayed pulse technique has

the phase space bin is obtained from E@$), (11) as an inaccuracys, + <15%. The uncertaintied, of the lumi-
1 dNeg7ps) 1 nosity monitor were already given in Sec. II C.
do(7ps) = Lix €l ) - mnger( o) (12 The errorsd,ccepiresulting from the extrapolation of the

phase space population into regions not covered by the de-
wherel;, denotes the integrated luminosity. Integration oftector acceptance are estimated from several best fit attempts
Eq. (12) over finite regions of the phase space yields theunder varying selection criteria fatp— dp° to be <10%.
corresponding cross sections and, in particular, the totgtor dp—dns" the acceptance is, mostly due to the re-

cross section of a reaction is obtained as stricted angular coverage far™ detection, too small to give
1 No K K a reliable error estimate. Charge symmetry requires a factor
Utot:rtNgen:rt kEl Ck:kEl Tiotk (13)  of 2 for the cross section ratiar(dp—dnm*)/a(dp
n n = =

—dpm?). At least this qualitative relation is fulfilled and
such that the best fit coefficients eventually provide the excludes excessive values &f...pifor the 7" production.
decomposition ol into the contributionsry of the re- We now turn to the discussion of the excitation functions
action models given in Fig. 13. Fapp—dp=° the fraction  for dp—dp=® that are compared in Fig. 1®ottom with
attributed to the quasifree process increases almost linearthe results from Ref.17]. For »<0.45 both excitation func-
from 13% for both measurements a=0.32 to 59% aty  tions are in good agreement although the two experimental
=0.86. These numbers depend on the event generator apetups cover different regions of the phase space: pidhe
plied for extrapolation into the phase space not seen by thexperiment[15] is essentially blind to the QF interaction,
detector and may therefore vary with the event selection cribecause a spectator proton would come from the target deu-
teria. Alternative criteria, e.g., the requirement of one iden+eron at rest and could be detected only with a minim{see
tified deuteron in the FD in conjunction with twg's from  Fig. 6) of 17 MeV kinetic energy resulting from the internal
the 7% decay in the CD and a missing mass identification ofmotion. Ourdp experiment in contrast has a comfortable
the supposed spectator proton, have been applied. The spewceptance for the spectator protons, since these move with
tral and angular distributions of these deuterons always reabout half the projectile deuteron energy and need only a
quired similar SF contributions relative to the QF compo-small transverse momentum component for being detectable.
nent. The observed agreement therefore leads to the conclusion
The fractions deduced fromp—dnz* scatter around that the QF fraction of the totdd— pd® cross section can
this trend. Forp=0.62, a deviation by 15% from thép  only be small; the reaction products must rather generate a
—dp#° data is observed, which is considered an outcome ogémooth distribution in phase space that allows a good ex-
the limited acceptance and statistics for the two lower proirapolation into the region not accessed. This applies in par-
jectile energiegsee Table )l rather than a systematic effect. ticular to distributions resulting from transition matrix ele-
The total cross sections,, obtained with Eq.(13) are  ments [Msd?,|[Mpg?, and [Mg? that dominate the SF
listed in Table | together with the error estimates. The numsepresentatiori17,35. It should be stressed that the IUCF
bersNyy,, Of events in Table | correspond to statistical errorsexperimen{15] was designed for this momentum range (
Sy=3%. The detection of charged particles discussed in<0.4).
Sec. Il E is associated with systematic uncertainties. Proton Indeed F&it and Wilkin [37] have found that close to
identification capabilities of the PROMICE/WASA setup threshold ¢;<0.35) thepd— pd«® excitation function can
have been studied in previous experiments as well as withe related to that of the corresponding binary reactiah
MC simulations and are estimated to be very accurale ( — 3Hen® [38,39. Their calculation assumeswave domi-
<1%); the deuteron detection is influenced by secondarynance in the finatip system and needs no assumption on the

TABLE |. Experimental conditions, total cross sections, and error estimatesifesdp=® (dp

—dnz™)

Eq Lint Ndpw° Trigger Ndpq-ro Otot doy oy 5(Tp,77+ doy 5Uaccept
MeV  10%* ecm 2 (7gns+) (Ngno+t) ub % % % % %
436.7 2.57 0.32 dp 1949 0.57%0.12 2 15 1 10 10
436.7 1.74 0.32 dp 1747 0.770.19 2 15 1 17 10
454.7 2.14 0.43 dpy 1820 2.6:0.5 2 15 1 10 10
491.8 1.59 (0.52 dmr* (971) 20+6 3 15 15 17 -
491.8 1.59 0.61 dpy 2643 18-4 2 15 1 17 10
514.8 0.71 (0.62 dmr™ (1274 47+12 3 15 15 10 -
514.8 0.71 0.71 dpy 2416 34-7 2 15 1 10 10
559.0 1.72 (0.78 dmr* (92006 144+ 42 1 15 15 17 -
559.0 1.72 0.86 dpy 12480 90t 22 1 15 1 17 10
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7% wave. A reasonable description of the excitation functionthe supposed spectator proton to an elementgry-d7°
is obtained which indicates a preference for the spin-  process are observed in phase space regions where it is ki-
doublet over the spin-quartet state. This is at variance with aematically favored by a zero recoil momentum. Close to
statistical population as in the QF mechanism, see(Bq. threshold the necessary recoil momentum in the order of 200

For »>0.45 the QF contribution ter,; becomes increas- MeV/c has to come from the momentum distribution in the
ingly important. Here, the two excitation functiosq(7) projectile deuteron; this makes the QF mechanism a rare pro-
disagree by a factor up to 3. Based upon E) we can cess. With increasing; the recoil momentum needed de-
decompose our resutty, into the two excitation functions creases and can be provided with higher probability from the
oor(n7) for the QF process andsg(7) for the SF compo- Fermi motion enhancing the QF process.
nent. The agreement betweerg and the result foir,, of Altogether, however, the outgoing protons clearly indicate
Ref.[17] in Fig. 13b) for the whole rangey<1 is remark- a preference for momentum transfers higher than those ex-
able; indeed it seems that the disagreement;jpis essen- pected from a QF process and point towards a mechanism
tially due to the missing QF component in the data of Refsinvolving all three nucleons. A Watson-Migdal tyjpeal-FSI
[15,17. alone cannot account for this discrepancy, because it does

Our excitation functionooe(7) agrees iny dependence not extend the range of transferred momenta, and it is not
as well as in absolute units within a factor of 2 with the compatible with the weight that must be given Rowave
calculation[8] of the QF process using the matrix element of contributions. If genuine R forces, e.g., of the Tucson-
Eq. (1). The (relative) excitation function calculated for the Melbourne type are excluddd,21], double scattering am-
QF mechanism witlpd-FSI enhances the excitation function plitudes of the kind discussed in R¢86] may be promising
only for lower 5 such that the agreement with our experi- candidates for a coherent description of all observables in
mental datacoe(7) is lost. And what is the impact of a terms of reaction models.
pd-FSI on the decomposition of the total cross section at one In order to give a more quantitative estimate of the QF
projectile energy? As already shown in Fig. 9 for thecontribution without knowing details of the competindN3
Watson-Migdal approach it has moderate influence on theéeaction mechanism, we applied a fitting procedure that en-
spectral and none on the angular distributions of the ejectiles;ompasses all non-QF contributions in a partial wave expan-
Inclusion of this FSI in the spectator model component apsion neglecting interference effects. The resulting decompo-
plied in the fitting procedure led to fractions compatible with sition is consistent for bottdN—dNz channels of this
the trends in Fig. 13, however, with systematically higher  paper; it yields a fractional QF component that increases al-
Based on our data, thed-FSI seems therefore insufficient most linearly with » and reaches 50-60% at tH¢N
and inadequate to account for the deviations from the QF~NN threshold. According to Refs[13,14 the QF
model calculations. mechanism does not exhaust the observed differential cross

sections even far abovey& 2.3) threshold.
V. SUMMARY The excitation functionsr,gy,o(7) and oqg,+(7) differ

. by a factor of roughly 2 as expected from charge indepen-

The reactionsdp—dpn” and dp—dnw" have been dence. Agreement with the resulis g,o(7) from Ref.[15]
studied in a kinematically complete experiment at five deuss gbtained if it is assumed that there the QF component was
teron projectile energies between the thresholds fordtNe  gjther too smallfor 7<0.45) or too much outside the de-
—dN7 and a QFNN—NN process. Spectroscopy of the tector acceptance to provide a substantial contribution. Our
forward going charged particles was performed with thegxcitation functionoog(7) of the dpm® channel is in good
PROMICE/WASA setup; the third neutral particle was e'theragreement both in shape and in absolute values with the QF

identified by its missing massn(#°), or by the 7™®~yy  model[8] and nopd-FSI is needed.
decay. Concurrent measurement of the elagficscattering

provided the reference data for absolute cross sections.
The detector efficiency was derived by extrapolating the ACKNOWLEDGMENTS
reaction yield into phase space regions not covered by the
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