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The first measurement of the cross section of the quasifree pn# reaction has been carried out at the
CELSIUS storage ring using a deuterium internal cluster jet target. The energy dependence of the cross section
is extracted using a fixed incident proton energyp¥ 1350 MeV and exploiting the Fermi momentum of the
struck neutron. The data cover a range of center-of-mass excess energies from 16 to 109 MeV. The shape of
the excitation function is broadly similar to that of th@— pp# reaction, though with a cross section about
a factor of 6.5 largerl S0556-281®8)02811-9

PACS numbgs): 25.10:+s, 13.60.Le, 13.75.Cs, 25.40.Ve

It is generally believed that the productionpfmesons in  sponds to a pure; cross section, has been reasonably well
nucleon-nucleon collisions proceeds mainly via the excitameasured in the threshold regipfn—9] and it is these data
tion of intermediate nucleon isobars, dominantly thewhich have provided the primary tests of the calculations. To
N*(1535) S;;, which subsequently decays into the measure the isospin-zero cross section, and thereby learn
nucleon# channel. The importance of this resonance hasnore about different meson exchanges, one has to gindy
been demonstrated directly in a measurement of thénteractions for which data are much more scarce. Inclusive
pn—d= channel in the threshold regi¢h]. Theoretical cal- measurements of production in proton-deuteron scattering
culations for these processes are generally based on the oridearly show that the production on the neutron is much
boson-exchange modéR—6] and, although all similar in stronger than on the protddQ], but these data sum together
spirit, they differ significantly in their assumptions of the both pn» anddy final states and average over a wide range
relative importance of different meson exchanges. Thereforef excess energies. We have recently given results on the
good experimental data from different channels are needed ipure isospin-zero quasifrggn—d» reaction[1,11] but no
order to restrict these models. There are two independemheasurements have yet been published isolating pthe
NN— NN total cross sectionsr, and o, where the sub- — pny reaction, which would allow the extraction of a pure
script refers to the total isospin of the two nucled¢@or 1) isospin-zero cross section through(pn—pn»n)=(o;
in the initial state. Thepp—pp#% reaction, which corre- +o,)/2. We make good this deficiency by presenting the
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going protons are reconstructed to a precision of better than

2500 1° and 4%([full width at half maximum(FWHM)], respec-
tively. More details about the detector setup and its perfor-
2000 . )
@ mance are given in Ref12].

g 15001 The production ofy mesons irpd collision at an incident
R proton energy of 1350 MeV is dominated, in our region of
1000 acceptance, by quasifree reaction chanfel$3]. We there-

fore assign all events, with aw identified from the Csl
500 information, to one of the reactions
06" pd—pp7y+ns, (1)
d [cm]
—pny+ps, (2

FIG. 1. Distanced between the calculated point of impact of a
deuteron and a forward-going track at the position of the tracker 90 —dn+ps, 3)
cm downstream of the targésolid point3. Superimposed are the
results from an analysis using Monte Carlo data from the reactionwhere the subscrifg denotes a slow spectator nucleon. This
pn—pny (dotted ling, pp—pp7n (dashed-dotted line pn—dn assumption is checked further in the analysis. In a previous
(dashed ling and the sum of the thregolid line). paper we reported the extraction of cross sections for the

reaction channel§l) and (3) [1]. The quasifree channél)

first determination of the energy dependence of the quasifre@as compared with the truly freep— pp# reaction mea-
pn—pn»n total cross section using a deuterium target. Asured with a H target and the consistent results found served
rather large energy interval in the center-of-mass systeras an important control of the analysis method empldgeé
could be covered by working at fixed beam energy and idenalso Fig. 3. Since the scattered proton and deuteron energy
tifying and exploiting the neutron Fermi momentum. It losses overlap in the energy region considered, we used the
should be stressed that, in addition to providing tests of basitwo-body kinematics to separate out chanf®l from the
models, thepn cross sections are also of great relevance irother two. This was achieved by calculating the expected
the modeling ofy production in heavy ion collisions where deuteron emission angle from the reconstructed energy-
the » has been advanced as a probe of the high-density renomentum four-vector of the. The latter is obtained from
gion [4]. a kinematical fit(1C) using the measured directions and en-

The experiment was carried out using the WASA/ergies of the two decay’s. For events with one charged
PROMICE apparatus at the CELSIUS storage ring at theparticle detected, the distance between the predicted and
Svedberg Laboratory, Uppsala, with a beam of protons ofneasured point of impact in a tracking detector plane placed
energy T,=1350 MeV incident on an internal deuterium 90 cm downstream of the target is then calculated. From the
cluster jet target. The integrated luminosity was approxi—+esults shown in Fig. 1, a strong enhancement is seen at
mately 100 nb!. The #’s are identified from their 2 de-  small distances and this is a clear signal for the two-body
cay channel, where the's are detected in two C&lla) ar- pn—dy process. Events with larger distances are found to
rays placed at either side of the scattering chamber. Eadbe dominated by channé®), which is the one of interest in
array is made of 56 tapered elements and covers polar anglédse present study. In the analysis we classify events with a
between approximately 30° and 90° an®5° in azimuth. distanced<<5 cm as candidates for tliy channel, whereas
Thin scintillator hodoscopes are placed in front of the arraysvents withd>10 cm are used in thpn» analysis.
to veto charged particles. Theydnvariant mass resolution The Fermi motion of the target nucleons affects the c.m.
obtained at thep-meson mass is 20 MeVtms). Forward-  energy of the system, consisting of the beam proton and the
going charged particles are measured in a detector systetarget nucleon, on an event-by-event basis. Thus the c.m.
covering polar angles between 4° and 22° with respect to thenergy of the final state can be reconstructed for each event
beam direction. It consists of a tracking detector, made fronwith a topology consistent with one of the reactighs—(3),
straw chambers, followed by a three-layer scintillator hodoJrovided that enough information is available. The energy
scope and a four-layer scintillator calorimeter. A second hoand direction of thep meson, together with the direction of
doscope is placed at the end of the detector system to registtire deuteron, or alternatively the direction plus energy of the
penetrating particles. The angles and energies of the forwardwo protons, make it possible to determine the Fermi
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momentum for channel§l) and (3). It is then straightfor- 1000 F——————T—— T T T}
ward to calculate the excess energy in c.m. system, 5
Qcm= VS— My, ON an event-by-event basis, assuming the * ¢
spectator nucleon to be on its mass shell. ]jrmspsn final 100 Lpn—dn o0 % o 0o 61
state involves two undetected particles and it is therefore not F 6 © =R
possible to reconstruct the spectator momentum from the [ 9 ©
measured quantities. However, it is principally the longitudi- ﬁ% .
nal component of the Fermi momentum which determines 0E ¢
the extracted c.m. energy of the quasifree collision. There-
fore, by neglecting the transverse component, we have
enough information to reconstruct the c.m. energy. Simula-
tions show that, under these conditio%,,, can be recon- A
structed to a precision of about 8 Mel¥ing) for the pny § o pun QF, this exp.
channel as compared to 5 MeV in they andpp# cases. 5 @0 dnQF[L11]
The relative contributions of the different reaction chan- 0,1 avo  ppn[7-9] 4
nels to the distribution in Fig. 1 were checked using Monte ppn QF [1} ]
Carlo simulated events fro®EANT3 [14], including the tar-
get nucleon Fermi momentum, as given by the Paris poten- . . . . L
tial [15]. For the apportioning of events between ez 00l = a0 60 80 100 120
and pp» channels, we use the known experimental accep- Qe [MeV]
. . . c.m.
tance and excitation function of the latter. Hon» events,
we assumeSwave behavior, which reproduces the proton  FIG. 3. Total cross sections for the quasifgee— pnz reaction
and » energy and scattering angle distributions over the ki{solid points together with other free and quasifre®l reactions
nematically covered region. Figure 1 shows the result of thisopen symbols(Refs.[1,7-9,11) as a function oRQ. , . The errors
analysis for thepnz, pp#n, d# contributions and their sum. shown are statistical only.
The agreement between the experimental and MC data dem-
onstrates that, within experimental errors, all theevents As expected, they production inpn collisions dominates
can be attributed to the three quasifree channels. To cheawver that inpp in this region[1,10. The pn—d# cross
further thepn# hypothesis, we searched for signals from thesection is larger thapn— pnz one at c.m. excess energies
final state neutron in the forward detector. Such neutrongelow 70 MeV. Such a behavior can be understood in terms
have a probability of around 40% of interacting in the 44 cmof phase space arguments, since the two body phase space
thick plastic scintillator materia[16]. By using the three opens up more rapidly close to threshold, and can be pre-
layers of the forward hodoscope as a charged particle vetalicted quantitatively in terms of final-state-interaction theory
we find a consistent number of detector hits. For thes§17]. Figure 4 shows the cross section ratio between the qua-
events, both the neutron azimuthal angular distribution andifree pn—pn» and pp— pp» reactions, which is fairly
the neutron-proton coplanarity distribution agree reasonablgonstant at approximately 6.5 over the whole rang®gf,
well with expectations, as shown in Fig. 2. covered. The similarity in the energy dependence of the two
To extract the total cross section, we use the normalizaeross sections is expected in most theoretical models; it is the
tion from Ref.[1], which was established using quasielasticmagnitude rather than the shape of the excitation curve that
proton-proton scattering data recorded in parallel. By using
the freepp ellastic cross section as normalization,. effects  TABLE I Total cross sections for the quasifre@— pn7 re-
from shadowing will be largely compensated. Figure 3,ction. The errors shown are statistical and systematic, respectively.

shows the extracted energy dependence of the quasifrgg aqdition there is a 23% uncertainty in the overall normalization
pn—pny cross sections, together with data on the other [1].

channels, both free and quasifree, as a functio@gf, . In

* pn—pm
a
al E
o ]

s 7 ppopPN

o [ub]

TR
=]

addition to the statistical errors and the individual systematic Excess energ@.,, Equivalent beam energy Tt
errors for each data point, there is an overall uncertainty of [MeV] [MeV] [ ub]
about 23% in the absolute normalizatid]. Numerical val-
ues of the cross sections are given in Table I. 16 1295 1¥+1x06
With the three quasifree reaction chann@ls-(3) having 26 1321 2¢:1+0.9
been measured, it is possible to make a final consistency 36 1347 352+1
check. The total number of’s seen in the invariant mass 46 1374 S52x2%2
distribution of the twoy's detected in the Csl calorimeters 56 1400 T23%2
agree, to within 5%, with what is expected from the quasi- 64 1421 9&5+3
free channels alone. Also the apportioning of events with O, 74 1448 12+ 7+4
1, and 2 charged particle tracks in the forward detector 81 1466 138 10+6
agrees very well with what is expected from the simulations. 91 1492 165-14+7
This once more justifies the assumption of the dominance of 99 1514 23226+ 10
the quasifree channels in the region of acceptance covered by 109 1541 229 31+ 12

this experiment.
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10 | =3t +t,+3t,—t,|?
i ] 2
% 8 i + * } [t +t,+t,+t,

b& 6 + + + ] between the squares of tHe=0 and 1 amplitudes, noting

g f ] that o(pn—pn»n)=(o1+0y)/2. The main uncertainties in
T 4r + ] calculating those amplitudes comes from the unknown phase
ba oL 1 between the meson exchanges and the lack of detailed

knowledge about the coupling of thheand w mesons to the
. N* resonance. The relatively large measured ratio demon-

0 20 40 60 80 100 120 strates the dominance of isovector mesen &nd p) ex-
Qc.m. [MeV] change for these reactions and will be useful to constrain the

theoretical models.

In conclusion, we report on the first measurement of the

energy dependence of the cross section for the quasifree
. . . n—pny reaction near threshold. This was made possible

changes W'th. the different as.symptlo.ns about the meson e y analyzingz production from quasifre@n interactions

Changes: This can be guantified using _the short range a‘Bl'sing a deuterium target and exploiting the Fermi momen-

proximation where theSwave cross sections are given by ¢ "¢ the target neutron. The shape of the energy depen-

FIG. 4. The ratio between the measured quasimee> pnz and
pp—ppn cross sections as a function Q. .

(18] dence is similar to that gb p— pp7, although the cross sec-
tion is approximately 6.5 times larger in magnitude. This
o(pp—ppn)=oi(pn—pny) information constrains theoretical models for these reactions
=Clt,+t,+t,+t,/2[¢T71(0)] and provides an input to calculations on production in

heavy ion collisions. This measurement completes the mea-
surements of all isospin channels faf production in
nucleon-nucleon scattering that are relevant in the threshold
region.

and

O-O(pn—>pn7’):c|_3t77+t1]+3tp_tw|2 |¢T:O(0)|21
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