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Abstract

A study of the deuteron breakup reactipd — (pp)n with forward emission of a fast proton pair with small excitation
energyE,, < 3 MeV has been performed using the ANKE spectrometer at COSY-Jiilich. An exclusive measurement was
carried out at six proton-beam energigs= 0.6, 0.7, 0.8, 0.95, 1.35 and 1.9 GeV by reconstructing the momenta of the two
protons. The differential cross section of the breakup reaction, averaged Upwer&he cm polar angle of the total momentum
of the pp pairs, has been obtained. Since the kinematics of this process is quite similar to that of backwargélastip
scattering, the results are compared to calculations based on a theoretical model previously applied te the process.
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1. Introduction crease and this makes the theoretical interpretation of
this process much more ambiguous.
Backward elastipd — dp scattering at energies of In view of the above complications, it would be

several hundred MeV is one of the simplest hadron— very important to study a similapd process, where
nucleus processes with high transferred momentum. contributions from thevV* and A resonance excitation

It has been studied for more than 30 years both ex- are suppressed. For that purpose, an appropriate reac-
perimentally and theoretically with the aim of ex- tionis the deuteron breakup

tracting information about the short-range structure

of the NN interaction and the dynamics of high- P14 = (pp)+n

momentum transfer in few-nucleon systems. Besides with emission of the two protons in forward direction
the one-nucleon-exchange (ONE) mechanism (Fig. 1), (0pp ~ 0°) at low excitation energy,, < 3 MeV.

a number of concepts have been discussed in this con-With the neutron emitted backward, the kinematics of

text, e.g., the presence of nucleon resonand&y ( this reaction is quite close to that pfl backward elas-
inside the deuteron [1], the importance of virtual pi- tic scattering. Therefore, the same mechanisms can be
ons [2], and three-baryon resonances [3] (for a review applied in the analysis of the process as well. Accord-
see Ref. [4]). Only at low energies, where ONE domi- ing to the ONE+ SS+ A model calculations [13,14],
nates, are the data on differential cross section, tensorWhich implicitly include thepp final-state interaction
analyzing poweiTzo, and spin transfer coefficient, (fsi), the pp pair is expected to be mainly in &Sp
reasonably well described [4-8]. At higher energies, State. Due to isospin invariance, the isovector nature
where internal momenta above 0.3 Ge\are probed of the pp pair leads to a suppression of the amplitude
in the deuteron, the dynamics becomes more compli- of the A mechanism by a factor three in comparison
cated, because of a possible excitation\sf and A to the ONE amplitude for all partial waves of tip
resonances in the intermediate states. These effectsSystem [13]. The same suppression factor also applies
are taken into account to some extent in the one-pion- for & broad class of diagrams with isovector meson-
exchange model, but when adding the ONE amplitude, nucleon rescattering in the intermediate state, includ-
the problem of double counting arises [2,9,10]. The iNg excitation ofN* resonances [15]. As a result, the
excitation of theA (1232 resonance in the interme- ~ contribution of the ONE mechanism, which is sensi-
diate state & mechanism) is explicitly included in a  tive to the NN potential at short distances, becomes
model [3,5], which also takes into account coherently More pronounced than ipd — dp scattering. Fur-
ONE and singlepN scattering (SS) in a consistent thermore, the node in the half-off-shelp scattering
way (Fig. 1). This model, improved in Ref. [11] with amplitude in thel Sy state at an off-shell momentum
respect to theA contribution through the analysis of ~Of about 0.4 GeYc leads to a dip of the differential
pp — pnr*t data [12], describes the gross features Cr0SS section of the deuteron breakup at 0.7-0.8 GeV

of the pd — dp spin—averaged differential cross sec- beam energy [13,16]. At higher energies of 1-3 GeV,
tion. After further refinement also the tensor analyz- the cross section is dominated by the ONE mechanism
ing power at beam energies below 0.5 GeV is quali- and decreases rather smoothly. _
tatively reproduced [5]. Above the region, where the Another attractive feature of the process is the
A(1232) dominates, the role of intermediate excita- Simplicity of its phenomenological description, since
tions of heavier baryon resonances is expected to in- &t Zero degrees it requires only two spin amplitudes.
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Fig. 1. Mechanisms included in the ONESS+ A model for thepd — (pp)n (pd — dp) processes.
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Fig. 2. Top view of the experimental setup with the forward detection system of the ANKE spectrometer.

Therefore, a model-independent amplitude analysis times for particle pairs hitting different counters. Off-
becomes possible through the measurement of a fewline processing of the amplitude data permitted the
polarization observables. As a first step, we have measurementofthe energy-losswith an accuracy of 10
measured the differential cross section at six beam to 20% (FWHM), and of the time-of-flight difference
energies in the interval 0.6—-1.9 GeV, which covers the of events with two registered particles with a precision

region of the dip predicted by the ONE SS+ A
model, thereby probing a wide range of high internal
momenta of theV N system §yy ~ 0.3-0.6 GeVYc).

2. Experiment

of 0.5 ns (rms). A separate measurement with a
hydrogen target at beam energies of 0.5 and 2.65 GeV
was carried out to calibrate the energy loss in the
counters and the momentum scale via the processes
pp — pp, pp — dnt andpp — pnn™t.

The horizontal acceptance of the setup is shown in
Fig. 3. The vertical acceptance corresponds85°.

The experiment was performed at incident proton The trigger rate resulted mainly from elastically and
beam energies of 0.6, 0.7, 0.8, 0.95, 1.35 and 1.9 GeV quasi-elastically scattered protons, from protons as-

with the spectrometer ANKE [17] at the internal beam
of the COoler SYnchrotron COSY-Jilich [18]. In

sociated with meson production and, at beam ener-
gies below 1 GeV, from deuterons produced in the

Fig. 2 those parts of the spectrometer are shown that pp — dz* reaction. Events with two registered parti-
are of concern for the present experiment. The protons cles contributed little to the total trigger rate and were

stored in the COSY ring~3 x 10'° impinged on
a deuterium cluster-jet target [19], which provided a
target thickness of about3 x 102 atomgcn?. The

selected off-line. Protons from the breakup process
pd — ppn with an excitation energ¥,, <3 MeV
could be detected with the experimental setup for lab-

produced charged particles, after passing the magneticoratory polar angles between 0 arfdat all energies.

field of the dipole D2, were registered by a set of

Among those events with two registered particles,

three multiwire proportional chambers (MWPC) and breakup events are identified by the determination of
a scintillation-counter hodoscope. Each wire chamber the missing-mass value, calculated under the assump-
contains a horizontal and a vertical anode-wire plane tion that these particles are protons. At all energies
(3 mm wire spacing), and two planes of inclined the missing-mass spectra reveal a well defined peak at
strips, that allowed us to obtain the required resolution the neutron mass with an rms value of about 20 MeV
of ~ 0.8-1.2% (rms) in the momentum range 0.6— (Fig. 4). The peak is clearly separated from the one

2.7 GeVje.

at 1.1-1.2 GeYc?, caused by proton pairs from the

The hodoscope consists of two layers, containing pd — ppn°n or pd — ppm~p reactions. A direct

8 and 9 vertically oriented scintillators (4 to 8 cm
width, 1.5 to 2 cm thickness). It provided a trigger

identification of the particle type is possible for those
events for which the two patrticles hit different coun-

signal, an energy loss measurement, and allowedters in the hodoscope. These amount to about 60%

for the determination of the differences in arrival

of all events in the peak at the neutron mass. For
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Fig. 3. Plot of the acceptance of the setup from a MC simulation
showing polar angle vs. momentum a6 @GeV beam energy,; is

the scattering angle of the emitted particle projected onto the median
plane of the spectrometer. The curves show kinematical loei far

p andd from the indicated processes. The symbol [pp] denpjes
pairs with zero excitation energy, while the grey area contains those
of Epp <3 MeV.
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Fig. 4. Missing-mass distribution &, = 0.8 GeV of all identified
proton pairs (unfilled histogram). The black histogram denotes
identified pp pairs with excitation energy of less than 3 MeV.
The inset shows the distribution near the neutron mass without
particle identification for pairs witl€ ,, < 3 MeV. The background
contribution is shown in grey.
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E,, <3 MeV, the fraction varies from 60 to 22% for
T, = 0.6 to 1.9 GeV. The time-of-flight differenatr
measured in the hodoscope was compared to the dif-
ferenceAr(p1, p2) obtained from the reconstructed
particle momenta and p2, again assuming that the
two particles are protons. Applying ar2cut to the
peak of theAr — At(p1, p2) distribution, proton pairs
could be selected such that the contribution from other
pairs was less than 1%. When both tracks hit the same
counter, the energy loss distributions were analyzed
and found to be in agreement with the assumption that
both registered particles were protons. However, the
energy loss cut was not used, since the proton sepa-
ration from other particles was not quite perfect. In
this case we relied on the fact that misidentified pairs
(pret, dnt, dp or 3Hxt) show up only at substan-
tially higher missing mass values and therefore cannot
contribute to the peak at the neutron mass. For back-
ground subtraction, the spectra in the vicinity of the
neutron mass were fitted by the sum of a Gaussian and
a straight line (see inset in Fig. 4). The number of pro-
ton pairs and the signal-to-background ratigg/ Nug
were determined in &20 range around the neutron
mass. The distribution of distances between hits by the
proton pairs £,, < 3 MeV) in the MWPCs yields rms
values of 4.9 and 3.3 cm, at 0.6 and 1.9 GeV beam
energies, respectively. Therefore, a significant loss of
pp pairs due to the two tracks being too close is ex-
pected to occur only belov ,, = 0.2 MeV. Since a
resolution of 0.2 (0.3) MeV af,, = 0.5 (3) MeV

was achieved, proton pairs with,, < 3 MeV could

be reliably selected. '

The integrated luminosity."™ was obtained by
counting protons, elastically and quasi-elastically scat-
tered at small laboratory angles between 5 antl 10
It is not possible to distinguish these processes ex-
perimentally at ANKE, but the achieved momentum
resolution makes possible a clean separation from
the meson production continuum. The number of
counts obtained was related to a simulation using
the calculated small anglgd — pX cross section.
The calculation takes into account the sum of elastic
and inelastic terms in closure approximation of the
Glauber—Franco theory [20], which includes the sum
over the complete set of final states. In order to es-
timate the obtained accuracy, the cross sections, calcu-
lated for elastic and quasielasi@ scattering within
the same framework, were compared with the experi-
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mental data of Refs. [21-25] and [26] respectively, in and averaged over the angular range &)Cp]’]‘ < 8°, re-

the appropriate energy and angle range. The resultingsulting in

x2/n.df. = 0.85 (nd.f. = 64) and x2/n.d.f. = 0.73

(n.d.f. = 8), respectively, yield a 7% uncertainty of the ( do ) - Neor ) Nsig ) 1)

calculated cross sections. The total errors of the lumi- \ d£25% LNt A% Nsig+ Nog

nosities of Table 1 take into account this uncertainty N _

and other systematic errors of 5%, resulting from a (Table 1). HereNeor = 3 ;23 1/(A; - &), N is the

small variation of the derived luminosity with the po- number of selected proton pairs; ande; correspond

lar angle, caused by the position-dependent efficiency to acceptance and detector efficiency for registration
of the MWPC. of the ith pair. The correction factorf, close to

unity, accounts for several soft cuts applied during
data processing. The acceptance was calculated as
a function of E,, and 671 assuming a uniform
distribution in ¢7%" and isotropy in the two proton
system. The average detector efficiency was90%.

The data allowed us to deduce the three-fold dif-

3. Resultsand discussion

ferential cross section&o /(d cosoS- dgSi- d E ), @250 T
whered ;' and ¢ are the polar and azimuthal cm § -
angles of the total momentum of thg pair, respec- 2 L

l

tively. (The neutron emission angles correspond to o200
180° — 6. Fig. 5 shows the excitation energy dis-
tribution of the events fo77! from O to 7 and¢
from 0 to 360, summed over the beam energies 0.6, = 150
0.7 and 0.8 GeV. The shape of the spectrum is well
reproducedy?/n.d.f. = 0.99) by the phase space dis-
tribution multiplied by the Migdal-Watson factor de- 100
scribing thelSo fsi [27] including Coulomb effects.

The event distribution over the angle between the rel-

ative momentum of the proton pair and its total mo- 50
mentum is nearly isotropic, but would allow a few per-

cent of nonisotropic contamination to the differential

cross section. The counting rates at high energi&s(1 0y ’015‘ — 1' — ’1[5’ — é — ‘2[5‘ —
and 19 GeV) were rather low. Therefore, in order to E_ (MeV)
present the energy dependence of the process for all PP
measured beam energies, the three-fold cross sectiorrig. 5. Excitation energy distribution in comparison with the
was integrated over the intervalOE,, <3 MeV theoretical expectation (histogram) from fsi.

Numbe

TIWTIIIWT

g_lll‘
|

L!_

T T T

Table 1
Summary of the experimental resulf$, denotes the beam energy™ the integrated luminosityy the number of events with , <3 MeV
and pair emission anglﬁ‘,ﬁ;,” < 8°, Ncor gives the number of events, corrected for acceptance and detector efficieN&yg/ (Nsig + Nbg) IS

the background correction, arddr/d.Qgg‘ denotes the cross section (see Eq.(1))

T, (GeV) LN (cm2 x 1034) N Neor ﬁ do /a2 + oSt@t 4 oSSt (ubysr)
0.6 141+ 0.12 339 1403 ®4 + 0.05 172 + 0.09 + 0.17
0.7 193+ 0.17 227 872 ®B7 + 0.05 072+ 0.05 + 0.08
0.8 238+ 0.20 305 1050 (B9 + 0.04 072 + 0.04 + 0.07
0.95 128+ 011 112 337 ®5 + 0.07 041+ 0.04 + 0.05
1.35 069 + 0.06 16 45 079 + 0.22 010+ 0.02 + 0.03

1.90 074 £ 0.07 9 18 062 £ 0.27 003+ 0.01+ 001
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The differential cross section obtained as a func- in spite of the isospin suppression, the contribution
tion of beam energy is shown in Fig. 6. The energy from the A is still important because of the nearby
dependence of the measured cross section is similarminimum of the ONE cross section. At higher ener-
to that of thepd — dp process, but its absolute value gies, including the region of the expected dip at 0.7—
is smaller by about two orders of magnitude. There is 0.8 GeV, the model is in strong disagreement with the
no indication for the predicted dip in the breakup cross data. One should note that the ONESS+ A model
section. A comparison of the experimental results with underestimates thed — dp cross section in the dip
the ONE+ SS+ A calculations is shown also. Atthe region (I, ~ 0.8 GeV) as well. A possible explana-
lowest energies (0.6-0.7 GeV) the results for the Reid tion for this discrepancy is discussed in Ref. [4], where
soft core (RSC) [31] and the Paris [32] potential repro- the contributions ofV N* components of the deuteron
duce rather well the measured breakup cross section.wave function are evaluated on the basis of a six quark
This energy range corresponds to the region where model. Correspondingly for the breakup, effects from
the A(1232) dominates in thed — dp cross section.  N* exchanges and the contribution of theé\ compo-
The theoretical curves for the breakup process exhibit nent of the deuteron can possibly increase the cross
a shoulder at- 0.5 GeV as well. This indicates that section in this region and fill the dip. Other sizable

contributions may arise from intermediate states of the
Ghes (GeViC) pp pair atE,, > 3 MeV, de-excited by rescattering
03 04 05 06 0% on the neutron in the final state.

(ub/sr)

cm

PP

4, Conclusion

do/dQ

We report here the first measurement of the cross
section of thepd — (pp)n reaction with a fast singlet
] pp pair emitted in forward direction at beam energies
4 between &6 and 19 GeV. The measurement was car-
] ried out in collinear kinematics close to those jaf
backward elastic scattering. The known mechanisms
of the pd — dp process describe reasonably well the
] measured breakup cross section at low energies (0.6—
E 0.7 GeV). At higher energies the calculations depend

0.5 1 1.5 2 2.5 3 on theN N interaction potential at short distances and
T, (GeV) disagree with the data. Possible shortcomings of the
model may be attributed at present to an inappropriate
Fig. 6. Measured cross section of the procgds— (pp) + n for choice of the reaction dynamics or inadequate assump-

Epp < 3 MeVvs. proton-beam energy. The error bars include 4,5 anoyt the short-range structure of the deuteron.
both statistical and systematic uncertainties (Table 1). Shown also

are thepd — dp data (lo/d$2C™) taken from Refs. [28-30]. The ~ 1D€ !atter cc_JuId be remedied by_ more Qetailed_cal-

calculations with the ONE- SS+ A model are performed using ~ Culations using modertV N potentials, which are in

the NN potentials RSC (dotted line) and Paris (solid) [iG]'.he progress.

potentlal are shown by thin full Ilnes._ The upper scale indicates tr_]e pd — (pp)n reaction with detection Of)p 150 pairs

internal momentum of the nucleons inside the deuteron for ONE in . . .

collinear kinematics ak , = 3 MeV. provides a new tool to investigate the short-range
1 According to Ref. [3] a coefficient of 0.8 in the ONE amplitude _NN |n'Feract|on. F_Or fgrther insight, additional data,

arising from the distortion of plane waves in the initial and final iN particular polarization measurements, are needed

states is used to match the absolute value ofjtlie> dp cross to provide a complete set of observables. These

section aff) < 0.3 GeV. experiments are foreseen at ANKE.
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