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Measurement of polarization observables in thed+p—p+p+n reaction at T4 = 2.0 GeV
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We have studied the deuteron breakup in fifd,2p)n reaction atT4=2.0 GeV. In this experiment, the
vector analyzing poweAy , the tensor analyzing powekyy, and the polarization of the forward scattered
proton are measured close to the quasifogescattering kinematics. These observables are presented as a
function of the neutron momentum ranging from 0.04 to 0.45 @aithe rest frame of the deuteron. Marked
deviations from the impulse approximation using conventional deuteron wave functions are observed. Correc-
tions due to the multiple scattering, the final state interaction, and thgcitation are calculated in a model
where the spin-isospin structure of the elementary amplitudes is treated rigorously. With this model, a reason-
able account of the measured polarization observables is obtained. The global agreement with all observables
is, however, not good enough that we can reliably discriminate between conventional wave functions.
[S0556-28187)02507-7

PACS numbdis): 24.70+s, 21.45+v, 25.10+s, 25.45--z

I. INTRODUCTION three-quark bags. Experimental information from the polar-
ization observables as functions qf is sensitive to small
The deuteron is a very interesting nucleus as a pure cosomponents of the wave function and so could help to dis-
relation between the proton and the neutron. A detailed studgntangle these effects.
of its structure will bring information on the strong interac-  The kinematics of the exclusive proceds-p—p+p
tion between two bound nucleons in specific quantum statesy n is completely specified for each identified event, and
While the static properties of the deuteron, such as bindscanning img is possible assuming the validity of plane wave
ing energy, radius, and magnetic and quadrupole electric mampulse approximatiofPWIA). A measurement of the vec-
ments, are well known, the dynamics of this system are lesgr and tensor analyzing power and of polarization transfer to
well documented. The knowledge of the probability for aone outgoing proton, provides four independent observables
nucleon to have an internal momentuenin the deuteronis a of the reaction in addition to existing cross-section data. This
strong constraint for th&IN potential. The larger this mo- redundancy will be a stringent test for a good understanding
mentum, the smaller the relative distance between the twof the reaction mechanism. Experimentally the analyzing
nucleons. powers are ratios of cross sections and offer easy access to
As the internucleon distance decreases, meson exchanggnall probabilities with regards to normalization and effi-
and excitation of the nucleon internal structure leading tociency problems. The usefulness of polarized-deuteron
NN* andAA components and even new dynamical effectsbreakup experiments was emphasized and studied in several
appear. These ultimate effects still under investigation ar@aperg1-3].
due to the increasing overlap between the two nucleon’s The PWIA for the reactiop(d,2p)n under investigation
assumes that one of the nucleons in the deuteron is a spec-
tator, being unaffected by the breakup process. The momen-
*Deceased. tum of this nucleon in the outgoing channel boosted to the

0556-2813/97/5@)/50(14)/$10.00 56 50 © 1997 The American Physical Society



56 MEASUREMENT OF POLARIZATION OBSERVABLESN . .. 51

deuteron rest frame is interpreted as its Fermi momemjum others introducedAA andNN* isobaric components in the
or internal momentum of the nucleon in the deuteron. Hencegeuteron wave functiof29] and Ableewet al.[20] suggested
in the framework of the 1A, it is possible to study the internal Six-quark effects following many theoretical studi€9—32.
momentum distributiond (q) |>=u?(q) +w?(q). Within the Whatever the deuteron structure, the PWIA needs to be
same approximation, the polarization observables are sengomplemented at high internal momenta by known effects
tive to the ratiou(q)/w(qg), momentum space wave func- such as final state rescatteriff§SR). The off-shell effect of
tions of theS and D state components of the deuteron, re-the proton in the reactiod(e,e’p) was discussed in Ref.
spectively. The structure of the deuteron has been the subjelct8]. The estimated correction to the cross section was found
of many investigations, both theoretically and experimenio be smalla few percent The possibility of FSR processes
tally. was studied1,8] and included in most of the interpretations.
Conventional theoretical studies are based on models ofhis aspect is especially detailed[B3] where the exclusive
the N-N potential. From the potential, the wave function of d(p,2p)n and inclusivep(d,p)X cross section and tensor
the deuteron as a bound state of the proton and the neutronasalyzing powerT,, are computed up to double scattering
deduced. Among the numerous results, we will specificallyput in a coplanar geometry. The virtualexcitation was also
use the Bonn wave functidd] and the Paris wave function discussed34,10, for the d(p,2p)n cross section, conclud-
[5] as representatives of reasonable variations of various phéng that it can be dominant when the two final protons are
nomenological potentials. emitted symmetrically with an invariant mass around
A number ofed elastic scattering experiments have beenM+ M, . In other kinematics closer to the quasifree scat-
performed to measure the charge, quadrupole, and magnetiering, the virtualA contribution was showr15] to have
form factors(see Ref[6], and references included therein modest effects.
up to a transfered momentum of 4.6 ffn However, the When FSR oA excitation play a significant role, it is not
transverse and longitudinal structure functioA§Q?) and  possible to interpret the momentum of the spectator nucleon
B(Q?) have been measured up to 8 and 10 fmrespec- as the internal momentum of the deuteron constituent nucle-
tively. It should be noted that if the momentum transfer inons. Yet this interpretation still provides an easy way to pic-
elastic scattering i€, then the corresponding value of the ture and discuss experimental results which are fivefold dif-
deuteron internal momentum é=Q/2. ferential in a three body final state experiment. We expect
Exclusive and inclusive deuteron breakup reactions, botihat polarization data will provide a test of the validity range
providing in principle direct access to the deuteron waveof the PWIA from the universality of observables with re-
function have been extensively investigated. There are datspect tog, as well as a strong constraint in the separation of
from the exclusivel(p,2p)n [7—15 andd(e,e’p)n [16—18  the reaction mechanism from possible unconventional deu-
reactions, and also from the inclusive reacti,p) X [19—  teron components.
22]. An exclusive experiment on polarized deuteron photo- In the present experiment the tensby, and vectorAy
disintegration is in progress in NovosibirdR3] and at analyzing powers, and the polarization of the outgoing fast
NIKHEF [24]. proton in thed+ p— p+ p+n exclusive reaction, have been
Inclusive polarized deuteron breakup has been intensivelyheasured  with polarized deuteron beams from the
investigated using Dubna and Saturne polarized deutero§gATURNE synchrotron at Laboratoire National Saturne in
beams[21,22,25-28 These studies have demonstrated thafrance. The coincidence cross sections measured in the same
polarization observables such as the tensor analyzing powgkperiment were publishd@5] and are thus not discussed in
T2, were independent of beam energy, and only weaklythe present paper.
dependent upon the target nature, when analyzed as a func- The theoretical model used for the analysis of the polar-
tion of internal momentungj, over a range of deuteron en- jzation observables is similar to the one used for the
ergies from 1.25 to 4.4 GeV. Polarization transfer data shoviatchina unpolarizegd— ppn experiment15]. More de-
a similar energy and target independenceTgs although  tajls concerning the description of polarized observables are
the experimental evidence is weaker. given in Sec. Il. The experiment and data reduction are de-
The various reactions give a coherent picture of the deuscriped in Sec. IIl. In Sec. 1V, the results are presented and

teron density and are well understood in terms of the IA withdiscussed with a summary of the theoretical model used. The
a conventional deuteron wave function up to momentum Otgnclusions are drawn in Sec. V.

about 200 MeWe. Above thisq value, depending upon the

reaction and_ the kinematics, the results differ significantly. Il. DESCRIPTION OF OBSERVABLES

After corrections to the PWIA, théd(q)|? from (e,e’p)

experimen{18] is in agreement with the Paris wave function  In the PWIA first-order approximation for the reaction
up to 500 MeV¢, while the|®(q)|? extracted from p,2p) mechanism, the spectator nucleon remains in the same spin
[15] agrees better with the Bonn wave function in the samestate and has the same momentum as prior to the reaction. In
internal momentum range. In inclusive breakup, with a pro-this experiment the angles of detection for the two protons
ton detected in the forward direction, a marked bump omere chosen to favor quasifr@g-scattering events, leaving
excess of probability, is observed around 320-350 Melk/ the neutron in the deuteron as a spectator.

the data, above conventional wave function predictions for The amplitude of the reaction in the PWIA can be written
all targets and energies of the deuteron b¢a®-22. Upto  as

now this bump is not unambiguously understood. New de- .

grees of freedom in the deuteron structure were also sug- FI,;LA]:/YLMZYMSZ<X;_L/121X5221X§_L/;7|Vpp(112)|X§L'L/2'\P':¥|(lv3vq)>’
gested; for example, Kerman and Kisslingéollowed by 1)
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FIG. 1. Notations for the(d,2p)n reaction. The letters My, R
and y; refer to the spin magnetic quantum number of each particlewhere k= (i/q=fq, n is the unit vector along the normal to
the plane of thepp scattering,P,, the polarization, and
where the spin part of the wave functions is specified with ado, the differential cross section of thgp scattering. The
notation illustrated in Fig. 1. The deuteron wave function inexpression foA,(q) defines a structure functioBy(q) for
momentum space is the deuteron.
The polarization of the fast proton, which was also mea-

-1 - sured in this experiment, is defined as
PIL3= g X u(@VU@ a1, @

_ Nup_ Ndown
where the spherical harmonids (q) determine the angular Nup+ Naown
dependence, angh is the deuteron spinor. The radial depen-yhere the number of fast protons in the up or down spin state
dence of thes andD state of the deuteron are the functions jg

u_(q) to be denoted in the following as(q) andw(q), or
u andw for short. The cross section of the exclusive reaction

(11)

. . L . — up(down)
for a given spin stat®! of the initial deuteron is then Nup(down % Nydoy
dSO'M 1 1 d
M _do :_2 2 FH1H2:43 2, 3 :2 Ny — Z FUD( own),u 5,4 3 2 (12)
dp,dQ,dQ, M2 BM1.M2. M3 | M.u o 2 iz 3 | Mo |
where the notatiomley, is introduced for shortness. If the proportion of incident deuterons in each spin state is

Following the Madison conventiof36] the differential N+, N—, andn,, then the vector and tensor polarization of
cross section for vectom() and tensor ) polarization of the beam are
the deuteron beam is

py=n+_n—- (13)
d°c
- pyy=N.+n_—2ng, (14
dp;d0,d0, Py Py e °
o 3 1 n,+n_+ng=1, (15
:dpldﬂldﬂz(o’o) 14 2AvPy T 5 Avbyy |, and the spin structure of th®d,2p)n amplitude leads in IA
to
4
P,,+3ByD 2+A P, /2
with corresponding vector and tensor analyzing powers de- _ PopT 3ByDppPy/2 AvyPyyPpyf , (16)
fined as 1+3Aypy/2+ AyvPyy/2

doyi—doy_, whereD,, is the depolarization parameter in fre@ scat-

Ay= , (5)  tering. The depolarization parameter for thd,2p)n reac-
doyitdoyetdoy-; tion can be defined as
do—Ml+dUM71_2dUMO d(TM_dO'Tl
YY= , (6) D,=—%57—"7, 17
d(TM1+d(TMO+d(TM_1 3d0—
and the unpolarized cross section as with
1
d°o doy+doyg+doy— M= Flm2mg2y |plhuzng2 18
—(0,0)=d0'= M1 MO M 1. (7) dG' #,§M3 [| l,,u, | | 71# ]1 ( )
dp,dQ,dQ, 3
From these expressions, one can derive the following expres- dngi 2 [| F]/;z~#3|2+||:ivﬂzvﬂs|2], (19)
sions for the three observables in the PWIA: 1l b * *
)P 2(u2—w?) —uw\2 , w(\2u+w) R Sl
v(d)=Ppp 307+ w?) n w2 (k,n) 11 e
do=>3 > P . (20)

Mo,y o, 03

= PppBYy (8)
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FIG. 2. The Feynman diagrams included into the calculation.
The exclusive breakugO) is the coherent sum of first-order im-

pulse approximatiorfA), final state rescatterin@®), andA excita-

tion (C). For graphs A and B, the two circular permutations of the
final particles are also computed. For graph C, only the permutation

of n andp, is considered.

The D, observable measures the fraction of fast protons
with their spin in the same direction as the deuteron spin. I

the IA, this observable is equal to

D,=ByD (21)

pp
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-> ->
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torr ediate
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Time of ffight

¢

BG

tisation (FF)

FIG. 3. Experimental setup: The magnets of the beam line and
f the SPES 4 spectrometer are shown with the location of the RS
arm and of the POMME polarimeter. The shaded areas are concrete
walls. The RS detectors are protected from a direct view of the
beam stop.

whereBy is the same deuteron structure function which wagmechanism will result from the comparison of theoretical

introduced earlier in the definition &%y ; By has values in
the range from+1 to —1.

Labeling the polarization of the fast protdd™ for an
incident deuteron in the statél(=+ 1), andP~ for the state
(M=-1) the expression dd,, follows,

YL
v 3py Y

PT+P~

. 22

Combining the two independent quantitie$ andP~ it can
be shown that

PT—P~

——

_PT+P™ 3

Po=——75—+ 5 AvPy (23

which is the polarization of the fast proton for unpolarized
deuteron beam. In the 1A it is equal to the polarization in free

pp scattering:

Po=Ppp- (24)

To summarize, we note that the spin observalfles
Avy, andD, are functions of the ratio between tBend the
D states at an internal momentuin‘ixed by the kinematics
in the outgoing channel. In the 1A, the momentunis the

momentum of the spectator neutron, in the deuteron reg
frame. In this paper all the observables are shown as funqa_-

predictions with the four independent observablésg,
Ayy, D,, andP,.

The termqy in Eq. (9) takes into account events with
pp scattering out of the horizontal plane resulting from the
large vertical aperture of the detectors in this experiment.
But the Py, andD,, parameters are defined only for copla-
nar pp scattering.

Expressions for the analyzing power, valid in the frame-
work of the 1A, and similar to Eqs(8) and (9), have been
discussed by Wilkif37], and used for analysis of inclusive
deuteron breakup reaction d4@i,22 and of ®Li inclusive
breakup reaction da{@8]. However, Eqs(8) and(9) differ
from them by the fact that they contain a term depending on

Qv .

Ill. DESCRIPTION OF EXPERIMENT
AND DATA HANDLING

The polarized deuteron beam from the atomic ion source
HYPERION is injected in the preaccelerator MIMAS and
then into the synchrotron ring SATURNE, where it is accel-
erated up to 2 GeV. The extracted beam is transported to the
target point of the SPES 4 spectrometer shown in F[@9%

The scattering angle#; of the fast protonp,; was set to
18.3° by means of a movable dipole magnet upstream of the
target. The recoil protop, was detected in coincidence with

e protonp; within a range of scattering angles from

2.5° to 61.5° with the recoil spectrometd@®S) located in

tions of|q], being summed up over other kinematic variablesihe target area. The beam was stopped downstream from the

within the experimental acceptance. This representation Otfarget in a beam dump. The RS detectors were protected
observables which are fivefold differential, does display theom a direct view of the beam dump by a concrete wall of
main dynamical features of the reaction to first order; thisl_5 m thickness.

point will be further discussed in more detail in Sec. IV.

At large values oflq|, the IA should be complemented

with other graphs including FSA excitation, and so ofsee

Fig. 2), which modify the observables substantially. It fol-

A. The deuteron beam and the target

The beam was focused on the target with a spot of dimen-

lows that strong constraints for the calculation of the reactiorsions 6 mm horizontally by 2.2 mm vertically. The target
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TABLE I. Beam polarization extremal valuen the targetand

associated beam state number. Q,  Rearchambers P Front chambers
(scintillators)  (mwpc) (scintillator) (mwpc)

Assigned beam pyy; tensor py; vector 1
state number polarization polarization E 2L
1 0.0 0.0 4
2 0.0 213

POMME
3 0.0 —2/3
4 0.0 0.0 ) ) o
5 1.0 —1/3 FIG. 4. Polarimeter POMME: The hodoscope of plastic scintil-
6 1.0 13 latorsF; is located at the final focalizatioiF) of the spectrometer.
7 _i 0 _13 The P and Q; lath of plastic scintillators are connected to photo-

) multipliers on each side.

8 -1.0 1/3

obtained with the start from scintillatof4-mm thicknespat

the intermediate focudF), and the stop given by scintilla-
tors (3-mm thick in the final focus(FF) (Fig. 4); the time-
of-flight has a base distance of 16.8 m and provides excellent
trigger selectivity for protons. The spectrometer momentum
Pesolution isA p/p~10 3. A collimator defined a solid angle

: . of AQ=0.69 msr, with angular acceptancds),=1.04°
The beam time structure was of 0.4 s duration at 3 Shorizontally, andA 6,=2.17° vertically; the momentum ac-

repetition period. The beam intensity was limited to . : .
; P eptance was 4% without cuts, extending to 6% with a de-
3.0x 10° deuterons per spill to maintain acceptable values oﬁreasing solid angle. The angular resolution after analysis of

the leakage current in the proportional chambers of RS lo; N ; .
cated close to the target. Also when data were taken close jgoiitzrgﬁﬁwﬁg;lo gg"vﬁ'gfgaﬁt h?;?aﬂﬁﬁgggm@t]he
the quasielastic peak the beam intensity was further reduc y ' y: P

! A rotonsp; selected by SPES 4 is measured with the polar-
g)b:;egr%;“e dead time of the data acquisition system reaso'!?meter POMME[44]. The polarimetefFig. 4 measures the

There is no depolarization of the deuterons during thefZimuthal asymmetry op-C inclusive scattering from a

acceleration in SATURNE40], so that the polarization can P%o%o(rzwn:rgglgls( Casrtbrggnfg?]lgzdec: Igggffmngf{héhg;binpmgk
be measured at 385 keV with a low-energy polarimédél up W

located at the exit of the ion source before injection into th are recqnstructgo_l using 6 multiwira ¥) proportional cham-
preaccelerator MIMAS. The polarization state of successiv&@€rS With sensitive area 550 cm” for the three front
beam bursts was repeated cyclicly, either in the two-stat§h@mbers and 100100 cnt for the three rear chambers.
mode (states 2 and )3 or in the four-states modéstates ~ 'ne polarimeter has its own trigger given by a coincidence
5,6,7, and & Successive beam bursts had a different p0|arbetween the FA?, andQ scintillators. The three front cham-
ization, as summarized in Table |, together with the maxi-bers are also used for the precise tracking that determines the
mum polarization delivered by the atomic source in each onghomentum and scattering angle at the primary liquid hydro-

was a vertical cylinder cell filled with liquid hydrogen. The
cell had a diameter of 40 mm with walls made of 150
um-thick mylar. The slow recoiling protons exited the target
vacuum chamber 38 cm away from the target cell through
50 pm titanium window.

of these states. gen target.
The data were obtained during two separate periods in
two consecutive years. The measured polarizations were con- C. The “recoil spectrometer” RS
stant during each period and are given in Table |l after ap- . . . ,
propriate normalizatiofi41] and dead time correctiof#2]. The “recoil spectrometer” consists of tw,Y modules

In addition to the statistical uncertainty from the beam polar-of multiwire proportional chambers CH1 and CH2, an array
ization measurements, the estimate of the systematic error § seven scintillation plateAE;, and a 7<4 matrix of scin-
+6% for the tensor and=4% for the vector polarization tillation blocksE;; for AE,E analysis(Fig. 5. The distances
[41]. The data measured during the two runs have beehetween the target point and the wire chambers are respec-
summed after checking that they were consistent within statively 1.2 and 2.7 m, which together with the 4-mm spacing

tistical uncertainty. of the wires and the multiple scattering in the target and the
titanium window result a resolutiod §,~0.45° (FWHM).
B. The SPES 4 spectrometer The seven plates of thAE array, each of 500125x 10

. — . _mm?3, were placed horizontally at a distance of 3.03 m from
The spectrometer SPES 4 is shown in Fig. 3; its configuhg target. Each plate is viewed on both sides by a photomul-
ration is discussed in detail if89,43. A time of flight is  {ipjier ‘and for each of them a time and a energy loss infor-

TABLE II. Absolute value of the beam polarization measured mation are recorded. ThE matrix consists of 28 blocks

during the two runs with the statistical error. plastic scintillator 126 120x200 mn?, each of them
viewed by a single photomultiplier and with charge informa-
Run 1 Run 2 tion recorded.
py (states 2 B 0.647+0.020 0.63%0.007 . . . .
D, (states 5, 6, 7,8 0301+ 0.017 0326 0.012 D. Calibration by elastic dp scattering
Pyy 0.947+0.018 0.912-0.014 To obtain an absolute calibration of the angle between

SPES 4 and RS, elastic two-body scatterthg— pd data
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E. Event selection

View from the back Side view

¢

4
¢
’
¢

The p(d,2p)n reaction events were selected by requiring
the appropriate timing between SPES 4 and(R®F). The
accuracy for rTOF was better than 1.0(FRVHM). Once the

proton in SPES 4 was identified and its momentﬁ[nre-
constructed, rTOF could be converted to the time of flight of
the recoil proton, from the target vertex to thé& detector.

We denote this converted time of flight as TOF. This value
o el represents the particle velocity detected by RS allowing to
calculate the recoil proton momentusy. The (AE,p,) scat-

ter plot was used to identify protons. The momentoyrwas

used instead of the measured energy in Eje counters,
because above 175 MeV, the protons were not stopping in
the 200-mm-thick plastic scintillators. This additional infor-
énation Ei; was only used to solve ambiguous cases.

For thedp—p,p,n process at a given deuteron kinetic
energy Ty, when 51 is determined from the SPES 4 mea-
were recorded and analyzed for several SPES 4 anglesyirement andb, from the RS measurement, there is a cor-
OspessOf +7.0°, +6.5°, and—7.0°. In this calibration, the relation
deuteron was detected in SPES 4, and the proton in RS. The R
measurement was extended to negative angle in order to f(Tq;P1,¢b2,p2,62)=0 (25
have a constraint for the determination of the 0° value of
Ospes4 it was found that the nominal zero angle was shiftedbetweenp, and 6,. This equation defines a maximum scat-
by 0.33° (to the left, the usual scattering side in a SPES 4tering angle#]®(p,,¢,) and two possible values g, for a
experiment given scattering anglé, smaller than this maximum. In the

For the largerfspes, values of 7.9°, 9.54°, 10.93°, and following, the low-energy solutioiLES) corresponds to the
12.86°, the correlation of the elastic scattering data and thgyyest value ofp, and the high-energy solutigiiES) to the
two-body kinematics constraint is shown in Fig. 6. The val-pighest. The correlation is used to select - ppn pro-
ues Afy and A, are the direct angular measurement incess from the remaining background. The angdds mea-
SPES 4 and RS with respect to their C(_entral axis. From 3ured by the multiwire proportional chamid@tWPC) of RS
comparison _between the experimental points anc_i the curve, §nq p, by the TOF, assuming the RS particle to be a proton.
was determined that the angle between the axis of SPES 4 pye to multiple scattering and detection resolutions, the

and RS was 75.0°. _ detected events are spread around the pure kinematical cor-
The elastic scattering data were also used to calibrate the|ation (25), even outside the kinematical limit. To over-
time of flight and theAE and E detectors of the RS for come this difficulty, a method that minimizes the probability
known proton energies. A more detailed description of allof deviation from the three-body kinematics was used. A
these calibrations can be found in Rp£5]. “distance” d between the measured event &'(pJ) and
the expected ,,p,) correlation is defined

Ejj

[=d

FIG. 5. Recoil SpectrometéRS): The RS arm is shown from
the side(on the right pajtand from the backon the left pat The
distance betweek;; scintillators and betweeAE scintillators is
enlarged on the picture. The distance is actually only the wrappin
papers.

7 8 9 10 11 12 13 14
5 T T T s T T 80 m )2 ( " )2
(p2—p b, — 0
) {7 g2=2 2 12 (26)
O'p2 0'02
3 - 78
2 47 where 6, is actually given by

0,=9(Py,b2,P2) (27

|
b
ed+9p (degree)

derived from the correlatiofi. The closest valueé,p3) is
obtained by a minimization of expressi¢26) with respect
to ps.
dn This value ¢5,p3) will then determine all other kinemati-
cal quantities associated with the measured event and com-
17" patible with thedp— ppn three-body kinematics. A cut is
T TSR AR [ also applied on the minimized? value (smaller than %#to
7 8 9 10 i 12 13 14 select thedp— ppn reaction and reject background.
6, (degree) The background contamination was determined from Fig.
7 in a region outside the kinematic limits of tligp—ppn
FIG. 6. The correlation from elastidp scattering data used for reaction. In the figure, the contour which is equivalent to the
calibration. allowed phase space afp—ppn reaction is shown, but

£\9d+A9p (degree)
<
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TABLE lll. Internal momentaq for different SPES 4 settings.

P, GeVk g, GeVk

1.6 0.03-0.20
17 0.04-0.22
1.8 0.10-0.38
1.9 0.16-0.41
2.0 0.22-0.44
2.05 0.29-0.45

a typical accuracy of 8 Me\¢/(rms). For a given setting, the
precision ong ranges from 2 to 30 Me\¢/in extreme cases.

The measurements were performed at six different set-
tings of the magnetic fields in SPES 4 with central values of
1.6,1.7,1.8, 1.9, 2.0, and 2.05 Geyctorresponding to the
different domains ofj listed in Table IlI.

F. Data handling for the polarization of the fast proton

Only for those events identified as originating from the
dp— ppnreaction was the polarimeter POMME information
analyzed. The particle trajectories reconstructed before and
after the scattering, and the reaction vertex in the graphite
analyzer were obtained from the front and rear chambers
coordinategFig. 4). The thickness of the analyzer was 31.2

FIG. 7. The correlation to select the contaminations from backcm. A cut on the range of the reaction vertex to match the
ground. We used the events inside the contour shown to estimagctual size of thé®C block was first applied. The distribu-

the contribution from the background.

tion of the . scattering angle after this cut is shown in Fig.

. . 9(a).
shifted to larger value of TOF. The estimated background Because the small scattering angles are mostly due to
was around 2% in total, but it affected mostly the region ofyitiple scattering and not to a nuclear interaction, events

low counting rate(e.g., largeq). In Fig. 8, the estimated
background and regl(d,2p)nevents after subtraction of the
background, are shown as a functionpf

For the selected events Witﬁl and 52 determined, the
magnitude of the spectator momentgmvas calculated with

500
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z
3
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0 388 PR oo e l o s
0 0.1 02 03 0.4 0.5
q(GeV/c)
15000
4
z
5
e}
O
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q(GeV/c)

FIG. 8. The estimated backgrour@ and real eventgh).

with 6.<2.5° were rejected. These events have negligible

(@

COUNTS

20 30
0, (degree)

(b)

COUNTS

-180 -60 60 180
¢, (degree)

FIG. 9. (@) The distribution of the scattering angl@.j after
vertex cut. We used only the everis=2.5° for the polarization
analysis.(b) The final distribution of the azimuthal angie. .
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asymmetry and suffer from a bad determination of the aziare much smaller than 1. So values obtained at the gsame
muthal angle ¢.). A “cone test” [46] was then applied. but for different SPES 4 settings were combined.

This test requires that the cone defineddgyfor the running The internal momentung is the scaling variable only
event lies within the acceptance of the polarimeter to conbelow ~200 MeV/c, where the IA is known to be valid.
sider this event. It is used to eliminate systematic asymmeAbove this value, the deviation from the IA fét, andD,

tries by ensuring a sufficient azimuthal acceptance. The effishould be smaller than the precision of the measurement.
ciency of the polarimeter for this experiment was typically There is, however, an obvious difference between the high-
8%. and the low-energy solution. They correspond to different

The azimuthal angle¢.) distribution of the events after grientations of the neutron momentumwhich should in-

the cone test is shown in Fig(l9. A ¢. distribution was  quce very different corrections to the 1A and this is the rea-
obtained for a number af values. To get reasonable statis- son why we have kept this dependence.

tics, the binning size fog was taken as 0.05 Ge¥/
For each event, the coefficients

a;=Aj(0c)cod @), (28)

G. Observables from selected events

As was mentioned in previous sections, there are two ki-
nematical solutions and the observablgs, Ayy, Py, and
a;=[Ay(6:)1%, (29 D, can be calculated as a function gffor each solution
separately. Denoting the number of selected events after
were calculated withAj(6;) the analyzing power of the in- background subtraction &4 (q), wherei is the beam polar-
clusive p+1%C react|on at the scattering anglé.). Values  ization state number given in Table I, the analyzing powers
of AC(HC) were obtained in a previous calibration of the Ay andAyy are given by
POMME polarimeteff44]. For each bin ofy, the quantities 2 i N(q) — Na(q)

a, anda, were summed for all events, and the proton polar- Av(q)=—= ,
ization was obtained as Y 3 [py| Na2(q)+Ns(a)
a;(q)
P*(q)= 2 @) (30) A(q)= 2 1 Ns(q)—Ne(q)+N7(q)—Ng(q) @1
a 3 Tpy| N(a) +Ng(a) +N7(@) +Ng(q)’

This polarizationP™ (P~) is measured for the polarization
state 2(respectively 3 of the incident deuteron beam. Rela- A ) 1 Ns(q)+Ng(g)—N7(g)—Ng(q)
tions (22) and(23) were used to calcute the observables. yy(d) Toyy] Na(a) = Ne(a) + N7(q) + Ng(q)

The statistical uncertainty dRy andD,, is rather large. In
Fig. 10 each observable obtained for different SPES 4 mo-
mentum is plotted as a function of but separately for the where the beam polarizatiopg andp,, are defined in Egs.
high- and the low-energy solution of the proton. With this (13), (14), and in Table Il. Expressior(81) follow from Egs.
partition, g seems a good variable at least to the level of(4), (5), and (6). The complete set of experimental values
accuracy of the experiment as verified byatest between with statistical errors is given in Table I¥high energy and
measurements at the samealue. Most of they? per point ~ Table V (low energy of the recoil protop,).
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TABLE IV. Measured values of the tensor and vector analyzing TABLE V. Measured values of the tensor and vector analyzing
power and statisticalrms) errors as a function off. See text for
details and systematic errors. This table is for the recoiling protordetails and systematic errors. This table is for the recoiling proton
p2 of highest energyThe momentunp, of the fast proton in the
laboratory is specified.

power and statisticalrms) errors as a function of|. See text for

p2 of lowest energyThe momentunp, of the fast proton in the
laboratory is specified.

p. (Gevk) g (MeVic) Avy a(Avy) Ay a(Ay) p: (GeVic) q (MeVic)  Ayy  o(Avy) Ay a(Ay)
1.6 50.0 0.092 0.032 0.256 0.009 1.7 150.0 0.293 0.021
70.0 0.093 0.019 0.265 0.005 170.0 0.344 0.014
90.0 0.145 0.017 0.255 0.005 190.0 0.320 0.016
110.0 0.135 0.020 0.248 0.006 210.0 0.281 0.021
130.0 0.184 0.026 0.238 0.007 230.0 0.208 0.029
150.0 0.270 0.036 0.210 0.011 250.0 0.217 0.050
170.0 0.318 0.051 0.183 0.015
190.0 0192 0065 0.164 0021 18 1700 0211 0139
210.0 0021 0.086 0.129 0.028 1900 0350 0059 0275 0018
230.0 0050 0.104 0.120 0.036 2100 0328 0047 0.311  0.012
2500 0014 0124 230.0 0.459 0.048 0.289 0.013
250.0 0.445 0.057 0.284 0.015
1.7 90.0 0.194 0.018 0.270 0.006 270.0 0.455 0.079 0.193 0.021
110.0 0.251 0.012 0.259 0.004 290.0 0.562 0.106 0.172 0.030
130.0 0.271 0.012 0.249 0.004 310.0 0.470 0.153 0.127 0.045
150.0 0.295 0.014 0.246 0.005
170.0 0.357 0021 0214 0007 19 230.0 0.317  0.044
190.0 0.430 0.029 0.210 0.010 250.0 0.426  0.066  0.292  0.017
210.0 0.553 0.038 0.173 0.014 270.0 0.343  0.051 0271 0.014
230.0 0.557 0.050 0.194 0.018 290.0 0.327  0.043 0221  0.015
250.0 0.472 0.060 0.203 0.022 310.0 0.345  0.042  0.204  0.018
270.0 0221 0.028 330.0 0.339 0.049 0.160 0.025
350.0 0.400 0.060 0.167 0.019
1.8 150.0 0.360 0.025 0.285 0.012 370.0 0.127 0.024
170.0 0.389 0.019 0.287 0.007 390.0 0.112 0.033
190.0 0.438 0.020 0.258 0.007
210.0 0.481 0.023 0248 0.009 20 310.0 0.238 0.075 0.257 0.020
230.0 0.490 0.032 0.192 0.010 330.0 0.186 0.052 0223 0.016
250.0 0512 0.043 0.164 0.013 350.0 0.218  0.049  0.191 0.014
270.0 0.540 0.057 0.131 0.017 370.0 0299  0.049 0183 0.014
290.0 0559 0.071 0.130 0.022 390.0 0.228  0.056  0.146  0.015
310.0 0.468 0.087 0.132 0.020 410.0 0.303  0.073  0.181  0.019
430.0 0.168 0.191 0.190 0.036
1.9 210.0 0.424 0.046 0.358 0.029
230.0 0.382 0.022 0.304 0.009 205 370.0 0.056 0.072 0.208 0.028
250.0 0.321 0.021 0.251 0.008 390.0 0.226  0.065  0.199  0.025
270.0 0.270 0.022 0.234 0.008 410.0 0171  0.063  0.223  0.026
290.0 0.175 0.025 0.180 0.009 430.0 0.444 0104 0299 0.047
310.0 0.145 0.031 0.154 0.010
330.0 0204 0.041 0124 0012 IV. THEORETICAL INTERPRETATION
350.0 0.149 0.057 0.083 0.015 AND DISCUSSION OF RESULTS
370.0 —0.065 0.076 0.051 0.019
2.0 290.0 0.041 0077 0270 0.039 A. Model used
310.0 -0.076 0.036 0.259 0.011 The kinematics of this experiment is dominated by the
330.0 —-0.126 0.031 0.201 0.009 p-p quasielastic scattering. Nevertheless,rhe term taking
350.0 —0.133 0.029 0.172 0.009 into account scattering of the neuteron in the deuteron off the
370.0 —0.200 0.030 0.162 0.009 target proton producing either the slow recoil protgm)(
390.0 —0.122 0.034 0.110 0.010 detected with RS or the fast onp,) detected by the forward
4100  -0.252 0.047 0.144 0.014 gpectrometer SPES 4 was added coherently to the pain
4300  -0.268 0102 0187 0.033 p gcattering term in the IA. Thi:-p contribution to the
205 350.0 —0163 0075 0237 0028 Cross section is rather small but it is not negligible for the
3700  -0116 0047 0197 0018 Polarized observables.
3900 -0.121 0041 0167 0017 All the NN second-order rescattering teriifsSR’S were
410.0 —0211 0049 0151 0.020 included taking into account both the low-energy final state
430.0 —0.163 0094 0154 0.037 interaction and Glauber-type rescattering of the fast protons.

In addition, theA 55 excitation diagrams were also evaluated.
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The calculations results presented below are obtained by co- ,
herent summation of the IA, FSR, ar;; excitation dia-

grams: 05

M:MIA+MFSR+MA' (32)
AmplitudesM 5, MgggandM , correspond to the diagrams
A, B, and C shown in Fig. 2.

The spin structure of the inpitN amplitudes is included
in the energy-dependent phase shift analyBSA) of Arndt
et al. [47]. Following Everett[48], in the triangle diagram
B, the NN amplitudes were taken out of the loop integral,
and evaluated at the optimum Fermi momentum. However,
when the nucleon pair interacting in the final state has a
small relative energy, it is necessary and possible to correct <
this NN amplitude for the off-shell behavior of the interme-

0.5

0.5

diate statg49-51]:

MO =MO"f (s5,,m?). (33

0
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The form factorf is a function of the invariant energy
FIG. 11. The tensor analyzing powgk y for the high-energy

s3; of the pair and of the virtual massné=e?— p?) of one : : | :

of the intermediate nucleon. Its precise form can be deriveaomt'on' The experimental points are presented for the different
from the deuteron momentum wave function using Closurevalues of the central momentum detected in the magnetic spectrom-
as in Ref[52]. This form factor was kept with proper propa- éter and as a function of the outgoing neutron momentum expressed

. . . .. in the deuteron rest frame. The high- and low-energy solution refers
gators and vertices in the loop integral and replaced by un|t¥ .
above 200 MeV o the energy of the slow proton detected at the same angle in RS

h litud has b d taking i The curves are the calculations explained in the text. The dashed-
The amplitudeM 4.y has been computed taking into dotted line is the impulse approximation, the dashed line has in

account the one-loop diagrams with tNé 3; as intermediate  ,qgition the FSR contribution, and the continuous line is the full

state and also the diagrams with théN scattering in the
S, P, and D waves parametrized by their phase shifts. In

order to avoid double counting we have excluded theHowever

nucleon pole in therN amplitude which already contributes
to the IA term in Eq.(32), and theP,; wave in thewN
scattering which is part of the FSR term. Finally, thex-
change is also taken into account in the interaction of the tw
nucleons of therd— NN amplitude. Further details can be
found in[53].

In the framework of this model a very good description of
the exclusive unpolarized differential cross sections for the
d(p,2p)n reaction studied in Gatchina has been obtained
[15]. It should be stressed that here kinematics are developed
to include events out of the scattering plane; the calculations
are integrated over the experimental aperture of the detec-
tors. A more complete description of the model is in progress
and will be published soon.

B. Discussion

The tensor analyzing powekyy for each setting of the
SPES 4 central momentum, and for both high- and low-
energy solutions, is shown in Figs. 11 and 12. Results of the
calculations with the deuteron Bonn wave function are also
presented in the figures. At the 1.6, 1.7, and 1.8 Gedéft-
tings, the tensor analyzing power for the high-energy solu-
tion shows good agreement with IA in the range
0.03=(q=0.20 GeVt. Above this region, the simple IA fails
but is rather well corrected by additional diagrams. The same
behavior is observed at the 1.8 Ge\getting for the low-
energy solution. At 1.9, 2.0, and 2.05 GeMthe strong de-
viation of the measured tensor analyzing power from IA for

calculation including in addition the virtua\.

including second-order terms reveals the right
trend with respect to the experimental points.

As it follows from Eg. (9), in 1A the experimentalAyy
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divided by the factor £3q$ should scale versug for the

wo kinematic solutions and all the SPES 4 settings. How-
ever, this is by far not the case, which means unambigously
that the IA fails to describe the datagtarger than 0.2 GeV/

FIG. 12. The tensor analyzing powéx y for the low-energy
both low and highT, is not explainable by the calculations. solution. Same notations as in Fig. 11.
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FIG. 13. The vector analyzing powe, for the high-energy FIG. 15. The forward proton polarizatid®, for the high-energy

solution. Same notations as in Fig. 11. solution. The notation of the curves are the same as in Fig. 11. The
calculations are done consistently as far and Ay for each set-

¢, and no modification of the deuteron wave function canting of the spectrometer while the data are summed as explained in
help. the text.

The vector analyzing power results are presented in Figs.
13 and 14. They exhibit a similar tendency: the full calcula-than the full calculations for the low-energy branch espe-
tions result in a significant correction to the IA above 0.25cially for intermediate values af. However, considering the
GeVic. A good agreement between the full calculations andarge error bars in this kinematics, it appears that there is no
the experimental points is achieved at 2.0 and 2.05 GeV/decisive discrimination from the calculations.
both for the high- and low-energy solutions.

Polarization of the forward-scattered protoRg and de- V. CONCLUSION
polarizationD, are presented averaged over each SPES 4 ) ] o
setting in Figs. 15—18. A good description is obtained for An extensive and consistent setﬁof Qata on polarization
P, when all diagrams are included, whereas this is not th@bservables has been obtained for dfe,pp)n three-body
case forD, . Especially the rather high value &f, at 220 breakup of deuteron on hydrogen up to deuteron internal
MeV/c is not reproduced, but the correction to the IA looks momentag=440 MeVL.
reasonable at high momenta. The IA is closer to the data  The vectorAy and the tensoAyy analyzing powers ex-
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FIG. 14. The vector analyzing poweky for the low-energy FIG. 16. The forward proton polarizatid?, for the low-energy

solution. Same notations as in Fig. 11. solution. The notation of the curves are the same as in Fig. 11.
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FIG. 17. The depolarization parametey, for the high-energy FIG. 18. The depolarization parametey, for the low-energy
solution. Same notations as in Fig. 11. solution. Same notations as in Fig. 11.

- - : rameterD, is poorly reproduced by the model.
hibit a large deviation from IA for internal momeniglarger To conclude, the polarization data obtained in this experi-

than 200 MeV¢. The analyzing powers, being ratios of re- . ;
action amplitudes, could be thought to be less modified binent Pave provided a severe test of a detailed model of the

distorsions of the IA than cross sections, but this simple condP— PPN reaction mechanism around 1 GeV per nucleon.

sideration appears clearly wrong, at least in the kinematicd he model has been already succe_ssfully used for description
investigated here. of the Gatchina unpolarized exclusive breakup daf. The

The deviation from the IA is particularly large for the importance of corrections to the IA in various kinematic con-

tensor analyzing power. One can conclude, based on tensitions is clearly demonstrated both by polarized and unpo-
analyzing power data only that IA fails to describe the, larized exclusive experiments. However, it does not give a
data above 200 Me This conclusion cannot be changed coherent and precise picture of all observables.

by means of modification of the deuteron wave function. Nevertheless we do not have much freedom to use very
Description of the data is considerably improved at moderatélifferent deuteron wave functions, taking into consideration
q when conventional second-order terms are included in thé'e good description of the unpolarized deuteron breakup
reaction mechanism in the framework of the theoreticadat@ obtained in the framework of the same model. The

model discussed above. Noticeable deviations of the theorgdreement obtained between detapeciallyAy) and theory
from the data take place fokyy at largeq, where the res- with a conventional dguteron wave function implies that new
cattering(FSR), though showing the right trend, is not suffi- degrees of freedom in the deuteron structure, such as six
cient to describe the experimental data for the high-energﬁuark bag, are not revealed in the kinematic region investi-
kinematics branch. gated.

Smaller deviations from IA are found for the vector ana-
lyzing power than forAyy. A very good description of the
Ay data has been obtained for all settings of the spectrom- The authors wish to thank the SATURNE staff for the
eter. It should be noted that out of plane scattering is treatequality of the polarized deuteron beam provided during the
and integrated over the experimental acceptance in the caéxperiment and for the management of the liquid hydrogen
culations. target. We are grateful to M. Rouger for the conception and

The excitation of a virtualA is found to have very little  management of various parts of the electronics, subsequently
effect, even though the invariant energy of the nucleon pairsaken in charge with great efficiency by J.P. Mouly. The
is sometimes very close tdy+ M, . However, it should be management of many pieces of equipment for the experi-
mentioned that there is one missing graph in the model; thenent, especially the RS detectors was efficiently insured by
A formation on the target proton. J.C. Lugol, J. Habault, and J. le Meur. We would like also to

The polarizationP, of the fast proton measured for the acknowledge M. Strikman, L. Frankfurt, and J.M. Laget for
high-energy branch is convincingly reproduced by thefruitful theoretical discussions. We also wish to remember
model. This is a good test for the understanding of the reacProfessor J. Erédeceasedas a very kind person, one who
tion mechanism, because this observable is not sensitive Wwas very interested in this physics, and an inspiration to all
first order to the deuteron structure. The depolarization pawho knew him.
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