PHYSICAL REVIEW C VOLUME 55, NUMBER 1 JANUARY 1997

Cross sections and analyzing powers,, in the breakup reaction 2H(p,pp)n at 65 MeV:
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Cross-section and vector-analyzing-power data for three star configurations &H¢pepp)n breakup
reaction atE'pabz 65 MeV were measured in a kinematically complete experiment. They are compared to
rigorous Faddeev calculations involving five realistic charge-dependent nucleon-nucleon potentials: Argonne
v1g, CD Bonn, Nijmegen 93, Nijmegen I, and Nijmegen Il. A general satisfactory agreement between theory
and experiment has been found. However, there exist also a few minor discrepancies in cross sections in some
regions of phase space. The experimental data are compared also to the calculations including)the
Tucson-Melbourne three-body force. Their effects are either negligible or increase the disagreement with the
experiment[S0556-281@7)01601-4

PACS numbe(s): 21.45:+v, 24.10-i, 24.70+s, 25.40-h

I. INTRODUCTION made to answer the following questions: Do calculations
with two-body realistic potentials describéN3observables?
Understanding the nucleon-nucleoN) interaction is Is it necessary to include genuindJorces in addition to
one of the most fundamental goals of nuclear physics. Sev2N ones? Is the influence of the long-range Coulomb force
eral meson-exchange models provide realistic two-nucleoimportant?
(2N) potentials which describe satisfactorily the bulk of the  The above questions can be answered only when a copi-
2N data. However, the I system cannot determine ous set of accurate experimental data is available. In contrast
uniquely theNN interaction, and it is therefore mandatory to to the elasticNd scattering, where precise experiments are
study the three- or many-nucleon systems orNié¢brems-  quite abundani[3,4] and references therginthe existing
strahlung. Of special importance is the three-nucleoN)(3 database is still insufficient for the breakup reaction. The
system. Here one can study the bound stateshofand ~ Majority of the breakup experiments was performed at small
3He nuclei or probe theNN interaction in the elastic €nergies of the incident particlgd0-15 MeVj; see, e.g.,
nucleon-deuteronNd) scattering or in th&ld-breakup pro- Refs.[5-9 for thend and[5,10,11 for the pd reactions. In

cess. TheNd-breakup process, where three free nucleon&ddition, the results of these experiments are not unambigu-
appear in the final state, may deliver very rich physical in-0US- Particularly, serious discrepancies are observed in mea-

formation since nucleon momenta are not integrated over thgUréments of the symmetric space 863 configuration
deuteron wave function. In particular, the possibility of [7/=9,13- Itis supposed that the observed differences in the
choosing selected kinematical configurations for the outgoST0SS sections for thed and pd reactions are, at least par-
ing nucleons allows a concentration on specific properties ofidlly, caused by the Coulomb force. Therefore, several in-
the NN interaction. Moreover, for theld system the obsery- Vestigations[3,12—-13 were performed at a higher energy
ables can be calculated in an exact way by using the Fadded@Pout 65 MeV, where the Coulomb-force effects ought to
formalism with both N and 3 forces[1,2]. Thus a com- be small and the relat|V|§t|c effects oughE to be still not sig-
parison of the theoretical predictions with the experimentanificant. Besides théH(p,ppn), the *H(d,ppn) breakup
data provides a direct test of the physical assumptions ndgaction was also investigatéié], where both vector- and

obscured by computational approximations. An attempt igensor-analyzing powers were measured at a deuteron kinetic
energy of 52.1 MeV.

The aim of the present work was to extend the experimen-
*On leave from Institute of Physics, Jagellonian University, Cra-tal database required to answer the above questions. To this

cow, Poland. end, some kinematically complete measurements of the dif-
fOn leave from Institute of Physics, University of Silesia, Katow- ferential cross sections and the vector-analyzing powers in
ice, Poland. the 2H(p,pp)n reaction at the incident proton energy of 65
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FIG. 1. Momenta of particles in the final state of {he breakup
reaction. The definition of the three kinematical star configurations

are presented in the center-of-mass system. The full definitions are F!G- 2. Schematic view of the chamber interior. All shielding
given in the text. materials are omitted. One detector slit system only is shown as an

example. The abbreviations used are explained in the text.

MeV have been performed. While our previous experiment§,ersajly polarized proton beafpolarization of about 80%
focused on collinearity3] and quasifree scatterinRFS it an energy of 65 MeV and an intensity of about 250 nA
[14] configurations, the present one has been devoted mainly,s ysed throughout the experiment. To reduce systematic

to the symmetric space star configuration. The kinematig o5 the proton-beam polarization was flipped between
conditions of the SSS configurations are as follows: Thegi4ieg “up” and “down” every second by switching the

center-of-mass momentum vectors of the particles in the f'Fadio-frequency transition in the ion source. The beam was

nal statep;, p,, andp; lie in the plane perpendicular to the first focused on the polarimeter target, afterwards focused
beam direction[see Fig. 1@], and the absolute values of again on the deuterium gas target, and finally stopped in the
these momenta are equal. This configuration as well as eararaday cup.

lier investigated collinearity configurations is supposed to be The beam polarization was continuously monitored by
sensitive to 3-force effects, which was suggested by simpleobserving the rate asymmetry for protons elastically scat-
model calculations including theNBforce at an energy of tered from a ZOng/cmZ-thick, self-supporting natural car-
about 10 MeV[17]. Additionally, the symmetric forward bon foil. Energy loss and angular straggling in the foil were
plane starFPS and symmetric backward plane si@PS  small (2 keV and 0.1 mrad, respectivelgo that the quality
configurations have been measured. The difference betweest the transmitted beam was not affected. Protons from the

these plane stars and the space star is that the momentym 12c gcattering were detected in two Nal scintillation de-
vectors of the incident proton and final state nucleons lie ifgetorg placed symmetrically on both sides of the beam at

the same plane. For the FPS configuration, the particle no§lab_ 45 go \where the analyzing power reaches a maximum
registered(neutron is emitted opposite to the beam direc- ¢ 5 ggg5+ 6.0015[18].

tion, and both registered particl@srotons are sent into the

A schematic view of the arrangement inside the scatterin
forward hemispherfgFig. 1(b)]. In the BPS configuration, the g g

! , . chambe19] is shown in Fig. 2. The target container was a

momentum vector of the particle not registered is parallel 10,54 30% 50 mn? stainless-steel block, with a cylindrical

the beam directiofiFig. 1(c)]. channel of 16 mm diameter, and was placed in the center of
The terms FPS, BPS, and SSS are used throughout thge champer. It was filled with standard, high-puri@®.7%

text to define the detector settings which lead to the Spedﬁ‘deuterium gas. The target cell was equipped with three win-
breakup configurations described above. These settings a'%ws. Two of .them the entrance and exit windows of the

include breakup configurations where the energy is distrib-proton beam, were made of @m-thick Havar foil. The re-

uted differently from those specific ones. action products left the target through a da-thick Kapton

Thel next section p(;eshentj the de?cr!pt|<_)rr;] of the EXPEIlGindow. The shape of the opening allowed the particles to
mental equipment and the data analysis. The experimenth, 1, getectors placed on both sides and above the target.

uncertainties are also discussed there. The theoretical cachflhe target was cooled down to liquid nitrogen temperature.
lations are briefly sketched in Sec. Ill. The final results of theIn order to prevent leakage of atmospheric gases and other
experiment and their comparison to the theoretical predicl'mpurities into the gas target, the gas-handling system kept
tions (with and without the three-body force included in thethe gas pressure slightly hig’her than the atmospheric one.
calculations are presented .in Sec. IV. In Se¥ a short %0 beam-profile monitoréBPM1 and BPM2 were
summary and outlook are given. mounted to control the beam position on the target. They
were separated by two collimators with circular apertures,
Il. EXPERIMENT C1 and C2(20 and 7 mm diameter, respectivglynsulated
from the ground.
Charged particles leaving the target were detected by
The experiment was performed at the Philips Cyclotron ofeight AE-E telescopes built from plastic scintillator
the Paul Scherrer Institute in Villigen, Switzerland. A trans-NE102A. The use of the\E-E telescopes allowed us to

A. Experimental setup
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separate protons from deuterons and to eliminate a large pashd for the forward detectors and 50 000 per second for the
of the gamma background. The thicknesses ofAlescin-  backward ones.
tillators (0.2, 0.4, and 2.0 mjnwere optimized for the re- The electronics system allowed also for a simultaneous
guired energy range, whereas the thicknesses oEtkein- measurement of purely random coincidences. This was
tillators (25 and 35 mm were adjusted to stop protons achieved by setting the coincidence-gate width by about 30%
elastically scattered on deuterons. The scintillators werdarger than the time gap between the neighboring beam
coupled to Philips XP2012 photomultipliers except for thebursts. Two kinds of events were recorded: coincidences be-
0.2-mm-thick scintillators, which were read out by two Phil- tween particles originating from the very same burst and
ips XP1911 photomultiplier tubes each. The energy resoluthose from subsequent bursts. In the first case, “true” coin-
tion of the detectors was 0.9-1.3 MeV full width at half cidences together with “random” ondthe so-called “true
maximum (FWHM) (including kinematical broadening due + random” coincidenceswere collected. In the second case
to the finite angular acceptancén front of telescopes 1 and “random” coincidences only could be collectefthe so-
2, (3.900t0.005)-mme-thick aluminum absorbers were in- called “purely random” coincidencgs
stalled on remote-controlled pneumatic pistons. They were The digital information from the ADC, TDC, and scaler
used in the energy calibration measurements. All thick deunits was read by a CAMAC-based front-end processor con-
tectors were equipped with light-emitting diodes, whose lightnected via ETHERNET to the/VAX back-end computer.
flashes were used to control gain shifts during the energ¥ach valid event consisted of a pattern word and digitized
calibration measurements. charges and times measured with respect to the rf signal. The
The slit system usetbee Fig. 2 and corresponding text in pattern word contained coded information about the spin
Ref. [3]) defined the solid angle and the range of acceptedtate of the beam and identified those detectors which had
angles for each telescope. Since the breakup cross sectifired. The event rate reached a value of up to 1000 per sec-
was normalized with the help qfd elastic-scattering data, ond.
not only coincidencegmeasured by the telescope paitsut
also single events were collected, simultaneously. In this B. Data analysis

method, the density of t?rget nuclg| and the solid angle .Of Only about 1% of the events collected are due to the
one telescope drop out in the ratio of breakup to elastic;

. ) . breakup process of interest. “True” events wer I in
scattering cross sections. One needs to determine only the pp ts were selected

solid angle of the other telescope, which is defined to a gooaeveral steps: by applying particle identification, making use

approximation as the ratio of the area of the backward inPf timing |_nformat|on, and confronting them with kinemat-
%al conditions.

aperture to the distance between the center of the slit to th .
center of the target. This method was used for all measured 1he procedure of event selection from raw data was pre-

configurations. The angular acceptances and the solid angl€§ded by energy and time calibrations. Energy calibration
varied betweerm 9=0.9°, Ap=4.1°, andAQ =0.4 msr for Was achieved in dedicated measurements. A mixture of deu-
the most forward and 9=2.2°, Ap=2.8°, andAQ =1.46 terium and hydrogen was used as a target throughout the
msr for the most backward telescopes. The telescope slit sy§hergy-calibration measurements. A set of calibration points
tems were adjusted with an accuracy of 0.1°. Similarly, thevas established for each telescope by changing its angular
accuracy of aligning the beam with the scattering-chambeposition, which corresponds to the selected values of the en-
axis was about 0.1°. ergy of elastically scattered protons in tRel(p,p)?H and

The FPS and BPS configurations were measured by pairJ§-|(p,p)1H scattering. Additionally, in front of telescopes
of telescopes set at the angle®®=35.2°, ¢'®"=0.0°, measuring the FPS configuration, removable energy degrad-
98P=352°  ©laP=180.0°) and(75.4°, 0.0°, 75.4°, 180.0°  ers were mounted. The reason was a geometrical limitation
respectively. Two pairs of telescopes were used in case df the scattering chamber, which did not allow us to measure
the SSS configuration(54.0°, 0.0°, 54.0°, 120.0°and the calibration points with energies low enough. Changes of
(50.0°, 60.0°, 54.0°, 180.p° the detector angular position caused variations of its load

The electronics system was designed so as to select aridounting rat¢ and, consequently, of the detector gain. In
process two kinds of events: coincidences between any tworder to eliminate this effect, light-emitting diodédsED’s)
telescopes and single events with a rate reduced by a facterere used. Measured shifts of the LED peak in the pulse-
of 1000 to a level acceptable for the data-acquisition systermrheight spectrum were used for correction of the proton-peak
In the energy-calibration measurement, single events onlposition. Figure 3 shows a typical distribution of the calibra-
were collected. In order to accept an event, the coincidencgon points. Open and solid circles represent the measure-
betweenAE and E detectors in a given telescope was re-ments performed with and without energy degraders, respec-
guired. Next, a given telescope had to be in coincidence withively. The solid line in the picture is a quadratic fit to the
any other telescopg@n the case of coincident evehisr with  data.
the cyclotron radio-frequencyrf) signal (in the case of The time-of-flight spectrum of each detector contains two
single events The charge-sensitive analog-to-digital- peaks(Fig. 4 in Ref.[3]) which are separated by the time
converters(ADC’s) integrated pulses coming directly from interval between two subsequent beam bursts: 61.7 ns. These
the photomultipliers within the duration of the gate signaltwo lines were used for internal calibration of the TDC spec-
individually synchronized to the leading edge of the pulsetra. The linearity of TDC’s was checked by applying known
The time measurement was referenced to the rf signal. Thdelays to thestop signal and found to be sufficient in the
count rate of scintillator pulses was about 200 000 per sedime range of interest.
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The standard\E-E method of particle identification ap- tribution. Consequently, the two-dimensional spectrum of
plied to both coincident telescopes allowed us to reject typiproton-proton coincidences, Whesd ¢¢q,is plotted against
cally about 90% of unwanted everifer details see Ref3]). AT, contains events grouped around the curtiadtead

The whole data analysis was made separately for thef straighj line corresponding to th&Teperg= A Tgime CON-
above mentioned “tru¢random” and “purely random” dition. A shape of this line was found by fitting of the third-
events. The results of the applied subtraction procetiige order polynomial to a very well visible sharp “ridge” com-
scribed in detail in Refl.3]) were the final distributions con- posed of “true” coincidencegFig. 4). For each event the
taining only “true” events. distance from this line was calculated and used for construc-

The distribution of the time differences between the de-ion of the correctedA T spectrum. Figure 5 shows such a
tection of two particles which start simultaneouélyg., true  spectrum: Parta) contains “true+ random” coincidences,
coincidences of particles originating in a breakup reagtisn part(b) “purely random” coincidences, and pa(t) the dif-
given by the time-of-flight differences. In contrast to that, ference of them. From the last spectrum it was found that the
this time-difference distribution for accidental coincidencesintrinsic time resolution of the detecting system was of the
is given by a convolution of the time-of-flight differences order of 300 ps FWHM. By selecting a time window in this
and the intensity distribution of the beam burst. Using thisspectrum, a considerable amount of random coincidences
fact one can significantly improve the ratio of true-to-random(about 30% is rejected in the evaluation of the final distri-
coincidences. For each breakup event the time difference cabutions.
culated using timeA Ty,e=1t;, —t, is identical to such calcu- The above-described filtering procedures rejected about
lated using energiesATenergy=Il\/m1/2E1—I2\/m2/2E2, 93% of accidental events. The remaining events are plotted
wheret,,t, andE;,E, are times and energies measured byas an energy coincidence spectr(fiig. 6): part(a) contains
two detectors in coincidence amd,,m, andl,,l, denote the “true+random” events and partb) the “purely ran-
masses and flight paths of the particles under consideratiodom™ ones. The coincidences of protons originating in the
Thus, in an ideal case, when the time resolution of the appareakup reaction form a narrow band around the three-body
ratus is considerably better than the width of the proton bearkinematical curve calculated for a “pointlike” experimental
burst, one can expect a sharp peak around zero in the spegeometry[solid line in Fig. §a)]. The width of this band is
trum AT=ATenergy ATime Caused by the breakup events, given by the dimensions of the beam, the target, and the
which “sits” on the broad bump resulting from random co- apertures of the telescope slit system, as well as by the de-
incidences. In a real situation, two effects disturb the abovéector energy resolution. The kinematical condition was used
picture. The first is the discriminator “walk” effect. Second, for a further reduction of accidentals: The final subtraction of
owing to the calibration procedure, the measured pulseéandom coincidences measured was done only for a region
heights in theE detectors correspond to energies of protonsaround kinematical curve. In order to determine this region
emerging from the reaction; all the energy losffst of all ~ tight (and still saf¢ in a reproducible way, the following
in the AE detectorsare already compensated for. Therefore,procedure was applied. The energigsandE, of each event
the ATenergyfunction gives the distorted time-difference dis- were transformed into two new variabl& and S, where
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FIG. 4. Two-dimensional spectrum of proton-proton coincidences. The time-of-flight difference calculated from eA@gigs is
plotted versus\ T, measured directly. The third-order polynomial, fitted to the “ridge” of the breakup events, is shown.

D is a distance of a pointH;,E,) to the calculated kine- tal geometry kinematical curve. To this end a set of points
matical curve on thd=,-E; plane andS is the value of the lying on the kinematics and being at a 2-MeV-arc-length
arc length along the kinematical curve at the point where thejistance from one another was chosen. Next, each event was
line normal to the kinematics through the poirf;(E;)  “ascribed” to the nearest point. This projection resulted in
crosses the kinematical curve. The zero value of the arcone-dimensional spectra of coincidences as a function of the
length coordinateS=0, was defined at the crossing point r¢ |ength along the kinematics. The absolute normalization
between the kinematical curve and Egaxis. Th_e re.sulting of the cross section was made with the help of accupate
spectrum for “truerrandom™ events is shown in Fig.(@.  g|astic-scattering data at 65 MeV measured by Shiratzai.
The breakup events are seen now as a straight band aroupsty ang using the elastic events measured simultaneously
the lineD=0. The projection ontc‘)‘ th@,, axis r_esults N a  ith the breakup events. The dependences on the beam and
spectrum shown_m Fig.(B): There, "true” coincidences a'® Hn the target characteristics, as well as on the solid angle of
included only, since the channel-by-channel subtraction o h o

e one of the coincident telescopes, are the same for both

“purely random” coincidences was already performed. Theb akup and elastic-scattering cross section expressions. In
breakup events appear now in a pronounced peak centered ypaxup and . g Cross se P :
résult, the differential cross section is given by the formula

D=0. Such projections were performed for differegt
ranges, which allowed us to take into account changes of the

width and of the position of the breakup locus. The width of d°oy )
the kinematicalD window was conservatively set at4 dQldQZdS( {21, 422)
standard deviations of the peak. )
After passing through the described filters, the events _d Oel Npl(S,Q4,Q5) 1 (1)

— )
were projected onto calculated for a “pointlike” experimen- dQ, (@) Neg(Q4q) AQLAS’
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FIG. 5. Corrected time-differenc&T spectra of coincidence events) “true+random” events(b) “purely random” events, andc)
“true” events obtained by subtractindp) from (a). The vertical lines indicate the time window used in the evaluation of the cross section.

whereNy, is the number of breakup events registered at depronounced peaks was assumed to be a Gaussian function.
tector angles(2; and (), and projected into thAS-wide  For deuterons, besides a Gaussian, the constant background
arc-length bin centered & HereQ;=(9J;,¢;) are the polar and the exponent convoluted with the Gaussian of the peak
and azimuthal coordinates of tléh detectorAQ; being its  were also fitted. This convolution is assumed to represent the
solid angle.Ng, is the number of elastically scattered par- low-energy tail due to multiple scattering effects of the final
ticles at(),. Events corresponding to different polarization particles in the gas, the target windows, and the collimator.
states of the beam were summed up. Both particles, protoria the case of the BPS configuration, the cross section nor-
and deuterons, can be used for the determination of thmalization was obtained using the peak of the elastically
Ng . Figure 8 shows typical spectra of elastically scatteredscattered protons. The proton spectrum contains, in addition
protons(a) and recoiled deuterorib). The shape of the well- to the above-mentioned structures, protons originating in the
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FIG. 6. E,-E; spectrum of(a) “true+random” and(b) “purely random” proton-proton coincidences for the SSS configuration. Panel
(a) contains the kinematical curve calculated for a “pointlike” experimental geometry.

inclusive breakup reaction; the shape of the inclusive speovhere  the value of the analyzing  power

trum was calculated theoretically. THé, was found by A,=0.9985+0.0015 for thelZC(ﬁ,p)”C elastic scattering

summing up the Gaussain peak and the low-energy tailas taken from Ref{18]. The superscripte andR denote
caused by multiple scattering effects in the energy interval|eft” and “right” detectors, respectively.

corresponding to the width of the kinematidal window
described in the previous paragrafite., also insidex4
standard deviations of the peak

The spectra of coincidences were obtained separately for In this section various effects contributing to the total er-
both signs of the proton-beam polarization. In the case of theor of the results are discussed in more detail. Table | sum-
FPS and BPS configurations, the vector-analyzing powemarizes the estimated values of the various contributions.

C. Experimental uncertainties

was calculated in the following way: The statistical error depends on the number of “true”
coincidences registered by the detectors and on the signal-to-

1 NL(S)—N_(S) background ratio, i.e., the true-to-random ratio. Despite op-

Ay(S)= p_y N.(S+N_(S)’ (2 timizing the beam current and the small coincidence time

window as well as the elaborated off-line reduction proce-
where P, is the initial proton-beam polarization, and dure, the amount of random coincidences remained consid-

N_(S) and N.(S) are the numbers of events falling in a erable. The statistical uncertainty of single experimental
gi\_/enS bin for+“ —" and “ +" states of the beam polariza- points varied between 0.8% and 4.7% for the cross section
tion, respectively. The SSS configuration was measured b§"d between 0.009 and 0.100 &y .

two pairs of telescopes, and hence the “superratio” method -
1. Energy calibration

was used:
One of the most important contributions to the total sys-
1r-1 Ni(S)NZ_(S) tematic error originates from the inaccuracy of the energy
Ay(S)= PorTL fz:m- (3)  calibration of the detectors. Most of the effects responsible
y - +

for the energy-calibration uncertainty can be related to the

The superscripts 1 and 2 correspond to the first and secorfifin shifts caused by the strong variations of the counting
pairs of telescopes, respectively. The charge collected in th@te during the calibration measurements. The applied cor-

Faraday cup was almost identical for both polarization stateirPecuonS using the reference LED pulses were very useful,

and therefore the coincidence spectra had not to be norma Jut could not eliminate the effects totally. Some uncertainty

ized. The proton beam polarization was measured by thi also d_ue to the difficulty of assigni_ng energies to the peaks
beam polarimeter. The “superratio” technique was used als h the single-energy spectra. The influences of the uncer-

here: ainty of the energy calibration on the experimental observ-
ables were estimated in the following way. The parameters
1r-1 NL NR of the channel-energy curve were varied within their error
Py=1 —, rzz%, (4)  bounds(one standard deviatiprand the event evaluation
Ayr+l NZNZ procedure was repeated. It was assumed that the error due to



55 CROSS SECTIONS AND ANALYZING POWERS®, IN . .. 49

200
(a)

100 |-
~
()
c
-
O 0
<
O
) —
a
~100
-200 !

10
S (MeV)

120 (b) 5 | i 7

80 |- i

40 - ! ! -

0 ] h' uﬂw.

| E l E l
~200 -100 0 100 200
D (Channel)

FIG. 7. (a) Transformed energy coincidence spectri@is the arc length along the kinematical curve, &hds the distance of an event
from this curve.(b) Projection of the spectrurfa onto the ordinate axis. Vertical lines indicate a window within which the breakup locus
is included (-4 standard deviations of the pgak

the energy-calibration uncertainty is equal to one standardependent. The upper limit of this influence was estimated
deviation of the variation of experimental points. In extremeby calculating the theoretical observables with shifted
cases this error reached the value of 5% for the cross sectiaingles. The largest effects were found in the FPS configura-
and 0.025 for the analyzing power. tion. They depend on arc lengand reach, in the extreme
case, 4.5% and 0.007 for the cross section Apd respec-
tively. In other configurations the deviations are generally

The mechanical construction of the scattering chambesmaller: 0.8%/0.003 and 2.5%/0.012 for the SSS and BPS
allowed us to set the telescope angles with an accuracy betteonfigurations, respectively. The uncertainty of the angular
than 0.1°. The proton beam direction was aligned with thesettings is included in the systematic error of each measured
chamber axis also with an accuracy of 0.1°. These inaccurgoint separately. The influence of the angular uncertainties
cies affect the experimental observables since they are angtm the cross-section normalization is described below.

2. Angle determination
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FIG. 8. Energy spectra of elastically scattered prot@nand recoiled deuterond). The solid line represents the fit to the spectrum. The
fitted function consists of a Gaussian functi@@ashed ling a constant backgroun@lotted ling, and an exponent convoluted with the
Gaussian functioridash-dotted line The long-dashed line in pané) represents the inclusive spectrum of breakup events, the shape of
which was calculated theoretically and folded with the experimental energy resolution.

3. Normalization to the cross section error. The valueNyf is affected by the

This kind of error affects the cross section only. From Eq.choice of summation limits. In the elastic-scattering spec-
(1) it can be seen that there are three potential sources dfum shown in Fig. 8, a low-energy tail occurs which is due
systematic errors: elastic-scattering cross section, solid angl@ Slit scattering and multiple scattering effects in the target
AQ,, and the number of elastically scattered partickég, ~ as could be demonstrated by a Monte Carlo simulation. Of
The error of thepd elastic-scattering cross section as givencourse, the slit scattering affects the coincidence spectra, too.
by the authors of20] is about 1.6%. From the angular dis- It was checked that increasing the width of the event sum-
tribution of these data, it was deduced that the describefnation windows from*4 to +5 standard deviations in-

above angular uncertainties affect the normalization error bgreasede by (1-1.5% and the number of true coincidences
about 0.5%. y (1-2%. Thus it was concluded that effects in the single

The main difficulty in calculating the error of the solid and coincidence spectra compensate each other in the value
angle is the uncertainty of the distance between the collimaof the breakup cross section to a large extent. The remaining

tor aperture and the center of the target. It contributes 0.498ffect was conservatively assumed to be about 1.0%. The
total systematic uncertainty of the cross section normaliza-

. : o
TABLE |. Summary of the experimental uncertainties. tion procedure is about 2.0%.

4. Dead time and pileups

Source of error Cross section Analyzing power . . . ) L
(%) (absolute Dead-time losses in the electronics and in the ach|S|t|pn
system were of the order of a few percent. Event processing
Statistical 0.8-4.7 0.009-0.100  in the CAMAC system and in the front-end computer yielded
the biggest contribution to the dead-time losses. Since the
Energy calibration 0.0-5.0 0.000-0.025 counting rates of the elastic scattering and of the breakup
Angular setting 0.0-4.% 0.000-0.012 reaction are very different, this would require a careful moni-
Slit scattering 1.0 negligible toring and measurement of the dead times for these processes
Solid angle 0.4 no influence independently. In order to avoid this, after the detection of
Beam polarization no influence 0.006 any event, the inputs dadll ADC’s were inhibited until the
Elastic cross section 1.7 no influence  €vent had been read. Hence the dead time was the same for

both breakup coincidence events and the single events and
0.006—0.047 dead-time corrections drop out from the formulas used to
calculate the cross section and the analyzing power.
% or the SSS configuration: 0.0-0.8. The probability of a pileup depends on the single detector
PFor the SSS configuration: 0.000—0.001. counting rate. The load of the detectors was about 200 000

Total systematic 1.9-6.3




55 CROSS SECTIONS AND ANALYZING POWERS, IN . .. 51

per second for forward detectors and 50 000 per second for We solved Eq.(5) using the following recently updated
the backward ones. Because the total length of the detectdigh qualityNN interactions: Argonne ;g (AV18) [23], CD
signal was about 50 ns, the probability of a pileup reache®onn[24], and Nijmegen 93, | and [I25]. All these inter-
about 1% at forward angles and 0.3% at backward anglegctions are charge dependent in the isodpinl states, hav-
Decreasing the beam current by a factor of 3 did not reveqlng thus inherently built in a difference in théS, force
any visible effects in the shape of the cross section measure@omponent fornp, pp, and nn systems. Contrary to the
The influence of pileup events on the final result was welly|4er and charge-independent potenti@sy., those used in
below 0.2%. Ref. [3]), they are practically on-shell equivalent and de-
scribe the A data with impressive good quality character-
ized by x?~1 per degree of freedom.

The systematic uncertainty @, stems mainly from the In order to get some insight into possible 3NF effects, we
error associated with the initial beam polarization. This, injncluded in the calculation also the Tucson-MelboufTil!)
turn, is caused by the experimental error of the analyzingnree-nucleon force[26,27] together with the charge-
power of protons elastically scattered dfiC: 0.0015[18]. independent Bonn B2 one[28]. From our previous study

The statistical error is negligible, and the error due to back ] we know that effects of this 3NF depend strongly on the
ground subtraction in the polarimeter spectra was estimat lue of the cutoff parametex.. appearing in therNN form

to be 0.003. The total systematic uncertainty Ryf was factor. In the present calculations we used the “recom-
0.0034. " ;

mended [27] value for this parameter,
A,=5.8u (n=139.6 MeV). But in this case, the binding
energy of the triton when the Bonn B potential and the TM-

The theoretical results presented in this work are based oBNF act is overestimated. To get a proper binding of the
rigorous solution of the B Faddeev equations using differ- triton, and value ofA ,=4.55u should be used. Such a de-
ent realistidNN interactions. In the following we give a short crease ofA , would reduce the effects of the TM-3NF and
presentation of our formalism and numerical performance. make them significantly smaller.

When onlyNN interactions are active and neglecting the In all calculations performed with I interactions only,
long-range Coulomb force, the Faddeev equations are solvegle included all 3 states with total angular momenta of the
for the T operator: two-nucleon subsystenmi=3, which was checked to be suf-

B ficient for the energy of 65 MeV. For the calculation with

T=tPH+tPGoT, ®) TM-3NF due to computer limitations, we restricted them to
whereG, is the free three-body propagator ani$ the two- 1 <2. Surely this is not sufficient, but we think that the re-
body off-shellt matrix. P denotes a sum of cyclical and sulting 3NF effects give some orientation on the expected
anticyclical permutations of three nucleons. After solvingmagnitude of the real 3NF effects at this energy.
Eq. (5) the breakup-transition operatbk, can be expressed  The theoretical calculations were performed for point ge-
as ometry. In reality, the telescope slit systems had a finite an-

gular acceptances in both angl@sand ¢, and in addition the

Uo=(1+P)T. (6) extended target was used. Moreover, the detectors introduced
some finite energy resolutions. The influence of these experi-
mental conditions as compared to the point-geometry results
force (3NF), we introduce the operata,=V,+V,Gots,  VaS investigated _With a code baseq on the Mont(_e Carlo
driven by the three-nucleon interactidf. Now in the tran- ‘r‘nethod.. Using this code, the most important experimental
sition operatolJ, a new termT, on top theT appearsT and averaging” effects on the theoretical predictions were stud-

5. Analyzing power A

lIl. THEORY

If the potential energy of thel® system contains in addition
to the pureNN interaction also a term due to a three-nucleon

T, fulfill the following set of coupled equations: ied. When compared with point-geometry results, they pro-
vided a measure of the influence of instrumental effects on

T=tP+tGyT,+tPGyT, (7) the calculated observables. We found that for our experimen-

tal conditions these effects are negligible in the case of SSS

T4=(1+P)ty+ (14 P)tyGoT. (8 and FPS configurations. In the case of the BPS configuration,

. . . they are important and influence significantly the cross sec-
These equations are solved in a perturbative approach Bon (Fig. 9
powers ofV,, and the different orders are then summed up 9. 9. . R

At the energy of our experiment, relativistic effects are

by the Padenethod. The breakup amplitude is then given byvisible already at the level of kinematics as can be seen by

Up=(1+P)T+T,. (99 ~ comparing directly the point-geometry loci calculated using
relativistic and nonrelativistic expressions. While our strictly
The physical content of Eq$5), (7), and(8) is revealed nonrelativistic theory delivers the observables along the non-
after iterating them. The resulting multiple scattering seriegelativistic locus, the experimental data lie surely along the
describe contributions from scattering processes where thrgelativistic one. Thus the question arises how one should
nucleons interact with two- or three-body forces with freecompare theory with experiment. The best solution would be
propagation in between. For more details of the theoreticalo have a fully relativistic theoretical framework, which,
formulation and the numerical performance, we refer tochowever, is not available at the moment. Therefore the ap-
[1,2,21,22, and references therein. proximate procedure, discussed in detail in R8f, was ap-
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FIG. 9. Influence of the instrumental averaging on the cross FIG. 10. Experimental cross-section and analyzing-poigr
section and the analyzing power calculated with the Bonn B potendistributions(black dots for the forward plane staiFPS configu-
tial in case of the BPS configuration. The solid line shows theration (/2°=35.2° 9'2°=35.2°, ande!®=180°). Error bars repre-
results of the calculations with “pointlike” geometry and with ig- sent the statistical errors. The total systematic errors are shown for
nored energy resolution of the detectors. The dashed line presenésich point separately above or below the distributions. The curves
the theoretical predictions in which the experimental averaging isesult from the calculations performed with the use of five charge-
included. The obtained shape asymmetry is caused by the differe@ependentNN potentials: CD Bonn(solid line), AV18 (dashed
angular acceptances of the coincident telescopes. line), Nijmegen 93(dash-dotted ling I (dotted ling, and I (long-

dashed ling The arrows indicate the position of the exact FPS

plied. This procedure relates uniquely the arc length parampoint.
etrization of the relativistic and nonrelativistic kinematical
curves. coincide with the symmetry plane of the detectors in that
configuration.

The experimental cross section in the FPS configuration is
dominated by the prominent bump arouge 44 Mev (Fig.

10). The nature of this bump can be understood as a conse-
Both experimental results and theoretical calculations arguence of the quasifree-scatterif@FS process which af-
presented as a function of the arc lengtbf the kinematical fects this configuration. Generally, the differential cross sec-
curve. The experimental results are shown in Figs. 10—15 btjon is very well described by the theory. However, the value
black dots in which error bars represent the statistical errorof the cross section in the FPS point is underestimated in

The total systematic errors are shown above or below datealculations by about 6% for all N-interaction models used,
separately for each point. For safety, the cross-section valueghile the systematic error is about 2%. Also, the predicted
at the ends of the measured arc-length interval were rejecteglidth of the observed peak is larger than the experimental
as they could be affected by the neighborhood of the lowone by about 7%. A particularly nice agreement between
energy thresholds of detectors. experiment and theory for the vector-analyzing power is
As a result of parity conservation, the cross secti@ma-  worth to note. The theoretical curves calculated with differ-
lyzing powersA,) measured by the FPS and BPS detectorent potentials differ only slightly from one another.
settings have to be symmetriantisymmetri¢ with respect Despite using extremely thiAE plastic detectors, only
to the exact kinematical pointendicated by arrows in Figs. 12 MeV of the arc length was available to the experiment in
9-15. Indeed the experimental data exhibit that symmetrythe BPS configuratior{Fig. 11). As has already been ex-
nicely. In the case of SSS, that symmetry is present only irplained, in this particular case, the instrumental averaging
the cross section, but not &y, , because the spin axis did not effects are significant. Upon their inclusion, a good agree-

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORETICAL CALCULATIONS



55 CROSS SECTIONS AND ANALYZING POWERS\y IN... 53

00,08 5\0.10
IL.. IL
(03] w
T T 0.08
> 0.06 >
[0 [0}
= =
e o0 0.06
\8/0,04 \E/
S S 0.04
° o
% 0.02 %
0.
% . ¥ 0.02
~ ~
O l L
O O OO | | | | | | | O O Oo

710 12 14 16 18 20 22 24 :

0.6 ® T T T T T T T 0.3

+
0.4 0.2
02| + 0.1
. ' ' : t : : < 0.0
. -0.1 | .
- -0.2 F :
+fti++++l++i{{++f
_O 6 | | | | ] | | _o 3 | | | | |
10 12 14 16 18 20 22 24 ’ 10 20 30 40 50

S (MeV) S (MeV)

FIG. 11. Same as Fig. 10, but for the BPS configuration
(75.4°, 75.4°, 180°).

FIG. 12. Same as Fig. 10, but for the SSS configuration
(54.0°, 54.0°, 120°).

ment with theory was achieved for the cross section. Only in Figure 13 shows such a comparison for the FPS configu-
the range of the BPS condition does the theory underestimat@tion. Taking the overestimated\ (=5.8u) 3N force into
the cross section by about 10%. The same statement for thgcount decreases the cross section. This behavior makes the
vector-analyzing poweA, is not yet justified, because the agreement between theory and experiment even worse. In the
experimental errors are still quite large. As in the case of thease ofA ,=4.55u, the N-force effects are negligible.
FPS configuration, the results of the theoretical calculations Similarly, the N-force effects in case of the BPS con-
for all NN potentials used practically coincide. figuration are negligible for the “correct” cutoff parameter
The measurement in the symmetric space G&S con-  (Fig. 14). Even the overestimated effects increase the cross
figuration was the main aim of the presented experimentsection only by 6% in the BPS point.
This configuration was expected to be particularly suitable to The case of the SSS configuration is presented in Fig. 15.
trace N-force effects in the continuufl7]. A comparison  The effects of the Bl force included in the cross section are
of the currently measured cross section with rigorous Fadsignificant: about 3% forA ,=4.55. and about 15% for
deev calculations involving realistic potentials does not con-A _=5.8u. Unfortunately, the correction goes in the wrong
firm those expectation€=ig. 12. The cross sections calcu- direction when the calculations are compared with the ex-
lated using differentNN potentials differ from one another perimental data. In the case af,, the effects are smaller.
by up to 5% and tend to overestimate the experimental datagain, the trend of the changes is wrong.
The poorest agreement was achieved for the CD Bonn po-
tential (up to about 6%; in this case the systematic errors are
of the order of 1% which performed well in the collinearity
configurations[3]. The agreement between theory and ex- Kinematically complete measurements of the deuteron
periment seems to be better in caseAgf, but the experi- breakup reaction induced by transversally polarized protons
mental errors are still too large to draw a definite conclusionat the laboratory energy of 65 MeV were performed. Both
In order to shed more light into the nature of discrepan-the differential cross section and the vector-analyzing power
cies between experiment and theory, especially the ones olere studied for three star configurations: symmetric forward
served in the SSS configuration, the Faddeev calculationglane staFPS, symmetric backward plane stBPS, and
were performed with a8 force included in a rigorous way. symmetric space staiSSS. The results of the experiment
The size of Bl-force effects can be estimated by comparingwere compared with the rigorousN3calculations involving
the observables obtained with and without th¢ ®rce in  five charge-dependentN2 potentials: AV18, CD Bonn,
the truncated angular momentum spagg=2. Nijmegen 93, Nijmegen I, and Nijmegen Il. A comparison

V. SUMMARY
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the charge-independent Bonn BN2potential and the 0.00 1'0
Tucson-Melbourne R potential. 0.3 —
By examining the calculations without théN3force, one ®©)
can conclude that, in general, the experimental results and 0.2 F -
the theoretical predictions agree well. This is particularly
true for the case of the analyzing power which is very well 0.1 4

described by theory. However, there are also some minor
disagreements. The theoretically calculated cross sections > oo L4
overestimatdSSS or underestimat¢-PS and BPBexperi-
mental values by6-10%. The width of the theoretically —0.1 |
calculated FPS peak is by about 7% larger than the experi-
mental one. —02 L i
In the comparison of the experimental results with the Prrrttr eyt bt |

calculations including thel8 force, one notices that virtually _o.3 ) .l | ;
no 3N-force effects can be found in the case of the FPS and 10 20 30 40 50
BPS configurations with a cutoff paramet&r,=4.55u. In S (MeV)

the case of the SSS configuration, this effect is visible, but

small. When taking the cutoff parameter which overbinds the FIG. 15. Same as Fig. 13, but for the SSS configuration.
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triton, the N-force effects are more significatfor the SSS  culations are performed with a realistic nuclear interaction.
configuration, an effect of about 15% in the cross sectiorin our earlier workl 14] we suggested that the disagreement
was found. But in almost all cases, the agreement betweertin the width of the FPS peak may be also caused by neglect-
theory and experiment gets worse as compared to the calcing the Coulomb force. The measured analyzing powers
lations without the 8! force. agree, in general, better with the theory based on the 2N
The reason for this phenomenon is not yet clear. On thgnteraction only than do the cross sections, thus leaving less
one hand, the @ potential (Tucson-Melbourne may be  room for 3N-force effects. On the other hand, higher partial
wrong. The new versions of this potenti@.g.,[30]) were  waves (=3) are more important i, than in the cross
not yet included in calculations. On the other hand, thesection, and so the presented calculations performed in the

Tucson-Melbourne B pOtential was not derived in the same truncated angu|ar momentum Spaq§€) should be ex-
theoretical framework as the Bonn B potential, making themended to at leagt;z=3.

to some extent incompatible. It would be interesting to find
out how far this incompatibility is important by performing

calculqtions with bothlNN and 3N forces derived consﬁs- ACKNOWLEDGMENTS
tently in the same framework as, e.f9]. Such a work is
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