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We measured cross sections and vector analyzing powers of the breakup rée¢fionp)n at a laboratory
proton energy of 19.0 MeV in four kinematically complete arrangements comprising space star, collinearity,
final-state interaction, and quasifree scattering conditions. We present our results and compare them to the
predictions of rigorous three-nucleon Faddeev calculations using different realistic nucleon-nucleon potentials.
We found cases of good agreement but also cases of clear discrepancies. The inclusionmeExuhahge
Tucson-Melbourne three-nucleon force does not remove these discrepancies but even worsens the description
in all cases. In the quasifree scattering and space star configurations Coulomb-force effects might possibly be
responsible for at least part of the observed discrepancies.

PACS numbd(s): 21.45+v, 21.30.Fe, 24.7G:s, 25.10+s

[. INTRODUCTION cross section and vector analyzing power in the proton in-
duced deuteron breakyp, +d,— p3+ ps+ns. We investi-
Only since the advent of rigorous solutions for the three-gate this process using polarized protons of 19 MeV
nucleon () Faddeev equations in the scattering domainlaboratory —energy. The differential cross sections
[1,2] a quantitatively meaningful comparison of theoreticald *o/dQ3dQ,dS and the vector analyzing powers,(S),
predictions and B data can be performed. Since these cal-Parametrized by the arc length of the kinematical curve,
culations are based on realistic nucleon-nuclehl) poten- ~ aré measured in four kinematically complete configurations
tials the N system has thus become an important testing®mMPrising “classical” geometriesip final-state interaction
ground for moderrNN interactions. Furthermore, new fea- (F>) (équal momenta of the neutron and profqmp asym- -
tures, absent in I systems, such as off-shell effects and metric collinearity(COL) (the undetected negtron is atrestin
three-body forces may appear in thl 3ystem. the center-of-mass syst¢nspace statSST) _(ln the centeri _
Despite recent progress in this field the situation is fa®-Mass system all momenta of the outgoing nucleons lie in
from satisfactory and many questions are left unansweredn€ same plane ‘_Nh'Ch IS perpendu:ular to the beam d|r.ect|on
The comparison of B breakup data with the results of re- and form an equilateral triangleandpp quasifree scattering

cent rigorous Faddeev calculations shows that there are casgal S (the undetected neutron is at rest in the laboratory

of quantitative agreemen8—6], but also examples of clear system. . . .
dis?:repancie{s3,5?7,a. In the case of kinematicaplly complete . N Sec. Il we give a brief sketch of the theoretical formal-
breakup cross sections one finds regions in the phase spa'één' Sectlon lIl describes the experimental setup and in Sec.
of three outgoing nucleons where the theory cannot repro'—V the deta|lls of our method of data analys!s are _outhned.
duce the absolute magnitude of the cross sectéris, 8. The comparison of data to theory and the Q|scu§3|on of the
This is true both for neutron-deuterond) [7] as well as for results follow in Sec. V and a summary is given in Sec. VI.
proton-deuteron fd) data[5,8] which may be additionally
influenced by Coulomb-force effects. In the case of breakup
vector analyzing powers the situation is somewhat unclear
because of the poorer database. Redgntiata from apd The theoretical results presented in this paper are based
breakup measurement at 65 Md®@,9,10 show generally on rigorous solutions of the B Faddeev equations using
good agreement with theoretical predictions based on realigifferent realisticNN interactions. In the following we give a
tic NN interactions. At low energies, where a clear-cut dis-short presentation of our formalism and numerical perfor-
crepancy between theory and data has been found for theance.
elastic scattering vector analyzing pow&y[3,11], breakup When onlyNN interactions are active and neglecting the
vector analyzing power data are rare. long-range Coulomb force we solve the Faddeev equation
In this paper we present new experimental data for thdor the T operator

Il. THEORY
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T=tP+tPG,T, (2.1
whereG; is the free three-body propagator anis the two-
body off-shell t matrix.P denotes a sum of cyclic and anti-
cyclic permutations of three nucleons. After solving E2]1)
the breakup-transition operatbk, follows by quadrature:

Uo=(1+P)T. (2.2
In the case when the potential energy of thé §y/stem con-
tains in addition to the purB N interaction also a term com-
ing from a three-nucleon forc@NF), we introduce the op-
erator t,=V,+V,Got,, driven by the three-nucleon
interactionV,. Now in the transition operatdJ, a new term
T, on top of theT appears. Boti and T, fulfill the follow-
ing set of coupled equations:

T=tP+tGyT,+tPG,T, 2.3

These equations are solved in a perturbative approach

powers ofV, and the different orders are then summed up by

the Pademethod. The breakup amplitude is then given by
(2.5
The physical content of Eq€2.1), (2.3, and (2.4) is re-

Uo=(1+P)T+T,.
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7NN form factor. In the present calculations we use the
“recommended” value for this parameterA ,=5.8u
(x=139.6 Me\j. To get the proper binding energy of the
triton taking the Bonn-B potential and the TM 3NF, a value
of A ,=4.55. should be used. Such decreaseAgf would
reduce the effects of the TM 3NF significantly. Therefore the
3NF effects presented in this paper are an overestimation of
effects caused by this 3NF model in our breakup configura-
tions.

The data for the low energy Nd elastic scattering vector
analyzing power show a drastic discrepancy to theory.
Charge independence breaking of tNeN interaction in
3p, states is a candidate for the explanation of this puzzle
[23]. In order to study the'P sensitivity of breakup analyz-
ing power we performed an additional calculation using the
Bonn-B potential with modifications in itdP; force compo-
nents for thep p andnp two-body subsystems as proposed in
Ref. [23].

In all calculations performed with i interactions only
we included all N states with total angular momenja 3
if the two-nucleon subsystem. In the case of the calculation
ith TM 3NF we restricted them t¢<2 due to computer
limitations.

IIl. EXPERIMENT

The measurement presented in this paper was performed

vealed after iterating them. The resulting multiple scatteringat the Cologne FN tandem Van-de Graaff accelerator facility.
series describes contributions from scattering processeghe polarized protons were produced by a Lamb-shift source
where three nucleons interact with two- or three-body forcesis described ifi24] and then accelerated to a laboratory en-

with free propagation in between. For more details of theergy of 19 MeV. We obtained a typical beam current of 200

theoretical formulation and numerical performance we refenA on target and an average vector polariza@nof 0.8.

to [1,2,19 and references therein.
We solved Eq(2.1) using the following realisticNN po-
tentials: AV14 [14], Bonn-B [15], Nijmegen78[16], and

The beam was focused into an ORTEC 2800 scattering
chamber which was modified by a hemispherical &ten-
sion in order to measure the noncoplanar configuration SST.

Paris [17]. In all cases the charge-independence breakin@®ehind the scattering chamber the beamline was terminated

(CIB) of the NN interaction in the state¢’S, was treated
exactly by including an admixture of total isospir= 2 [13].

Such CIB requires differentS, NN interactions in the two-
body subsystemsp(p andnp) of the pd system. This was
achieved by applying théS, np interaction of the Bonn-B

by a Faraday cup with an integraté¢out electrically insu-
lated “He gas polarimeter. Four silicon surface barrier de-
tectors, mounted under relative azimuthal angles of
AP =90°, allowed continuous monitoring of the transverse
beam polarization componengs, and p, using the known

potential in the Nijmegen78 and Paris potential calculations/ector analyzing power of the reactidide(g,p) at @' =

and theS, pp interaction of a'S, pp modified version of
the Bonn-B potentigl15] in the AV14 and Bonn-B potential
calculations.

Such an artificial mixing of differentS, forces can now

112° [25]. The target foils used in our measurement con-
sisted of solid polyethylenéCD,),, with a deuterium target
thickness of about 80—10@g/cm?. In order to extend the
lifetime of the foils they were mounted on rotating target

be avoided with the appearance of recently updated higholders. This technique reduced the deuterium loss to ap-

quality NN interactions: AV18[18], CD Bonn [19], and

proximately 1% per hour. The size and shape of the beam

Nijmegen 93, | and I[20]. All these interactions are charge spot on target was controlled using a quartz plate with a
dependent in isospin=1 states having thus inherently center hole. The observed beam spot had a typical diameter

built-in differences in the!S, force component fonp, pp,

andnn systems. Contrary to the previously mentioned older

of 1-2 mm.
For the detection of the outgoing protons of tpel

potentials they are practically on-shell equivalent and debreakup reaction we used cooleg@°C) 2000 wm thick
scribe the N data with impressively good quality character- silicon surface barrier detectors with an energy resolution of
ized by y>~1 per degree of freedom. We also solved Eq.about 20—40 keV FWHM. The centers of the entrance aper-

(2.1) using all these new interactions.

ture of the detectors were positioned with an accuracy of

In order to gain some insight into possible 3NF effects we* 0.1°. Table | lists the scattering and solid angles for all

included also the Tucson-Melbourn@M) three-nucleon

coincidence detectors. If we denote by {,0,4,AP3,) the

force[21,22 in our Bonn-B calculation. From our previous (laboratory polar angles and the relative azimuthal angles of
study we know that effects of this 3NF depend strongly onthe detected breakup protoms and p,, then the corre-

the value of the cut-off parametek . appearing in the

sponding detector pairs defining the kinematical configura-
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TABLE |. Angular parameterglaboratory system Listed are

the detector position® and® (*0.1°), the angular resolutions in L 0;=41° 0,=63° ¢5,=180" £,=19.0 MeV (FSI)
A® andA® direction, the distances to the target+1 mm), and | ) (nps)
the solid anglef\ Q) (+8x10 3 msp. /

O (deg P (deg AO (deg AD (deg r (mm) AQ (msn

41 0 1.0 2.7 231 0.847

52 0 0.7 3.7 231 0.860 =

52 60 0.9 2.6 244 0.737 28

63 0 0.7 2.9 260 0.560 = p, pd)
1 180 1.0 2.2 230 0.660 =

52 180 0.7 3.7 230 0.835 \
52 120 0.9 2.6 247 0.732 4 og
63 180 0.7 29 260 0.560 ¢
) np.)=100 keV s
tions QFS, FSI, COL, and SST of the present study are char-

acterized by the triplets of angles (41°,41°,180°), 0 5 L A'L ' ' é ' 0 '
(41°,63°,180°), (52°,63°,180°), and (52°,52°,120°), re- £, (MeV)

spectively. Note that the configurations FSI, COL, and SST
were realized twice. In the case of FSI and COL the second FG. 1. calibrated E5,E,) coincidence matrix for the FSI con-

detector arrangement is obtained by a 180° rotation aroungyration.The positions on the kinematical curve, which correspond

the beam axis and in the SST case by a corresponding 6Q5 the relative-energy miniméi(, ) andE,,, are indicated. Two-

rotation. These symmetric arrangements increased thgody coincidences are visible aE{,E;)~(14.7 MeV,4.2 MeV).

breakup counting rates by a factor of 2 and helped in reducthe remaining low-energy background originates from breakup re-

ing the systematic errors of the analyzing powers in the casgetions on the target nucléfC.

of FSI and COL(analogously to the two-body case as pro- o

posed in[26]). Furthermore, the simultaneous use of onel.j=3.4.5, i#] (see, for exampl¢30]). Furthermore, the

detector in several kinematical configurations increases th@ield has to be converted to absolute values of the cross

possibility to cross-check the consistency of the measureS€ctions or, when using polarized projectiles, appropriate ra-

ments. tios of yields have to be taken to get the analyzing powers.
Both detectors a®'?® = 63° served simultaneously as The off-line energy calibration of our coincidence spectra

monitor detectors and were used for absolute normalizatiohas done using the elastically and inelastically scattered pro-

of the breakup cross sections. For the given beam currenfonS ang ?eutzerons ;rom thze reacltlon’éc_(p,p) 2C

the target thickness and the solid angles the total countin C(p,p)*2C**, 2H(p,p)?H, and 2H(p,d)*H. A linear cali-

rate for each detector was on the order of 5 kHz and therd2ration was essentially sufficient. Figure 1 shows a calibrated

fore significant pile-up effects were not expected. The neca&nd background-corrected,E,) matrix for the FSI con-

essary dead-time corrections were typically in the range ofiguration as a contour plot in arbitrary units. Events closer to
1—3%. the energy axes than to any point on the kinematical curve in

The signals from all detectors were processed simultathe region of interest were not incremented. The calculated
neously by standard fast-slow coincidence electronics anBoint-geometry kinematical curve is also shown. For the pro-
then recorded in list mode on magnetic tape using the Cdection procedure which assigns the breakup events to the
logne FERA analyzer systef27]. For each coincidence kinematical loci for point geometry, we assumed a simple
event the stored information consisted of a logical statu$wo-dimensional Gaussian distribution for tHes(E,) pairs.
word (indicating the kinematical configuratiprthe energies ~This means that the projection point on tBeurve is given
and the time-of-flight differences of the detected particles. Adirectly by the shortest distance between the point-geometry
powerful software for online analysi®8,29 was used to Kinematical curve and theeg, E,4) event. The assignment of
check the coincidence events not only by incrementing an@ach €s,E,) event to its proper location on tt&curve is
displaying two-dimensional energy spectra but also by gendone by using “reference matrices.” For every event in the
erating the background-corrected projections of the breakugalibrated E3,E,) plane they contain the numerically calcu-

events onto the relevant kinematical loci. lated information about the shortest distance toShaurve.
The background in our H3,E,) matrices consisted
IV. ANALYSIS OF THE LIST MODE DATA mainly of random coincidences due to elastic and inelastic

reactions with the target nucléH and *?C. The background

For a comparison of the experimental results of a kinecorrection was done using methods similar to those de-
matically complete three-body breakup measurement witlscribed in[31]. For each event we calculated the “theoreti-
the corresponding theoretical predictions one has to convedal” time-of-flight difference using the known distances of
the yield of true breakup events int@‘curve” spectra. The the detectors to the target and the measured energies and
S curve is a one-dimensional representatiarc length of assuming the particle masses to be those of the detected
the kinematically allowedE; ,E;) energy valuegkinemati-  nucleons of thepd breakup. “Time” matrices were built by
cal curve of the two detected outgoing nucleons sorting the events according to their theoretical time-of-flight
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AS, denotes discrete bins on t&ecurve. In the middle part
of Fig. 2 examples for both projecte8l curve spectra are
shown. The bottom part of Fig. 2 displays the resulting spec-
tra.

The normalization of the yield of ou® curve spectra was
done using the monitor reactidi(p,p) ?H (see, e.g.[32]).
We used a measured cross-section angular distribution at 19
MeV for the pd elastic scattering and interpolated it to our
laboratory monitor angle of 63°33]:

M,,,/Channe!

300

=(28.8+0.3) mb/sr. 4.3
M

T (e ( dQ
N+(1/v)

Note that our breakup cross-section results could easily be
renormalized if a different value of the monitor cross section
became available:

Events

( d3c S)'_(da'/dQ)Mr/ d3c 4.4

dQ;d0,dS)  (do/dQ)y | dQ3dQ,dS)’

300

where @da/dQ),,, denotes the alternative value for the
monitor cross section at the corresponding energy and angle.
In order to determine the vector analyzing powers as a func-
tion of the arc lengtts we first determined the average value
of the beam polarization during the measurement runs. The
average value of the beam polarization was

200

Events

4 6 8 10 12 14 16 18 20 22

S (MeV) §y=0.7951 0.012 for the COL and SST configurations and
py=0.797+0.012 for the FSI and QFS configurations. These

FIG. 2. Background subtraction using time matrices. The theo-beam polarization values were determined usmtj @ po-

retical time-of-flight differences are plotted versus the measureéa“met_er with the gsual Madlson conv_entlon for thexis.
time-of-flight differencegtop). In the middle part of the figure the | N€ SPIN quantization axis of the polarimeter was parallel to
resulting S curve spectra of “truerandom” and “random” the axis used for the determination of the analyzing powers

(weighed by a factor Y, see textcuts are shown. The bottom part Of the breakup reaction. In the case of the space-star configu-
of the figure results after background subtraction. ration the detector arrangement corresponded to an asymmet-
ric frame for noncoplanar breakup geometries as proposed by

difference and the measured time-of-flight differerigy. 2,  Ohisenet al.[34]. In this case the spin quantization ayiss

top). The truepd breakup events which have to show a fixed P€rPendicular to a plane defined by the direction of the mo-
relation between the theoretical time-of-flight difference andMenta of the projectilespg) and the direction of the mo-
the experimental time-of-flight difference produce a peakMenta of one of the observed particlgs;). For each bin
above the uniformly distributed random coincidence events® S, Of the kinematical curve we then calculated ratios of
The region marke€(tr +r) containing this peak defines the breakup events corresponding Fo the. two. polarization states
selection criterion or filter for the true breakup events. This UP” and “down” (the two possible directions of the beam
region still contains a contribution from random coingi- Polarization vector parallel and antiparallel to thexis). If
dences which has to be determined. This was done by a1=(N/N/)*? and N,=(N/N[)*'? denote the geometric
interpolation using a filter marked(r) and containing average of the breakup yieldk corresponding to the detec-
purely random coincidencesee Fig. 2, top In order to  tor arrangements “left’(l) and “right” (r) and polarization
reduce the statistical errors of the background substractioptates “up” () and “down” (), respectively, then the vec-
this region is chosen to be larger by a factorelative to the tor analyzing power in the coplanar configurations FSI and
experimental time-of-flight difference. After application of COL was given by

our projection procedure to both regior@(tr+r) and
C(r) the fraction of truegpd breakup eventdl,, is given by 1 Ni(AS,)—Ny(AS,)

b, Ni(AS,)+N5(AS,)’

Ay(AS,)= (4.5

1
N (AS,)=Nir(AS,) - VNV(ASM)’ (4. In the symmetric coplanar case pp QFS and the nonco-

planar SST case we used an analogous equation but instead
of the geometric averages we simply tobk and N' and
normalized the runs for different spin states using the same
monitoring reaction as in the case of the cross sections.

1 The errors of the results of our measurement have differ-
AN (AS,)= \/N””(AS")+ WN'(AS")' (4.2 ent origins. In the case of the cross sections the main sys-

with a statistical error of
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tematic error is due to the normalization factors. The errors B B o A E e e e
of these factors consist of the errors of the normalization 6 - 0,=41° 0,=63° ©,=180° E,=19.0 MeV (FSI) -
cross section and the errors of the solid angles. We deter-

. [ T v (a) ]
mined an overall error for these factors to be about 2%. . Nijmegen | .
Another systematic error originates from the projection pro- | —— Bonn-8 ]
cedure. Because of the finite angular resolution the breakup i

istri : . . 4 = B B + 3NF i
events were distributed around the kinematical point- enn P

geometry loci. Therefore we had to select a maximum dis-
tance from theS curve (“distance cut”) within which the

true breakup events were expected. We chose distances of
typically 1 MeV. The loss of breakup events corresponding
to these cuts was checked by comparing cuts using different
values for the maximum distance from tBecurve. The loss

of true breakup events due to these cuts are estimated to be T
about 1%. Statistical errors originate from the absolute 27 6 8 10 12 14 18 18 20
breakup yield and the background subtract|é. (4.2)].
These errors depend obviously on the chosen bin width
AS, and in our measurement had values in the range of
1-4%. The errors of the analyzing powers were calculated
using the errors of the average beam polarizations and the 0.1
statistical errors as given by E@L.2). In the case of the QFS

and SST configurations the normalization of the runs for the .
different spin states required normalization factors on the <
order of 1.01 with negligible errors.

d’c /d0,d0,dS (mb/sriveV)

N

N

L L L L L L ) LB L

0.2

[N N e S LN
i AN AR S

********* Nijmegen 93
Bonn—B

-0.1

V. RESULTS AND DISCUSSION
-0.2

AN R R

LA I R Y B 7 2

In Figs. 3—6 we present the experimental results for cross
sections and analyzing powers in all four kinematical con- S IR SFAVA IFAVIVIR [IVEVR VEVINN (VNSNS SRV S
figurations studied. The data are presented as a function of £ 68 1; Lj VM e 1820 2
the arc length of thés curve plotted counterclockwise with (MeV)
zero chosen at the intersection of the kinematical curve with FIG. 3. The breakup cross sectiofas and analyzing poweré)

the E; axis. _ . _ for the FSI configuration. The experimental désmlid dot3 are
The cross-section data for FSI and COL configurationg,gmpared with the results of Faddeev calculations using the

(Figs. 3 and 4, respectivelyghow good agreement in large gonn-g, Nijmegen I, and Nijmegen 93 potentials. Also results of
parts of theS curve with the point-geometry predictions of gonn-B + TM 3NF calculations are shown. In the case of the
all NN potentials used. We show in Figs. 3 and 4 only thepreakup cross sections the statistical errors are smaller then the
predictions of Bonn-B and Nijm | but the theoretical crosssolid dots’ size. For, the dashed line denoted by Bonn-&P()
sections for both configurations are very stable when oneesults when Bonn-B'P; NN force components are modified for
NN potential is replaced by another. Discrepancies are vispp andnp systems according to the prescription[28].

ible only in the regions of an exact FSI condition or close to

it, which correspond to minima of the relative energy of antion. The region around the collinear poirg€11.5 MeV in

np pair. For the FSI configuration they result from finite Fig. 4 seems to be insensitive to changes induced by the
angular resolutions of the experimental setup and the chosenclusion of the TM 3NF, contrary to expectations based on
bin width AS,,. Taking, namely, into account the finite ge- simple model predictiong35].

ometry of the two proton detectors and performing a suitable The analyzing power is reproduced reasonably well in
averaging of the theoretical point-geometry predictions oveboth configurations by the theoretical predictions based on
solid angles of both detectors leads to a drastic improvemergN forces only. ForA,, however, in contrast to the cross
of the agreement between data and theory for this configusection, the changes resulting from inclusion of the TM 3NF
ration. A similar behavior was found in our previous study atare dramatiqup to about 50% depending on the region of
13 MeV [5] and shows how important it is in somed S curve and nearly everywhere they take theory away from
breakup configurations to account exactly for the experimenthe data. One should, however, emphasize that these TM
tal conditions before a comparison between theory and dataNF effects correspond td ,=5.8u. Taking A ,=4.55u

is performed—especially if one wants to extract éhg scat-  corresponding to a situation where this TM 3NF together
tering length from theanp FSI peak. The inclusion of the TM with the Bonn-B potential reproduces the triton binding en-
3NF leads to changes of the FSI cross section of about 10%rgy would reduce the resulting effects drastic§fly3] such
relative to the results of the purd\2calculation. The largest that they would be practically negligible both for cross sec-
effects are seen in the region of the FSI peak where this 3NEons and analyzing powers in all four breakup configurations
increases the cross section thereby moving the theory awastudied here.

from the data. For the collinear configuration the effects are The experimental data for the SST configuration are
mostly negligible except for the region near the FSI condi-shown in Fig. 5. The theoretical cross sections overestimate

N
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| 9,=52° 0,=63" ¢,=180" E,=19.0MeV (COL)
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0,=52° 0,=52° ¢,=120° E,=19.0 MeV (SST)
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FIG. 4. The same as Fig. 3 but for the COL configuration. FIG. 5. The same as Fig. 3 but for the SST configuration.

our pd data by about 7%. A similar behavior of this specific The very good agreement between our theory and recent
configuration was seen at 10[86] and 13 MeV[5] with  pd cross section data for the space star at 65 NEY gives
theory overshooting the data by about 20%. On the other sidadditional support for such a conclusion. However, it should
the nd measurements for this configuration performed atbe stressed, that onlyN8sbreakup calculations which include
10.3[4,37] and 13 Me\ 38] deliverednd data laying clearly the pp Coulomb force exactly could help solve unambigu-
above the correspondingd data. One set of 10.3 Medd  ously the problem of the disagreement existing far data.
data[4] is in quite good agreement with the theoretical pre-The first step in this direction performed recently indicates
dictions, another ong37] lying however clearly above the quite large effectgup to 20% of the Coulomb force on the
theory by about 20%3]. These two sets aid data are thus breakup cross sectiongl0]. Unfortunately, theNN force

in contradiction to one another. At 13 Mend data of Ref. used was a rank-one separable Yamaguchi force and the
[38] disagree with pure I8 potential predictiong7] which  question remains whether the effects will also be present for
underestimate the SST cross-section data by about 20%. Resalistic forces and higher partial waves taken into account.
cent independent measurements performed at TU88]  Similar as for the FSI and COL configurations cross sections
support the SST results of R¢88]. Taking into account TM  for the SST configuration are stable against interchanging
3NF lowers the space-star cross section at 10.5 and 13 MeMN forces.

relative to the pure R force prediction, moving the theory The comparison of the analyzing-power data with the
away from thend data and closer to thed data. As can be theoretical predictions shows that—although the error bars
seen in Fig. 5, however, at 19 MeV the TM 3NF acts oppo-are quite large and the value 8f, rather small—the shape
site, increasing the SST cross section slightly by about 3%&and magnitude are reproduced reasonably by the theory.
taking the theory away from oyrd data. The smallness of Here the changes induced by the TM 3NF are smaller then in
the TM 3NF effects on the SST cross section together witH=SI and COL configurations and—as there—tend away from
strongly reduced disagreement between our pudef@ce the A, data.

predictions and presemtd data as compared to the corre- In the QFS configuration presented in Fig. 6 we found a
sponding larger disagreement at 10.5 and 13 MeV suggestery large discrepancy between the theoretical cross section
that it originates probably from Coulomb force acting be-and ourpd data. A comparison with the correspondipg
tween two protons which is totally neglected in the theory.data at 10.936] and 13 MeV[5] reveals that there the dis-
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e

ing references from which data were taken ar¢4d], b: [36], c:
[5], d:[43], e:[32], f: this paper, g[8], h: [41], i: [42], k: [45]. Part
FIG. 6. The same as Fig. 3 but for the QFS configuration. (b) shows cross sections for freep and nn scattering calculated
with Bonn-B potential.

crepancies were mainly restricted to the region of QFS peak
while at 19 MeV they exist practically along the entige
curve. The inclusion of the TM 3NF even increases thesdref.[42]) were obtained by averaging over 2—4 channels of
discrepancies. For the QFS analyzing power definite concluthe original spectra together with new estimates of the cor-
sions cannot be drawn due to the large experimental erroresponding statistical errors. The comparison to theory re-
and large scatter of data. QFS cross sections are also stableals a clear systematic effect. The discrepancies found are
against interchanges bfN interactions with the exception of relatively small at energies around 10 and 70 MeV but reach
the region at and close to QFS condition where small differa maximum in the energy range 15-40 MeV. An additional
ences between different potentials are visible. They refleatomparison of the calculated cross sections for fsypeand
different properties of theiS, —3D; force components. nn scattering a® ™= 90° [Fig. 7 (b)] which come closely

In order to gain some insight into the systematics of thetogether around 70 MeV, further supports the conclusion that
deviations found in the QFS configuration we comparedat our energy Coulomb-force effects are probably responsible
some published QFS peak cross-section data in the incomirfgr the disagreement between 3N theory and @EScross-
proton laboratory energy range from 8.5 to 65 MeV with section data. The nonmonotonic energy dependence of the
corresponding theoretical predictions obtained with theQFS cross-section discrepancies shows that only full-fledged
Bonn-B potential. In Fig. 7(@) we show our most recent breakup calculations witlpp Coulomb force included ex-
pp QFS data together with the older ones, also obtained actly could unambiguously determine the magnitude of Cou-
our laboratory, and data of other groups. For this purpose wibmb force effects in every individual case.
adjusted some of the older data. The data points at 8.5, 14.1, The analyzing power in low enerdyd elastic scattering
and 16.0 MeV were renormalized using E4.4) and more  presents an unsurmountable problem for all present-day re-
recent elastic cross-sectiqrd data of Ref[33]. The result- alistic NN interactiong 3]. In [23] the solution to this prob-
ing modifications are of the order of 4%. For some of thelem was proposed introducing a significant CIB3R; NN
data points above 20 MeV which were given originally in theforce components on which the elastic-scatteAgyglepends
form of projections onto one energy axis we changed thén a very sensitive way. As can be seen from Figs. 3—-6 also
corresponding cross section by multiplying it by a factorbreakup analyzing powers in our configurations are sensitive
1/42 to get it projected on the kinematical locus. Finally weto such changes ofP; NN force components. Generally
point out that most of the data pointsspecially those of speaking, practically in all cases the change#\pthus in-
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TABLE Il. Reducedy? of the analyzing powers for different VI. SUMMARY
potentials. TM denotes “Bonn-B- TM 3NF.” . .
We present new cross-section and vector analyzing-power
N AV14 Nijm78 Paris Bonn-B mod. Bonn-B TM data in four klne_matlcally complete configurations of the
pd breakup reaction at 19.0 MeV. The data are compared to

FSI 21 27 1.3 19 1.9 1.1 3.7 predictions of rigorous three-nucleon Faddeev calculations
COL 23 1.8 1.1 1.3 1.3 1.1 2.2 using different realistic nucleon-nucleon potentials. The re-
QFS 22 1.8 1.6 1.7 1.6 1.6 1.8 sulti.ng picture_ for the cross sections is fou_nd to be stable
SST 17 13 1.2 1.2 1.2 1.0 1.4 against replacing onBN force by another, with the excep-

tion of the QFS configuration which reflects differences in

N AvV18 CDBonn Nijm93 Nijml  Nimll  the 3S,—3D, force component of some potentials used. For

the cross sections discrepancies between theory and data are
FSI 2l L7 1.8 L7 15 16 found for SST and, especially large, for the QFS, whereas a
coL 23 12 12 12 11 11 good agreement exists in the case of the FSI and COL con-
QFs 22 16 16 16 16 1.6 figurations. The systematics of QFS and SST results at dif-
SST 17 1.2 1.1 1.2 1.1 1.2

ferent energies can be interpreted as a signature of strong
Coulomb-force effects in th@d system for these specific

o . configurations at our energy. The inclusion of the Tucson-
duced are non-negligible and bring theory closer to the datavielbourne three-nucleon potential in practically all cases

In order to give a quantitative comparison of the theoreti-moves the theory away from experimental data both for cross
cal predictions for the analyzing powers we calculated a resections and analyzing powers. The vector analyzing powers

ducedy? for all potentials used: for the FSI and COL configurations are described slightly
better when using a version of the Bonn-B potential which
2 1 [A;hieo(S)—Ag"ip 9)]? was phenomenologically modified by introducing CIB in the
N=— : - . g 3
X NZ  [AATHS)T (5.9 P, force components.
The results are given in Table Il. From this table we see that ACKNOWLEDGMENTS
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