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We have measured thed elastic scattering with an electron-cooled beam of a proton storage ring and an
internal jet target operated with HD gas. The accurately known H/D ratio is used to transfer the precision of
existing pp scattering data to thpd cross sections. Measurements were performed for proton energies be-
tween 200 and 300 MeV in the angular range €8, ,,< 29°. The results are compared to nonrelativistic
Faddeev calculations with different nucleon-nucleon interactions and total angular mgrsehia the NN
subsystem. The impact of a genuind ®rce is investigated. The discrepancies between data and calculations
increase with projectile energyS0556-28188)04805-3

PACS numbds): 25.10+s, 21.30-X, 21.45+v, 25.40.Cm

[. INTRODUCTION measurements of elastigd scattering test the predictive
power of the Faddeev results for absolute values as well as
The advent of proton accelerators with cooled beamgor the dependence on angle and projectile energy. Further-
brings the study of the nucleon-nucledd ) interaction in ~ more the contributions attributed to higher total angular mo-
few nucleon systems to unprecedented levels of precision imenta in theNN subsystem and the impact of an additional
projectile energy and background suppression. By makingenuine 3 force can be studiefr—11].
use of polarized beams and/or internal gas targets these pro- There is growing interest ipd elastic scattering data for
cesses can be studied with polarization observables and nédprmalization of inelastiqpd reactions to absolute values,
meson production thresholds. too. Indeed, pion production in thed system_ has recently
For NN elastic scattering the database is sufficiently comattracted much interedi4,12—16, because it can be ap-
plete for projectile energies up to the pion production threshproaChed as a fundamentaIN interaction in a simple
olds, and the existing phase shift analyses, €1g2], show nuclear environment and represents the gateway to an under-

only minor discrepancies due to spin observables that are nétar?géggnzf f(r)nretshoen Fperronc,:iu f:g;éRtS;CE;trYgggoﬁp?{\%pg:Le-
yet sufficiently represented in the databf3g]. '

N : . teron may also serve as an effective neutron tafget.
The situation is different for elastipd scattering, where These experiments mostly focus on the projectile energies
the data are scarce fdi,=150 MeV and not at all compa-

i ; . close above the meson production thresholds which are
rable with that forNN. Elastic pd scattering represents a 464t 210 MeV for pion production. Absolute excitation

well-defined three nucleon problem and the angular distribusnctions can then be obtained by a normalization to simul-
tions are of general interest as a test of calculations i”VeStlaneously measured elastic scattering. This normalization
gating the reaction mechanism. Rigorous solutions of tthchnique has been frequently used for inelastid pro-
three-nucleon (Bl) Faddeev equations for several types ofcesses by making use of the existing precise database for
realistic NN potentials have been derivg8,6], and many elastic scattering. Recently the study of the reaction
3N observables for projectile energies below 100 MeV arepp— pp=° [18,19 has revealed that important and unex-
described well by these potentials, see d.4.,The 3N sys-  pected insight into the reaction dynamics is derived from the
tem thus provides the environment for testsNifl interac-  precise knowledge adibsolutecross sections20—22.
tions in the presence of an additional nucleon. Faddeev cal- Such normalization cannot yet be applied to g sys-
culations of elasticpd scattering can be performed for tem because elastic scattering cross sections for energies
energiesT, beyond 150 MeV[7], and adequat&N force  above the pion production threshold and forward angles are
parametrizations exist for energies up to 350 MeV. Precisiomot available. There exist only a few data points for
T,=198 MeV [23] and T4=433 MeV [24] for backward
scattered protons, and fdi,=240 MeV [25] covering® ,;,
*Present address: ISKP, UniversiBonn, D-53115 Bonn, Ger- =21°-100°. ForT,=641 MeV and 793 MeV measure-

many. ments have been performed at a 5% precision level for
"Present address: Department of Physics, New Mexico State Unangles®. ,= 35° [26]. The idea of the present work is to
versity, Las Cruces NM 88003. transfer the accurately known absolute cross sectiorspof
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FIG. 1. Schematic drawing of the experimental setup. The com- FIG. 2. Distribution of the intercept of the forward prong in the
ponents are described in the text. The trajectories ptla pdn° xy-wire chamber plane fofa) the D, and (b) the H, target. The
event are shown, too. gray code covers two orders of magnitude in logarithmic scaling.

The cuts applied to events with a coincident signal from a PSD

elastic scattering to thed elastic scattering just as it is done @°0ve (below) the horizontal plane are shown as sofashed

for the inelasticNN channels: We related to elasticpp lines. (c) Gate on thg scatte_nng_vertex position z along the beam
scattering with concurrent measurements of both reaction®ath applied to elastipd (solid histogram andpp (dashed scat-
under identical conditions by using a high quality circulating©""d €vents. The gas jetis centered at 2.

proton beam in conjunction with an mt_ernal gas target. We2°$®1|ab$ 19°: the acceptance is limited by the rim of the
present experimental results fpd elastic scattering in the exit window on the outside, and inside by the beam pipe
forward angular range 920, <30° with projectile ener- jntersecting the detector. The detector stack is composed of
gies T,=200, 221, 235, 258, and 295 MeV relevant fif  five sensitive layers across the beam. The fourfold seg-
reactions near pion thresholds. mented F detector made from plastic scintillator NE102A of
Our paper is organized as follows. Section Il is devoted ta0.5 mm thickness generates start signals for time-of-flight
a description of the detector and the measurements; in Se€TOF) measurements. Two subsequent pairs) and (x,y)
IIl we present the experimental results and compare them tof wire chambers each provide two-dimensional position in-
Faddeev calculations based on different choices folNthe  formation for vertex reconstruction. The eight segments of
potential without and with a8 contribution. Our results are the E detecto(10 cm thickness of plastic scintillator BC408
summarized in Sec. IV. stop both protons and deuterons with energies up to 120
MeV and 160 MeV, e.g., from pion producingd reactions,
whereas elastically scattered protons or their deuteron recoils

Il. EXPERIMENTAL reach the scintillator segments labeled V. Further details on
, these detector components are giveiilg,18,2§.
The experiment was performed at the Cooler Ri2igj of Due to the composition of the HD target gas, the detector

the Indiana University Cyclotron Facility. The electron- recejves forward going protons from elastip andpd scat-
cooled proton beam interacts with the perpendicular jet of afering; they carry almost the same energy and cannot be dis-
internal, windowless gas target. The target operates with einguished in the forward detector. The proton and deuteron
flow rate of more than 1¥ molecules/s that pass through a recoils, however, differ in energy for a given forward proton
0.11 mm diameter Laval nozzle cooled to 40 K. In the nomi-angle sufficiently to enable a clean separation when mea-
nal vertex region the target consists of a jet with a width ofsured in coincidence with good energy and position resolu-
3.3 mm(FWHM) and a background component distributed 8tion. For this purpose, four position-sensitive silicon detec-
cm up- and downstream along the beam path, resulting in aors (PSD$ of dimensions 4%8 mm? and 1000 um
area density of aboutX110' nuclei/cn?. Beam currents are  thickness were mounted inside the same section of the reac-
typically <100 wA and beam life times 50 s yielding time- tion chamber as the gas jet target. Two of them were placed
averaged luminosities of810?° cm 2 s~ 1. on each side of and about 12 cm away from the beam. On
It is essential for the experiment to run the target with aeach side one was mounted 6 mm above the horizontal plane
gas mixture that guarantees a known and stable ratio of thehere the recoil deuterons from the gas jet position are ex-
luminositiesfor interactions with itsp andd contents, re- pected, the other one 3 cm below the plane, further upstream
spectively. A mere mixture of lland D, of known H,/D, along the beam and with maximum efficiency for recoil deu-
ratio was considered insufficient, because this ratio will varyterons from the uniform gas distribution surrounding the gas
along and across the gas jet and along the beam path duejii. The position response of each PSD was calibrated by
the different molecular masses and flow dynamics. Thereforgradiation with « particles impinging on the detector
the target operates with HD gas that can provide this stabléhrough an aperture with equidistant slits.
ratio. For confirmation, mass spectroscopical analyses have The signature for elastipp and pd events then is a for-
been performed prior to and after the experiment. Theyward proton generating signals in all 5 detector layers in
yielded the composition HD:KHD, of initially 975:15:10  coincidence with a PSD signal from the recoil. In addition
that, by dissociation and recombination under pressure, resuts were applied to the data with gates for kinematically
duced to 971:17:12 within a month, resulting in an averageorrect time differences. The resulting distribution of the
H/D ratio of 1.0076-0.0012. In addition, the target was op- prongs in the xy-wire chamber plane for forward going pro-
erated with pure H and D, gas, respectively, for calibration tons is shown in Fig. @) for a pure H, gas jet. The four
purposes. loci, one for each PSD, clearly stand out. A gate for each of
The setup(Fig. 1) is designed for detection of charged them, shown as a solittlashed line for a PSD abovébe-
particles leaving the interaction region in the forward conelow) the horizontal plane, is applied to select the elastic scat-
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FIG. 4. Differential cross sections f@p elastic scattering from
the solution(NI193) of Ref. [1] used to deduce the absolute cross
section values of this work fgod elastic scattering. Note the sup-
pressed zero on each axis.
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has rather to be carried out on the spectra that are used as
input to the calculation of the cross section by making use of
the supplementary measurements with &hd D, gas jets.

The normalization opd to pp scattering requires that the
luminosities be the same for both event types, and so must
the acceptances of the PSDs. The acceptance, however, var-
ies with the vertex position z along the beam path. The ver-
tex distribution in z can be reconstructed from the forward
H scattering anglé®, 55, the PSD information and the kine-

0 % 7} 3 3 10 3 14 matical relation ©,(0®,,,) for the recoil angle ©,.
recoil energy (MeV) F!gurg 4c) shows the coinciding differential luminosity dis-
tributions forpp andpd events from the HD target, and the

FIG. 3. Correlation plot of the proton angl, ,,vs energy loss ~ gate around the jet position at=0 defining the accepted
of the recoil in the PSD aT,=200 MeV obtained with the HD ~ events. The subtraction procedure then starts from the distri-
(top), the D,, and the H target, respectively. The gates mark deu- bution of events for the proton and deuteron gates in the z vs
teron (solid line) and proton(dashed recoil candidates. With the @, |, plane binned intAA\z=0.4 mm andA® ,,=0.4° in-

HD target, two loci are seen. tervals, each for the K the D,, and the HD target. The
determination of the final ratios gbp to pd scattering is

tering candidates. There is little background, mostly close twestricted to a gate £, j») of vertex positions that is well

the central hole for the beam pipe. Obviously the coinci-within the acceptance of the PSDs tasth pp and pdscat-

dence removes most of the background due to a beam halo t#ring.

small angle scattering upstream the target region. The ratios ofpp to pd scattering yields for corresponding

The corresponding distribution is shown in FigaRfor a  solid angles, corrected with the known H/D ratio, were fi-
pure D, gas jet. There is substantially more background outnally converted into differentighd scattering cross sections.
side the gates for coplanar PSD signals than for theafget  For this purpose the data obtained from the two PSDs view-
with a maximum for coplanar correlation. This backgrounding the HD gas jet target have been combined. Pipedif-
is attributed to deuteron breakup and quasifsescattering ferential cross sections are extracted from the Nijmegen
on deuteron target nuclei. Its subtraction is mandatory fophase shift analysigl] based orpp andpn data below 350
measurements with the HD gas jet; it requires the discrimiMeV. The angular distributions resulting from this solution
nation of the recoil protons against deuterons in the PSD(NI93) are shown in Fig. 4 for reference purposes; they give
This identification of the recoil particle in the PSD and thea better fit to the experimental data in the angular range of
distinction ofpp from pd scattering are based on the angularour experiment than the older solution used[18,2§ as
resolution of the wire chambers\@,,,,<1°) in conjunc- normalization reference. Our normalization is based on the
tion with the energy information from the PSDs<f% integral from 6°—11°; th@d cross sections may be scaled to
FWHM). Protons(deuterons up to 9 MeV (12 MeV) are  any new solution or source @p scattering data.
stopped in the PSD, whereas recoils of higher energy deposit
only the fraction corresponding to their stopping power. Fig- Ill. DISCUSSION
ure 3 shows the kinematic loci that can be attributed to pro-
tons and deuterons, respectively, together with the gates to
separate them. In the region where the gates overlap, a single The pd angular distributions are shown in Fig. 5 for the
event cannot be identified as eith@p or pd. A subtraction five energies under study. The error bars include contribu-

0,1 (deg)

A. Experimental results
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“‘.;\\ 295 MeV ] B. Faddeev calculations
100 Pale 10 We compare our data to Faddeev calculations performed
i T at the energies of the present experiment. Such calculations
i 1 are now available with enough partial waves to be realistic at
0 “6- ‘ 'é' ‘ -1‘0‘ ‘ -1‘2‘ s ‘1‘4- ‘ -1‘6- s ‘1‘8- ~30 © such high energid¥]. They are rigorous solutions of thé\N3
Faddeev equations based on modern, reall¥tit interac-
Oy (deg) tions.

The transition operatdd for elastic scattering is given in

FIG. 5. Angular distributions opd elastic scattering measured
terms of theT operator for the breakup process

for the projectile energie¥, indicated. The overall normalization
error 8y of 5—8 % is not included in the error bars. The solid line
for the 235 MeV data is to guide the eye; it is shown as a dashed

line for all other energies, too, to visualize the dependence pon . .
The datum fron{25] for T,=240 MeV is shown §) with the 235 Here G is th_e free ) propagator a_nd the permL_Jtatlo_n op-
MeV data. P eratorP consists of two parts, a cyclic and an anticyclic one,

and accounts for the identity of the nucleqne& are working
) _ o o in isospin formalism The matrix element o) between the
tions of comparable size from statistics, from variations ofjnitial state|¢) and the corresponding final state determines
the gates on protons and deuter¢hy. 3), from the event the elastic scattering cross section. Those states are com-
distribution along the bearfFig. 2(c)], and from gain and posed of the deuteron wave function and the momentum
position calibration factors of the PSDs. They are typicallyeigenstate of the free nucleon-deuteron motion.
3% or less. This figure, however, does not include the nor- The Faddeev equation for tieoperator
malization uncertainty increasing from 3%t T,=200
MeV) to 5% at 300 MeV; this number was estimated from T=tP+tPG,T 2
the scatter of the experimental database around the solution

NI93 chosen, and among the different phase shift analyse¥!Ms Up the multiple_ sgattering series for three _nucleons |n
available in[1,2]. The pd cross section values are available f€racting through pairwise forces and propagating freely in
in tabular form upon reque$es] between. The equatiof?) is solved numerically for any

The angular distributions exhibit a smooth energy depen9Ven NN force. ThatNN force determines the two-nucleon

dence in absolute values as well as in their shape as maygg'She” t-matrix t by a Lippmann-Schwinger equation. For

seen in Fig. 5 by comparing them to the trend of the 23 étails of the theoretical formulation and the numerical per-

. . . ormance we refer to Ref$7,5,29,30.
MeV data(dashed lines Figure 6 shows, that a major frac- In Figs. 79 we compare our data with Faddeev predic-

tion of this depe”d‘jr_‘ce is removed by tgking the squar_eﬂons using the CD BonmM\N potential [31]. At the high
momentum transfeq” instead of the scattering angle as vari- gnergies of the present experiment the “standard” calcula-

able. The cross sections(T,,0) are available upon re- {jons restricted to R force componentgéand the N partial
quest. waves with total angular momenta of the two-nucleon sub-
In the angular and energy range under study only on@ystemj<3 give an insufficiently convergent result for the
partly overlapping angular distribution is available for com- g|astic scattering angular distributiofig]. In order to dem-
parison[25] that is in reasonable agreement with our resultspnstrate the importance of higher angular momenta compo-
see Fig. 5. In addition the backward angular range has beatents we show in Figs. 7 and(fbr energies 200 MeV, 258
covered atT,=198 MeV [23] and T,=216.5 MeV [24]; MeV, and 295 MeV, respectivelyhe theoretical predictions
these data will be included in the subsequent comparisonbtained by adding=4 andj=5 force components. It is
with Faddeev calculations. clear that thg =4 contribution significantly changes the the-

U=PG,'+PT. D
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FIG. 7. Angular distributions. Solid symbols: This work }é _
(T,=200 MeV); open symbols: Ref[23] (T,=198 MeV). The \:5'10 I B tAL
curves are the Faddeev results of the CD Bonn pote[@iH| for C}d
jmax=3, 4, and 5. The inset shows the cross sections@gr, %
=<30° on a linear scale. < d(p,p)d
) . . ] ] ] Tp =295MeV
oretical cross sections while the influence jo£5 is re- .
stricted to forward angle® . ,,<10°. Terms withj=6 are T ™3
thus probably negligible. The theory underestimates the data | 7~ {max=4
at all angles by about 10% at 200 MeV and 20% at 295 T J=
MeV. The only exception is the very forward region of o I R I S I
angles®. ,<15° at 200 MeV where, however, the Cou- 0 5 10 15 20 35 (deg§0
c.m.
g 0L \ d(p,p)d FIG. 9. Ar?gular di.stributions. Sc_)Iid symbols: This wottop:
g E T =221MeV T,=258 MeV; bottom:T,=295 MeV); the curves are the results of
e Y P the Bonn potential foj =3, 4 and 5.
%’J
E ) lomb force between two protons, totally neglected in obir 3
3 calculations, probably starts to become important and thus
obscures our comparison. In fact an elagtitHe calculation
got based on a full folding optical potenti§40] shows very
B @W"“’ much the same bending at these smaller angles as we see in
10 F 40,009°° the data depicted in the inset to Fig. 7. When the Coulomb
§ — force is switched off in that calculation the curve behaves as
020 30 e 80 100 o e 160 T80 our theoretical one fopd scattering. Therefore we can ex-
0, ., (deg) pect that Coulomb force effects should already be absent at
o about 20°.
S0 d(p,p)d In order to check for possible sources of this discrepancy
A \ T,=235MeV we show in Fig. 10 the predictions at 200 MeV obtained with
g other moderrNN interactions: AV1832] and Nijmll [33].
S In these calculationBIN forces were restricted tp<3 com-
g L ponents. Differences between cross sections for tivbise
interactions are generally small and concentrated at angles
0. >90°. Results for the interaction Nijni83] practically
coincide with those for AV18 and are therefore not shown.
_1’ Thus we can conclude that within the angular range under
10 / investigation there is no dependence on Nl potential
P R N U R Rt worsarsers AR R chosen.
0 20 40 60 80 100 120 140 160 180 Another possibility is the action of a8 force. As was
8, . (deg) shown in[34], the addition of a three nucleon force to the

potential energy in the I8 Hamiltonian results in an elastic

FIG. 8. Angular distributions. Top: Solid symbols, this work scattering transition operataf

(Tp=221 MeV); open symbols, Ref24] (T4=433 MeV). Bottom:
Solid symbols, this workT,=235 MeV); open symbols, Ref25]

(Tp=240 MeV). The curves are the results of the CD Bonn poten- 1 - 1 1 -
tial for j =3 U=PG, +PT+V; (1+P)+V; (1+P)GT, ()
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= the equivalent Faddeev form thereof has to be replaced by a
= r d(p.p)d relativistic form, such that the Hamiltonian transforms under
g 10 - T =200MeV ; .
= p Poincare transformations as the energy component of a four
5 — CDBom vector. This involves also the correct boost properties of the
% ________ AVIS8 NN t matrices and the Wigner rotations of the spins. Formu-
° s N Nijm 1T lations in the instant or the light front form exig37], but
Le N e CD Bonn + 3NF have not yet been applied in realistic numerical studies. An-
8 other approach, the Bethe-Salpeter equation, has been ap-
plied up to now only taNN scattering 38]. The increase in
- complexity going to a three-body system has not yet been
0L e overcome. However for theNBbound state a first calculation
L in the framework of the Gross equation appeaf8fl], a

40 160 180  framework which is closely related to the Bethe-Salpeter
0, . (deg) equation. Progress along one or the other relativistic formu-

o . ) lations is badly needed.
FIG. 10. Angular distributions. Solid symbols: This work

(T,=200 MeV); open symbols: Ref[23] (T,=198 MeV). The
four curves are the results for théN potentials: CD Bonr{31]
(solid ling), AV18 [32] (dasheg, and Nijm[33] (dash-dotteld and IV. SUMMARY
for CD Bonn[31] with a 3N force addeddotted.

L
120

Elastic scattering of protons on deuterons has been mea-
sured for five projectile energies between 200 and 300 MeV
and c.m.s. angles ranging from 11° to 29°. The data are
intended to provide reference cross sections for measure-
ments of pion production in thggd system close above
+(1+tG) VY (1+P)G,T. (4)  threshold, where elastic cross sections have so far not been
available, and for comparison with rigorous Faddeev calcu-

In the above expressiong!) is one of three parts of thehN8  lations testing differenNN interactions.
force which is symmetrical under exchange of two nucleons The experiment has been carried out with an electron-
and the N force is given by cooled beam in a storage ring, making use of an internal HD
gas jet target to compagad to p p scattering rates with iden-
v _Z Vi tical luminosities. Elastic scattering was identified by the
=T 5 forward-going protons in coincidence with the recoiling pro-
tons or deuterons that were detected and discriminated by
We took the Tucson-Melbourne-7 exchange Bl force  means of position-sensitive silicon detectors. The production
[35] with the cutoff parameter of theN form factor chosen runs were accompanied by measurements with pureht
in such a way that for eaddN interaction usedAV18, CD D, gas jet targets for calibration purposes and background
Bonn, and Nijml) the binding energy of théH was repro-  studies.
duced[36]. In Fig. 10 the resulting elastic scattering cross Absolute pd scattering cross sections were obtained by
sections at 200 MeV are shown for one case when sudd a 3normalization of thepp scattering rates to the solution of the
force is added. The corresponding curves for AV18 andNijmegen phase shift analysfi&]. The combined statistical
Nijmll are almost identical and thus not shown. These preplus systematical uncertainties are typically 3%; this number
dictions were also obtained under the restrictionjef3.  does not include the estimated normalization uncertainty
Therefore the effect of such a\3force on the elastic scat- <5% due to thgp cross section input.
tering cross section does not depend on the partiduldr Fully converged Faddeev calculations based on modern
potential used and is significant only in the angular regiorNN forces in a nonrelativistic framework have been per-
O.n>90° where it can be as large as 30%. However, itformed. In the angular range studied experimentally the vari-
should be pointed out that the large angular momenta consus NN force predictions coincide, but underestimate the
ponents required by our pureN2force calculation indicate data by up to 20% with a trend toward increasing discrep-
that the results with RF included are not fully convergent. ancy with increasing energy. Possible sources for these dis-
The discrepancy between data and theory which increasasepancies are only touched upon. A major effort is needed
with increasing energy possibly indicates relativistic effectsto develop and apply a truly dynamical relativistic frame-
not accounted for in our purely nonrelativistic framework. work. In view of the present capability to solve thsl Fad-
Kinematical corrections, however, do not explain the dis-deev equations rigorously and therefore to get faithful pre-
crepancy to the data. One can evaluate the relativistic phasdictions resulting from anNN force input, the need arises
space factor and relativistic current of the projectile in thefor high precision data. In that respect the total uncertainty in
zero momentum frame. This leads to an increase of the croshe presenpd data of up to 6% is a substantial improvement
section in relation to the nonrelativistic one by 2% at 200over the situation for larger angles where fpw data exist;
MeV and 3% at 300 MeV. Therefore the observed systemin addition the uncertainties in the latter are partly uncom-
atic deviations may indicate the onset of dynamical relativfortably large and smaller error bars would sharpen the view
istic effects. The nonrelativistic Schilimger equation or on the nature of defects in the theory.

where theT operator fulfills the following equation:

T=tP+(1+tGo)V{M(1+P) +tPG,T

3
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