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The deuteron-to-proton polarization-transfer coefficientsdfqr elastic scattering were precisely measured
with an incoming deuteron energy of 135 MeV/nucleon at the RIKEN Accelerator Research Facility.
The data are compared to theoretical predictions based on exact solutions of the three-nucleon Faddeev
equations with high-precision nucleon-nucleon forces combined with the current, most popular three-nucleon
force (3NF) models: the 2zr-exchange Tucson-Melbourne model, a modification thereof based on
chiral symmetry, TM(99), and the Urbana IX 3NF. Theory predicts large 3NF effects, especially in the angular
range around the cross section minimum, predominanth(ﬁiFKz;fKX’X,Kz;), but the present data only
partially concurs with the calculations. For the induced polarizati®n, the TM'(99) and Urbana IX 3NFs
reproduce the data, but the Tucson-Melbourne 3NF fails to describe the data. For the polarization-transfer

coefﬁcients,Ky and Ki; the predicted 3NF effects are in drastic disagreement with the data. These facts
clearly reveal the defects of the 3NF models currently used.

DOI: 10.1103/PhysRevC.70.014001 PACS nuni®)er21.30-X, 21.45:+v, 24.10-i, 24.70+s

[. INTRODUCTION to A=10, where stochastic techniques have been applied, re-
alistic NN forces fail to provide the measured binding ener-
A main interest of nuclear physics is to understand thegies[7,8], which is generally seen as the first indication of
forces acting between nuclear constituents. Few-nucleon sysissing three-nucleon forcg8NFs in the nuclear Hamil-
tems offer unique opportunities to investigate these forcedonian. Presently, the common 3NF models are based on the
Intensive theoretical and experimental efforts have estab2m-exchange between three nucleons, and the main ingredi-
lished high-precision nucleon-nucle@iN) potentials, partly ~ ent is theA-isobar excitation, initially proposed by Fujita and
based on one-meson exchange, partly on phenomenologyliyazawa almost half a century ad8]. Further improve-
namely AV18[1], CDBonn[2-4], Nijmegen I, Il and 935]. ments have led to the Tucson-Melbouriiévl) [10] and the
They reproduce a rich set of experimenié data up to a  Urbana IX 3NF[11].The TM 3NF was recently updated and
laboratory energy of 350 MeV with very high precision, ex- NOW respects chiral symmetry, as noted in Ref2,13.
pressed in terms of? per data points of very close to one. Therefore/ we will also use the newest version frobd],
However, these so-called realistéN forces fail to predict rf)agldeg Tgﬂnggg)-éol?; tcr?gtilrrzgItr?nflggil);r?gr;:)evrenths;onrreCt
the correct experimental binding energies of few-nucleorP!Nd!Ng €Nergies -hu ur-nucieon sys-
systems, resulting in a clear underbinding. For three- an{fms by mclydmg the T™ _e_md Urb?‘”a IX 3NFs into the
four-nucleon systems, where exact solutions of thenuclgar Han;n;oman. I.n gddltlcf)n,had?mg the Urbana IX 3NF,
Schrddinger equation are available for these interactions, thgrowdes a fair description of the low energy bound-state

i B . 3 nergies up toA=10 nuclei. Recently, this description has
underbinding amounts to 0.5-1 Mev'm case’sfand H.e’ been significantly improved by augmenting the Hamiltonian
and to 2—4 MeV for'He([6]. Also, for higher mass nuclei up by the lllinois 3NFs, which are based on three-pion ex-

changes with intermediat#’s [15].
The binding energies af-shell nuclei show the signifi-
*Electronic address: kimiko@rarfaxp.riken.go.jp cance of 3NFs, but they only constrain their overall strength.
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The binding energies gf-shell nuclei provide additional fea- transfer coefficients<?, K%, —KY (KY, KY%), and K’, at
tures. In order to unambiguously clarify the detailed proper-135 Mev/nucleon in the region of cm. angled,
ties of 3NFs at least for a total isospin B£1/2, theinves- — —gg°_180°. These spin-transfer coefficients are predicted to
tigation of three-nucleon scattering processes is requwed._,f;.ave strong sensitivities to the current 3NF mod28). This

rich set of energy dependent spin observables and diﬁeren_tl;% the first measurement of such polarization-transfer coeffi-
cross sections are available for those reactions. Theoretlcg ents in this energy rangé&/A=60 MeV). To the best of

calculations based on seveidiN and 3 interaction models o
pour knowledge, only proton-to-proton polarization-transfer

provide the theoretical guidance for selecting specific o ffici h b 4 b h hiah
servables and energies, which will appropriately determin&©€fficlents have been measured, but at a much higher en-

the 3NF properties. The rapid progress in supercomputefd¥ [19]- The present data will provide a sensitive test for
technology has made it possible to achieve numerically exadf'® 3NF models in elastid-p scattering below the pion pro-
solutions for the Faddeev equations up to an incident nucleofiuction threshold energy. _

laboratory energy of 200 MeV using present day two- [N Sec. Il the details of our experimental arrangement are
nucleon (2N) and three-nucleo3N) potentials. The first presented. In Sec. Ill we provide a description of the data
clear signatures of 3NF effects in thé&l Zontinuum came analysis and experimental results. In Sec. IV we briefly re-
from a study of minima in the differential cross section for view the basics of the3 scattering formalism and gives a
nucleon-deuterofNd) elastic scattering at incoming nucleon short description of the 3NFs used in this study. Our experi-
energies above=60 MeV [16]. Including the Zr-exchange mental results are compared with the theoretical predictions
TM 3NF in the nuclear Hamiltonian removed a large part ofin Sec. V, while Sec. VI contains the summary and conclu-
the discrepancy between data and theoretical predictionsion.
Calculations ofNd scattering in a coupled-channel approach,
whereA-isobar degrees of freedom were explicitly included,
supported this conclusidii7]. All these results confirm that

Nd elastic scattering is a good tool for exploring the 3NF A. Polarized deuteron beams and target
properties in this energy region.

: ; The experiments were performed at the RIKEN Accelera-
The developments and progress in technology of highly " :
polarized proton and deuteron ion sources and their applicg®" Research FacilityRARF) using the SMART systerf29]

tion in recently constructed accelerators as well as new sdncluding the focal plane polarimeter DPQE0]. The atomic
phisticated techniques for target polarization, make it posP®am type RIKEN polarized ion sourd81] provided the
sible to obtain very precise data for the spin observables Mector and tensor polarized deuteron' beams. In the present
high energiesE/A=60 MeV). Constructing highly efficient meas_ure_ments the data were taken with the vec_:tor and tensor
polarimeters has also allowed accurate measurements of s Iqlanzatl_on m_odes of th? pholar;]zed a_nd Iunpol_arlzed delutgron
R terms of the theoretical maximum polariza-
polarization-transfer observablgs8,19. In Refs.[18,20,2]  2€ams given in !
we have reported precise data for the cross section and 4IPn values as(Pz,Pzz)=(0,0, (0,-2), (-2/3,0 and
deuteron analyzing powers fakp elastic scattering at in- (1/3,1- These polarization modes were cycled in 5-second
coming deuteron energies of 70, 100, and 135 MeV/nucleorintervals by switching the rf transition units of the ion
The data are compared with theoretical predictions based otPUrce. The deuteron polarization axis was rotated by a spin
various realistic NN potentials combined with different rotation system Wien Filtef32] prior to acceleration. It was
3NFs, namely with the 2-exchange TM 3NF model, with a perpendicular to the scattering plane when measukijig
modification thereof(TM’) [12,13,23, with the Urbana IX  andK},. For K}, the rotation was performed into the scat-

II. EXPERIMENTAL PROCEDURE

. . . - XX,
3NF, and with the phenomenological spin-orbit 3\E].  tering plane so that the polarization axis pointed sideways,

For almost all observables,_ cl'ear discrepancies betyveen t"pﬁerpendicular to the beam. For théé measurement, the spin
data and Rl force only predictions are found, especially in symmetry axis was additionally rotated in the reaction plane
the cross section minima, which increase with incident deuz aligned at an anglg to the beam direction. A typical
teron energy. For the cross section, accounting for the 3NFg,5i,e of 8 was 131.6°+0.2°. The beam polarization was
essentially removes these discrepancies. For the deutergiynitored byd-p elastic scattering at 135 MeV/nucleon and
vector analyzing powehy, the 3NFs successfully explain the t as 60-80% of the theoretical maximum values through-
difference between the data and ti¢fBrce only theoretical 5t the measurement. Polyethylei@H,) with a thickness of

predictions{.j Note that adding TM 3NF reproduces the recer@o-mg/cn? or liquid hydrogen with a thickness of 20-

197 Mev By Cadmaret &l [24]. However, theoretcal pre- ["9/CI ermployed as a hydiogen targé) (33, was bor-

dictions that incorporate 3NF§TM, TM’ and Urbana IX barded with a beam intensity of 10-60 nA.

3NFs9 do not reproduce the deuteron tensor analyzing power ) _

data. Recent proton vector analyzing power data have also B. Beam-line polarimeter

revealed the deficiency of them2exchange TM 3NF model  Two sets of beam-line polarimeters monitored the beam

[24-27 that yields large, incorrect effects. The Urbana IX polarization. The first, the D-room polarimeter, was installed

and TM' 3NFs are much more successful and provide a betdownstream of the Ring cyclotron, which was used to deter-

ter description27,28. mine the beam polarization after the deuterons were acceler-
In the present study, we extend our measurement to negted by the Ring cyclotron. The second, the Swinger polar-

observables, deuteron-to-protcﬁ&+p—>|5+d) polarization-  imeter (see Fig. ], was placed in front of the scattering
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Hodoscope,

“Hﬂunm% elastic scattering were calibrated by using the
DPOL / 12C(d, @)'9B"[2"] reaction, theA,(0°) of which is exactly
/ —1/2 because of parity conservatif@d]. A CH, sheet was
4 the target for each polarimeter. The target thickness was
et (¥ ewoce 270-mg/cm for the D-room polarimeter and 90-mg/ éror
7 the Swinger polarimeter. Each polarimeter consisted of four
pairs of 1-cm thick plastic scintillators placed symmetrically
in left, right, up and down directions. The scattered deuterons
and recoil protons were detected in a kinematical coinci-
dence. This setup reduced background events due to the deu-
teron breakup process or the inelastic scattering from carbon
nuclei.

91 92 1 deuteron beam polarizations, the analyzing powersdfpr
]

Plastic Scintillator
& Anslyzer Target

C. SMART system and focal plane polarimeter DPOL

The polarization-transfer measurement was performed us-
FIG. 1. Arrangement of the RIKEN Spectrograph SMART. The ing the SMART systenji29] with the focal-plane polarimeter

FP1 and FP2 denote the first and second focal planes, respectively. . -
Scattered protons were momentum analyzed by the magnetic spee%:OL [30] (see Fig. ]. The polarized deuteron beam bom-

trograph and detected at the FP2. The polarization of the scatter rded the hydrogen target placed in the scattering chamber.

protons was measured with the focal-plane polarimeter DPOL. ecoil protons were momentu_m analyzed by the ma_gnetic
spectrograph and detected at its second focal pleR€ in

chamber in the experimental room. Since the incident bearkig. 1). In the SMART system, the magnetic spectrograph
direction was rotated using the beam-swinger system ofvas fixed to the ground and the incident beam direction was
SMART, the polarization axis of the beam was precessedotated by the Swinger magnet, leading to a vertical reaction
during the beam transportation from the D-room polarimeteiplane.
to the target position. The Swinger polarimeter moved with The FP2 detector system consisted of a multi-wire drift
the beam swinger so that this polarimeter could directly meachamber(MWDCL1 in Fig. 2 and three plastic scintillation
sure the beam polarization at the target. The beam polariza&ountergSC1-3 in Fig. 3. The MWDC1 was used to recon-
tion before and after each run was measured using thstruct the trajectories of the particles at the FP2. The configu-
Swinger polarimeter. ration of the wire planes waX-Y-X'-Y’-X'-Y’-X-Y and the
The polarimetry was made by using the analyzing powersoordinate frames were defined as follows. Thaxis re-
for d-p elastic scattering. To obtain the absolute values of thderred to the central ray. The-axis was perpendicular to the

SC1-3
& Analyzer Target (C3cm) MWDC2

ilm
[LF T
=z
! 3
s
AN
Fi ‘I' Y
|-

1700mm

670mm 400mm 3020mm

FIG. 2. Second-focal-plane detector system including the focal-plane polarimeter DPOL. It consists of two multiwire drift chambers
(MWDC1 and MWDC3, plastic scintillation trigger countersSC1, SC2, SCRB a polarization analyzer target, and a counter hodoscope
system(HOD and c.m).
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z-axis in the horizontal plane and tlyeaxis was taken a%

X z. All position sensitive planes were normal to th@xis

and separated by a distance of 50 mm from adjacent planes SWINGER
The planes with primes were displaced half a cell relative to

the unprimed ones which helped solve the so-called left-right

ambiguity. The cell size was 20 mm20 mm for the
X-planes and 10 mrx 10 mm for theY-planes. The plastic -
scintillation counters BICRON BC-408 of the size /

108 mmi* x 800 mmVx 5 mm' (SC1-3 in Fig. 3 were used Incident Beam
to identify proton events scattered from the hydrogen target
and to generate event triggers. The photo-multiplier tubes
Hamamatsu H1161 were placed at both ends of the scintilla:
tors via light guides.

The proton polarization was measured by DPOL after mo- —_ .
memun? analyzis in the magnetic Spectrog]/raph. The DPOL FIG. 3. Definition of the Coordinate Frame for the SMART
consisted of an analyzer target, a multi-wire drift chamber>YSt€m- Thep;} denotes the vector or tensor deuteron beam polar-
(MWDC?2 in Fig. 2, and a counter hodoscope SyStéHOD |zat_|ons. Thepir_ls t_he polarization of the scattered protons and the
and c.m. in Fig. 2 The DPOL was primarily designed and pi» is the polarization of the scattered protons at the second focal
optimized for the deuteron polarization measurements anfi2ne FP2.
then was modified to measure the proton polarization.

The polarimetry was made usimm+C scattering. As an Stances, the c.m. signals were not used as the event trigger.
analyzer target, a 3-cm thick carbon plate was sandwiched Data acquisition was carried out with a fast data-
between two plastic scintillation trigger count¢®C1 and  acquisition system for the SMART spectrograf8%]. The
SC2 in Fig. 2. The trajectories of the scattered protons fromdata were accumulated in a VME memory module through
the p+C reaction were reconstructed by the MWDC2. Thethe FERA bus and then DMA-transferred to a personal com-
MWDC2 was 670 mm downstream from the exit window of puter.
the MWDC1 and had eight layers of sense-wire planes with

the Y;-Y;-X-Xi-Y-Y;-X-X; configuration. Heref” and “r* lll. DATA ANALYSIS AND EXPERIMENTAL RESULTS

denote the front and rear planes, respectively. The planes o N

with primes were, again, displaced half a cell relative to the A. Polarization-transfer coefficients

unprimed ones. The coordinate frame vv_as defined as in the 1. Coordinate frame for the polarization observables at the
case of the MWDC1l. The cell size was 14 mm SMART system

X 14 mm(15 mmx 15 mm for the X;(X;) planes and _ o .
14 mmx 14 mm(16 mmx 16 mm for the Y;(Y,) planes. The coordinate frame for the polarization observables in
The number of cells was 64 for théplanes and 32 for the the SMART system is defined according to the Madison con-
Y-planes. vention [36], shown in Fig. 3. Thez-axis is given by the

Event triggers for proton events from therC reaction beam direction. 'I_'he_y-axis_ is petperldicular to th_e reaction
were generated by making a coincidence of the signals of thelane and thec-axis is defined by x 2. The coordinate sys-
SC1-3 counters and those of the counter hodoscope systdfM (X',y’,2’) for the polarization of the scattered protons is
which was located 4 m downstream from the analyzer targefotated through the dipole magnet of the SMART spec-
The angular range covered by the hodoscope system wakPgraph into the coordinate system at FR2,y",Z’).
+15° both vertically and horizontally. The unscattered pro- In Fig. 3,{p;} is the vector or tensor deuteron beam po-
tons passed through the insensitive region between the uppl@fization, ;. is the polarization of the scattered protons and
and lower parts of the hodoscope. The front wall of the hoi» is the polarization of the scattered protons at FP2. In the
doscope(HOD in Fig. 2 was comprised of a layer of 28 present measurement, was measured with the focal-plane
segmented plastic scintillators, which were polarimeter DPOL ang,, was extracted usingy» and the
2200-mm wide, 65-mm high and 65-mm thick. The light spin precession anglg in the dipole magnets of the spec-
output signals from each HOD were read out by two phototrometer(see Sec. Ill A2
multiplier tubes Hamamatsu H1161 that were directly
coupled to each scintillator at both ends. The rear wall con- 2. Effective analyzing power measurement
sisted of six plastic scintillatorec.m. in Fig. 3. Each c.m. ; - c .
counter was 2200-mm wide, 190-mm high and 10-mm thickbr The effective analyzing powers, of DPOL were cal

- h itipli bes H H1161 ated at three proton energies 120, 144, and 200 MeV
Wo photo-multiplier tubes Hamamatsu were al-hich almost covered the kinetic energy region of scattered

tached to both ends of each scintillation counter via I|ghtprotons for d-p elastic scattering(Ef,catt: 120-240 MeV.

guides. In the angular rangg ,=120° 180" foxd-p elastic Since polarized proton beams were unavailable at RARF, the

scattering, the c.m. counters were used to generatepthe . R A .
+C event triggers by taking the coincidence with the HODmduced polanzatlorEfV 'Q thelzc(p’p).lzc elastic scattering
and SC1-3 signals. However, for anglés, =90°—110° the Was used to determin&y. The analyzing powera, for the

. . N H i = 1 H
kinetic energies of the scattered protons were too low tdime-reversed r,eactlo%?C(p,p) ?C are equal to the induced
allow them to reach the c.m. counters. Under these circumpolarizationsP” and were precisely measured Bt=122

014001-4



POLARIZATION TRANSFER MEASUREMENT FOR'LH(J,[?)ZH... PHYSICAL REVIEW C70, 014001(2004)

and 200 MeV by Meyeret al. at IUCF [37,3§. For I B T
200 MeV, the calibrations were performed by using the two E ]
spin modes of the polarized proton beams obtained by the 05 o =
12C(p,p)*%C elastic scattering afl,, =16.1° and 28.1°. The :

expected values of the polarizatio®’ were 0.993 and 0.4f ]
-0.425 for the 6,,,=16.1° and 28.1°, respectively. For L;q” C 1
120 MeV, the calibration was performed at the angjg, 03f + -
=24.2° where the polarization of the proton beams was ex- r 1
pected to be 0.715. Passing 200 MeV proton beams through oz % i
a brass plate, which was in front of the MWDC1 just down- [ ]
stream of the exit window of the D2 magnet, reduced the 011, I N I
energy to create 144 MeV polarized proton beams. A 284 ’ 100 150 200 250
-mg/cnt thick graphite target in the SMART scattering E; (MeV)

chamber was bombarded by unpolarized proton beams and

the scattered protons bombarded the polarization analyzer FIG. 4. Energy dependence of the effective analyzing pojer
target. Since the/"-axis is in the horizontal plane in the of DPOL and the measured data.

SMART system(see Fig. 3, the up-down asymmetry was

used to extract the effective analyzing powt. The Ay is < (nf-nd) - (ng - np)
given by Ay = Fa— . (6)
py// - py//
A¢ Hmax
c f_M L _ lo(6)A/(O)sin 6 cos ¢déd In the 120 MeV measurements, the data were collected with
Ay = 'An;'; O . (1) the one-mode polarized proton beams. Therefore, in the
f f lo(6)sin 6 déde analysis we also used the data with unpolarized beams,
-2 b which were obtained by directly tuning the incident proton

beams onto the polarization analyzer target at the focal plane.
The numbers of events in the upph;, and lowerNp, side  Angular integrations in Eq$2) and(3) were performed over

region are obtained as regions of polar and azimuthal angles of §9<15° and
A¢$=60°, respectively. The proton spin precessed around the
Ad [ Omax vertical axis of the spectrometer and the spin precession
Ny :f lo(O)[1 +A(6)py: cos ¢]sin 6 dode, angle y with respect to the direction of the proton momen-
~A¢ Y Oin tum is given in the moving frame by=y(g/2-1)®p, where

(2) v is the Lorentz factory:(mpcz+ Ep)/mpcz, g is the sping
factor of the proton, an®p is the bending angle of the
spectrometer. The total bending angle of the magnetic spec-

Agp+mr Omax . _ o ) )
ND:f f lo(O)[1 +A(6)p, cos plsin 6 d6 de. trograph is®p=60°. Thusp,, is given as
—A¢+7T (‘}min

3 p, =P cosy. (7)

Here, lo(0) andA(6) are the cross section and the analyzing

power for inclusive proton scattering in the carbon analyzef19uré 4 shows the measured effective analyzing poer

of DPOL. Thep,y is the proton beam polarizations at the FP2With open circles as a function of the proton energy at the
shown in Fig. 3. To reduce instrumental asymmetria§, Center of the carbon platé;. Only the statistical errors are

; ; shown. TheES was calculated by numerically integrating the
\;vr?j Ner':lrvae(iLe(:]c;pmtzl?Z;(()jlI(;\;vmg way. From Ed2)+3) Ny energy loss per unit thickness described by the Bethe-Bloch
equations. The energy dependent curveApfwas obtained
1 by fitting the effective analyzing powers calculated from the
==(1 +A§/:py,,), (4) empirical-energy-dependent fit of the inclusive analyzing
2 powers forp+C by McNaughtoret al. [39] and the angular
distributions of the differential cross section of Aprile-Giboni
N 1 et al. [40]. The obtained curve was scaled to adjust the ex-
Np = b _ 1 —Aycpy,,). (5) perimentally obtained\(y: (the dotted curve in Fig. )4 The
Ny+Np 2 uncertainty of the input parameters for theC inclusive
analyzing powef39] is 2%. The uncertainty of the fit for the
The spin-up(p;/,;py”>0) and spin-dowr(p,,; p,»<0) polar-  energy dependent curve is 6%, in which the scaling factor
ized proton beams used in the measurement together with thes an uncertainty of 2%. Thus, the estimated overall sys-
correspondingn;; and ng provide the effective analyzing tematic uncertainty of the effective analyzing pow@?, of
powerAS as DPOL is 7%.

Ny
U= N, +N
U D

014001-5
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3. Extraction of the polarization observables pyolog = pyralog COS x
Th% polarization-transfer coefficients for the reactidn :(py' + Pz + tsP77)COS ¥
+p—p+d are expressed through the unpolariZeqd) and )
polarized(o) cross sections together with the polarizations =P +VePz+ TPz, (14

of incoming deuterongp;;) and outgoing proton§p,) as where

3 ’ 3 ’ 2 ’ 2 ’ y’ = Py’ i 15
Pxolog= prKi + Esz)z( + épxyKiy*’ §pyzK;(/z' (8) P cosx (15)

For Ky andK,

vy theVe and 7, are given as

, 3 r 2 ' 3 )
pyolog=P¥ + EpyK§ + ngZK§Z Ve= §K¥’ CoS ¢ sin B cosy, (16)

1 ’ ’ ’
+ 2okt Pyl + &%), 9 1.
gt Ty e e 7;=EK§y(sin2,8 co§¢>—co§,8)cosX—EKy cosy,

5 (17
Py oloo= pr +5 szZ t3 pxy 3P (10 nere(s, ¢)=(90° 09,
ForKY,,
wherex, y, andz (x’, y’, andz’) are the coordinate systems
used to describe the polarization of the incident deuterons 7.= —KV (Sir?B sirPp — coZB)cos y = }K oS x
(outgoing protons[36]. X 2 '
To extract the polarization-transfer coefﬁueﬂ@ KXX, (19

, and Kiz, we used the polarized deuteron beams with the o
spln symmetry axis directed in the optimum orientation for here(By ¢)=(90°,-909.
For K

each observable. We rotated it to thexis forKy and Kgy, Xz
and to thex-axis for theKY, measurement. For théiz mea- . _ 1., _
surement we rotated the : spin symmetry axis into the reactioriZe = | — K}, sin 8 cos 8 sin ¢ + EKilx(Slnzﬁ sir’¢ — cosp)
plane and additionally aligned it at an angiao the beam

° y —kY kY y'
direction(8=131.6°+0.2}. To obtainKy,-Kj,, K}, andey_ —sz(smz,B co2e - co2p) fcos . (19)
were independently measured. Accordmgly the polarized 2

cross section can be written for each observable as
It should be noted that tHéy value was extracted using the

I S y y measured(iX and Kg;y values.
pyolog=PY + EpyKy + Epnyyy' for Ky andKy,, The p,» is obtained from Eqs(2) and(3) as
(11) 0, = Ao
y' = AC
Ay
! 1 !

pyolog=PY + épxxKix, for K2, (12 Ny - Np -
Asym. = Ny + No (20

From the resulting values qn‘y for each spin-modéi (see

;2 1 /
10log=PY + =p KL, + =(pu— P K )
Py @170 3P 3(pxx PeKu Sec. Il A), the P, V,, and 7, values were calculated as

1 ,
+ é(pyy =Pz sz; for Kizv Pkll] py" ) (21

with KY +KY +KY,=0. 13
ot Kyt Kz, (13 f‘{pyu RO(PRPS) - PRPE )+p<2>R 2(pP P

By using the relation between the deuteron beam polar-

3
izations (P, P,,) (see Sec. Il A and (p;,py) given by the - PYPO+ p( ROPLPE - POPI(PEPE

angles(B, ¢) [36] and the relatiorp,»=p,, cosy (see Sec. (3) + (P3P _ 1) @) + (2)
[l A2), the polarized cross section for each polarization- B P ) (P2 P2z Pz2) (P PZZ
transfer coefficient given in Eqg11)—<13) is expressed as 73(1)73 )}, (22)
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TR [Py R® R TTRY [’ 30000 |- -

W_ 3 @_)J 1 1 200001
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At

20.0°

30000 -
[ FWHM 1.7 MeV

with RV=¢/ g,
The induced polarization was obtained USW{Q], Pf’zl] in
Egs. (21) and (22), respectively, and the resulting values

X~

were consistent with each other within statistical accuracy. 20000~ K3

Finally, Pf’i] and PE’Z’] averaged with the statistical weights _ s

were used to minimize the errors when determining R¥e 10000 - 2 —

value. [ K 1
Figure 5 shows the excitation energy spectra at the angles - ,:::}

0. m=176.8°, 120.0°, and 90.0° obtained with the liquid hy- o Lt 9.9, | R N

drogen target. A, ,,=176.8°, the portion of the spectrum =75 0.0 7.5 15.0

due to the final-state interactiofiSl) of the d-p breakup E, (MeV)

reaction is clearly seen at energlgs=2 MeV and it is well
separated frond-p elastic scattering events. The kinetic en-  FIG. 5. Excitation energy spectra fakp elastic scattering at
ergy of the outgoing proton fai-p elastic scattering changes ¢.m. anglesd; n=176.8°, 120°, and 90° taken with the liquid hy-
rapidly with scattering angle and the energy resolution detedrogen target.
riorates at forward angles in the c.m. system. Therefore, _ ) ,
spectra due to elastic scattering and breakup reactions are rigtown and their magnitudes are less than 0.02Pforand
clearly separated at anglés , <140° (see the spectra for less than 0.03 for all polarization-transfer coeﬁicie(ﬁé ,
6. m=120° and 90° in Fig. b To reduce the background, K§y Ki;: Ki;)-
only events in the hatched region were selected to obtain the” The chance of the polarization-transfer coefficients due to
polarization observables fat-p elastic scattering. The posi- the uncertainty of the bending angle of the spectrometer is
tion of the hatched energy region did not include the energ¥ess than 1%. The uncertainty of the effective analyzing
regionE,=2 MeV, that is clearly dominated by the breakup power for DPOL is 7%. The deuteron beam polarizations
reaction. To see the background contributions for energiefiave an uncertainty of less than 3%. The effect of the
Ex=2 MeV, the polarization was obtained by changing thepreakup reaction at angl#s,, <140 MeV, where the events
maximum energy value in the hatched energy region. Theuere inseparable from the elastic ones, was 0.02. Therefore
magnitude of the polarization values changed by 0.02 or lesghe systematic uncertainties associated with the breakup re-
Typically, an integration rangg,<0.5 MeV was adopted to  action did not override the statistical ones. The overall sys-
extract the final polarization observables. tematic uncertainties are estimated to be about 8% for the
The experimental results for the polarization-transfer copolarization-transfer coefficients and the induced polariza-

!

efficients (Ky , Kjy, Ky, andKg,) and the induced proton tion P¥'. For the induced polarizatio’, our data were
polarizationPY are shown with open circles in Fig. 6 and are compared with the proton analyzing povaaj”for p-d elastic

tabulated in Table I. Only the statistical uncertainties arescattering measured at K[R7] (solid squares in Fig. )6
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0.8 o

0.50

FIG. 6. (Color onling polarization-transfer
coefficientsKy,, K§y, K%X— Kgy, K§ , K%, and the
induced polarizatior?Y in elasticd-p scattering
at the incident deuteron energy of
135 MeV/nucleon. Open circles are the data in
the present measurement and open squares are
the data in the test measureméref. [18]). Solid
squares on theY’ figure are the proton analyzing
power data for the time-reversed reaction
2H(p,p)?H (Ref. [27]). The light shaded bands
contain theNN force predictions(AV18, CD-
Bonn, Nijmegen |, Il and 98 and the dark
shaded bands contain the combinations of the
NN+TM’(99) 3NF predictions as described in
the text. The solid curve is the AV18+Urbana IX
3NF prediction.

60 120 180
Oom. (deg)

Assuming time-reversal invariand®' =-A, and these two B. Analyzing powers

independent measurements agree with each other within the As described in Sec. Il B, the analyzing powers tbp
statistical uncertainties in the measured angular rafge  elastic scattering were used to obtain the deuteron beam po-
=90°-180°. Figure 6 shows the data obtained in the tegfrizations. Recently, to determine the absolute values of the
measuremenf18] (open circles together with the present beam polarizations, the analyzing powersdep elastic scat-
data. These two measurements are consistent, excemj’;)’or tering were calibrated at six angles for deuteron energies of
at 6. ,,=150°. 70 and 135 MeV/nucleon, by wusing the reaction

TABLE |. Data table ford-p elastic scattering deuteron-to-proton polarization-transfer coefficients and
induced proton polarizations at 135 MeV/nucleon.

0c.m (deg pY' P K oY Ky oKy, KL oKL KL oKy

90.0 0.495 0.010 0.162 0.017 0385 0.026 -0.492 0.031 -0.286 0.018
100.0 0532 0.013 0256 0.014 0454 0.020 -0.348 0.020 -0.310 0.023
110.0 0.481 0.015 0.306 0.015 0482 0.022 -0.231 0.023 -0.290 0.019
120.0 0.347 0.008 0.323 0.013 0416 0.016 0.096 0.027 -0.245 0.021
130.0 0.116 0.008 0.229 0.027 0.230 0.028 0.267 0.027 0.080 0.020
140.0 -0.080 0.009 0.111 0.013 -0.115 0.015 0.356 0.029 0.338 0.022
150.0 -0.214 0.010 0.156 0.012 -0.359 0.015 0.266 0.015 0.358 0.021
160.0 -0.185 0.006 0.434 0019 -0.215 0.024 0.073 0.015 0.122 0.023
170.0 -0.089 0.006 0.654 0.019 -0.065 0.021 0.017 0.020 -0.039 0.022
176.8 -0.014 0.005 0.687 0014 -0.022 0015 0.023 0.021 -0.057 0.021
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TABLE Il. Calibrated analyzing power data fdrp elastic scattering at 70 MeV/nucleon reported in Ref.
[34]. The 5Ai(j5t) denotes the statistical error and taeffy) denotes the systematic one.

82.0 -0.309 0.001 0.008 0.246 0.001 0.006 -0.225 0.001 0.006 0.253 0.013 0.029
88.0 -0.403 0.001 0.010 0.312 0.001 0.008 -0.207 0.001 0.005 0.320 0.014 0.037
940 -0.477 0.001 0.012 0.383 0.001 0.009 -0.168 0.001 0.004 0.377 0.015 0.044
100.0 -0.514 0.001 0.013 0.452 0.001 0.011 -0.111 0.001 0.003 0.407 0.017 0.047
110.0 -0.488 0.002 0.012 0.542 0.002 0.013 -0.001 0.002 0.001 0.366 0.026 0.043
119.1 -0.383 0.002 0.011 0.578 0.002 0.017 0.067 0.002 0.004 0.213 0.028 0.047

12C(d, @)*%B"[2*] at 0°[34]. Tables Il and Ill show the data. state ¢’ corresponds to a change of the outgoing nucleon
The previously reported data in R¢21] were not extracted momentum. Using the matrix element of the elastic scatter-
with these new calibration data but with those obtained usingng transition operatot) which is defined as

the 12C(d, p)**C reaction orPHe(d, p)*He reaction at low en- ) el o \AD

ergies[20,4]. In the analysis in Ref[21], the analyzing (¢'|U[¢) = (¢'[PGy™+ V4 (1 +P) + PT

power data ab. ,, =90.0° and 110.0° were used to determine +VP(1+P)G, T| ), (27)

the beam polarizations for 135 and 70 MeV/nucleon, respec-

tively. In Figs. 8 and 9, the new calibration data of R&#] the various spin observables and differential cross section
are compared with the data of Ref80,21]. Only the statis- can be calculated36,42. The quantityG, is the free B
tical errors are shown. These independent measuremenissopagator andP takes into account the identity of nucleons
which used different methods to determine the beam polarand is the sum of a cyclical and an anticyclical permutation

izations, provide a reasonably good agreement &b three nucleonsv” represents one of the terms of thl 3
135 MeV/nucleon. However, there are systematic discreparnce Vv,

cies at 70 MeV/nucleon. This disagreement is due to the

systematic uncertainties associated with the determination of V=V + VP + VP (28)

the polarization axigless than 5%and the uncertainties in .

the magnitudes of the beam polarizatigless than 4% The  where eachvg') is symmetric under the exchange of the
re-analyzed data at 70 MeV/nucleon, which were obtainechucleonsjk with j #i #k. In the 27-exchange 3NP;/E11) is a
using the new calibration data are tabulated in Tables IV andontribution to the Bl potential from(off-shell) rescattering

V and are shown in Fig. 10 with their statistical errors. Theof a pion on nucleon 1. The first term in E@7) is a single
open diamondgopen trianglesin Fig. 10 are the results nucleon exchange contribution and is followed by a single
measured with the SMART systeli-room polarimetey. interaction of three nucleons via the 3NF. The remaining part
The newly analyzed data are in reasonable agreement witlesults from rescattering among three nucleons induced by
the calibration data of Ref34]. It should be noted that the two- and three-nucleon forces. All these rescatterings are
Ayy at 6. m=116.9° of 135 MeV/nucleon was reanalyzed in summed up in the integral equation for the amplitufie

a similar way using deuteron beam polarizations measured §42,43,

0.m=86.5° ford-p elastic scattering. These new polariza-

tions reducedA,, at 6, , =116.9°, which is shown with an T=tP¢+ (1 +tGyVI(1 +P)¢p + tPGT

open square in Fig. 8, by about 9%. +(1 +tGo)Vfll)(1 +P)G,T, (29)

where theNN t-operator is denoted bly After projecting on

a partial-wave momentum-space basis this equation leads to
In this paper we study elasti¢d scattering with the initial ~ a system of coupled integral equations which can be solved

state¢p composed of a deuteron and a nucleon. The outgoingumerically exactly for any nuclear force. In this study we

IV. THEORETICAL FORMALISM AND DYNAMICAL
INPUT

TABLE IIl. Calibrated analyzing power data fakp elastic scattering at 135 MeV/nucleon reported in
Ref. [34]. For the descriptions of th .(jSt) and 8 .(jsy), see Table 1.

0C. m AS S Ag(St) S A\,d(sy) Ayy S (Syl) S A;Syy) AXX (SAS(D 6'68((5)(),) AXZ S AE(SZT) S (Szy)

80.6 -0.345 0.001 0.011 0.398 0.001 0.012 -0.494 0.001 0.015 0.405 0.005 0.036
83.6 -0.374 0.001 0.011 0.424 0.001 0.013 -0.481 0.001 0.014 0.433 0.005 0.039
86.6 -0.393 0.001 0.012 0.446 0.001 0.013 -0.471 0.001 0.014 0.449 0.005 0.040
89.6 -0.413 0.001 0.013 0.469 0.001 0.014 -0.457 0.001 0.014 0.454 0.005 0.041
92.6 -0.420 0.001 0.013 0.498 0.001 0.015 -0.442 0.001 0.013 0.460 0.006 0.041
117.7 -0.346 0.002 0.012 0.628 0.002 0.018 -0.327 0.002 0.010 0.478 0.008 0.043
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FIG. 7. (Color onling polarization-transfer
coefficientsk,, Kgy, K?x— K{,y, Kg , KY,, and the
induced polarizatior?Y in elasticd-p scattering
at 135 MeV/nucleon. The light shaded bands
contain the combinations of tHéN + TM force
predictions while the dark shaded bands include
the combinations with TNM99). For the descrip-

tions of symbols, see Fig. 6.

60 120
Oom. (deg)

FIG. 8. (Color onling vector and tensor deu-
teron analyzing powers fai-p elastic scattering
at 135 MeV/nucleon reported if21,34. Solid
circles are the new calibration data [84] while
open squares and circles are the results presented
in [21]. For the descriptions of bands and curves,
see Fig. 6.

Ocm. (deg)

014001-10



POLARIZATION TRANSFER MEASUREMENT FOR'LH(J,[?)ZH... PHYSICAL REVIEW C70, 014001(2004)

04

o2}

FIG. 9. (Color online deuteron analyzing
powers at 70 MeV/nucleon. For descriptions of
symbols, see Fig. 8.

restricted our partial-wave basis taking all states with the In this study predictions of different nuclear force models
total angular momentg in the two-nucleon subsystem are shown. They consist of one of tiNN forces: AV18,
smaller than 6. This corresponds to a maximal number o€DBonn, Nijmegen I, Il and 93, and a 3NF. Each of il
142 partial-wave states in thé&Zystem for each total angu- interactions was combined with therzxchange TM 3NF
lar momentum. For the energies of the present paper thismodel[10]. The combinations use the cut-off parameten
provides convergent results for the elastic scattering obsenthe strong form factor parametrization separately adjusted to
ables. We checked that the convergence has been achievéi *H binding energy for the differerfiN forces[46]. The

by looking at the results obtained whegn6 states have been A-values used with the AV18, CDBonn, Nijmegen |, Il, and
included. This increases the number of states to 194. Thi83 potentials are\ =5.215, 4.856, 5.120, 5.072, and 5.212
convergence check was done without 3NF. The inclusion ofin units of m,), respectively. The standard parametrization
the 3NF has been carried through for all total angular mo-of the TM 3NF was criticized in Refq.12,13,47 since it
menta of the Bl system up toJ=13/2 while the longer violates chiral symmetry. A form more consistent with chiral
ranged A interactions require states up d&25/2. For the  symmetry was proposed by modifying théerm of the TM
details of the formalism and the numerical performance wdorce and absorbing the long range part of this term into the
refer to Refs[42,44,45. a-term and rejecting the rest of tleterm[12,13. This new

TABLE IV. Data table for analyzing powers fak-p elastic scattering at 70 MeV/nucleon measured with
the D-room polarimeter.

fem. (deg A9 oA Ay SAyy Ay Ay Ay A

65.0 -0.016 0.002 0.121 0.004

70.1 -0.097 0.003 0.148 0.006 -0.216 0.005 0.207 0.006
75.0 -0.190 0.004 0.186 0.007 -0.241 0.005 0.266 0.005
80.0 -0.276 0.007 0.228 0.014 -0.244 0.011 0.299 0.008
85.0 -0.369 0.004 0.280 0.004 -0.224 0.006 0.350 0.006
88.2 -0.405 0.004 0.328 0.004 -0.212 0.007 0.378 0.006
90.0 -0.448 0.004 0.355 0.004 -0.208 0.006

95.0 -0.501 0.005 0.403 0.009 -0.166 0.006 0.395 0.006
100.0 -0.511 0.004 0.450 0.008 -0.095 0.005 0.388 0.008
105.0 -0.521 0.005 0.499 0.004 -0.063 0.006 0.385 0.008
110.0 -0.493 0.007 0.536 0.008 0.015 0.005 0.368 0.012
120.0 -0.352 0.006 0.577 0.012 0.060 0.007 0.220 0.010
130.0 -0.120 0.008 0.557 0.007 -0.074 0.015 0.094 0.012
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TABLE V. Data table for analyzing powers faFp elastic scattering at 70 MeV/nucleon measured with
the SMART system.

fem. (deg A9 oA Ayy SAyy Ay Ay Ay A

13.7 0.113 0.004 0.036 0.005 0.039 0.004

16.8 0.121 0.004 0.037 0.005 0.016 0.005

22.4 0.129 0.005 0.043 0.006 -0.033 0.005

28.6 0.163 0.005 0.055 0.006 -0.056 0.005

33.9 0.162 0.004 0.059 0.006 -0.088 0.005 0.006 0.005
37.1 0.171 0.005 0.068 0.006 -0.103 0.005 0.008 0.006
38.7 0.175 0.005 0.066 0.006 -0.114 0.006 0.018 0.006
40.3 0.169 0.005 0.070 0.007

41.9 0.173 0.006 0.071 0.007

445 0.165 0.003 0.077 0.004 -0.111 0.005 0.029 0.007
47.8 0.155 0.004 0.078 0.004 -0.150 0.006

51.2 0.135 0.004 0.089 0.004 -0.167 0.009 0.061 0.007
55.9 0.110 0.004 0.108 0.004 -0.172 0.006 0.111 0.006
59.4 0.072 0.004 0.112 0.004 -0.204 0.005 0.134 0.005
59.7 0.068 0.006 0.108 0.006

63.3 -0.001 0.006 0.106 0.006 -0.214 0.008 0.160 0.011
72.1 -0.134 0.005 0.163 0.005 -0.221 0.009 0.216 0.013
121.8 -0.337 0.006 0.579 0.003 0.077 0.006 0.196 0.011
124.1 -0.330 0.011 0.578 0.006 0.063 0.008 0.144 0.008
126.1 -0.271 0.011 0.574 0.005 0.048 0.008 0.112 0.013
128.2 -0.192 0.011 0.572 0.008 -0.003 0.008 0.093 0.012
130.2 -0.150 0.011 0.559 0.008 -0.035 0.008 0.081 0.012
133.7 -0.040 0.007 0.547 0.006 -0.138 0.006 0.037 0.005
135.7 0.009 0.007 0.479 0.006 -0.215 0.006 0.026 0.007
138.4 0.097 0.006 0.448 0.005 -0.334 0.011 0.026 0.006
140.4 0.161 0.006 0.425 0.005 -0.434 0.010 0.058 0.007
142.5 0.181 0.005 0.397 0.005 -0.476 0.010 0.079 0.007
145.6 0.223 0.006 0.322 0.006 -0.558 0.008 0.198 0.007
148.0 0.227 0.005 0.279 0.005 -0.552 0.007 0.255 0.006
150.5 0.234 0.005 0.248 0.005 -0.528 0.007 0.302 0.006
153.4 0.219 0.006 0.198 0.007 -0.456 0.009 0.343 0.006
155.9 0.203 0.006 0.176 0.006 -0.370 0.008 0.367 0.005
158.3 0.171 0.005 0.137 0.006 -0.310 0.007 0.372 0.005
160.2 0.166 0.007 0.129 0.009 -0.279 0.008 0.365 0.008
163.1 0.127 0.006 0.122 0.008 -0.192 0.006 0.329 0.007
166.0 0.106 0.005 0.110 0.007 -0.100 0.005 0.284 0.006
168.8 0.078 0.005 0.101 0.007 -0.032 0.005 0.226 0.006
172.8 0.023 0.012 0.103 0.013 0.046 0.005

174.8 0.020 0.009 0.090 0.011 0.052 0.004

176.9 0.015 0.008 0.088 0.010 0.077 0.004

179.0 0.002 0.011 0.085 0.012 0.087 0.005

form is called TM(99) [14]. The A-values usedagain in  of an intermediateA excitation in the 2 exchange[9],
units of m;) with the Av18, CDBonn, Nijmegen |, and Il which is augmented by a phenomenological spin-
potentials areA=4.764, 4.469, 4.690, and 4.704, respec-independent short-range part. This force is formulated in
tively. configuration spacgll]. Refer to Ref.[28] for the partial-

For the AV18 potential we also use the Urbana IX 3NFwave decomposition of the Urbana IX 3NF in momentum
[11]. That force is based on the Fujita-Miyazawa assumptiorspace.
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FIG. 10. (Color online deuteron analyzing
powers at 70 MeV/nucleon obtained using the
new calibration data. Open diamonds are the re-
sults measured with the SMART system and open
triangles show the results measured with the
D-room polarimeter. For the descriptions of
bands and curves, see Fig. 6.
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V. DISCUSSION data in the region of thek},~K¥, minima at the angles
A. Comparison of present data with theoretical predictions 0e.m=90°-120°. The inclusion of the Urbana IX 3NF as

well as TM'(99) removes these discrepancies. Also for the
In Figs. 6 and 7 the theoretical predictions for the five TM 3NF there is a good agreement between the data and

different NN potentials and their combinations with 3NF’s theory. ForkY at backward angleg; ,, = 150° the data sup-
are shown for the polarization-transfer coefficients and theort theNN forces only predictions as well as the T(@9)
induced polarization. The light shaded bands in Fig. 6 are thand Urbana IX 3NFs ones. In the angular range6pf,
results of the Faddeev calculations based on the high=90-120, a large discrepancy exists between tief@rce
precisionNN potentials, AV18, CDBonn, Nijmegen |, Il and only predictions and the data. The inclusion of either
93 only. The dark shaded bands in Fig. 6 contain the predicIM’(99) or Urbana IX 3NF shifts the calculated results in
tions of the fourNN forces with the TM(99) 3NF. In each the right direction, but not enough to des_c_ribe the data. The
case the triton binding energy was adjusted to the experimergffécts of the TM 3NF are also not sufficient to provide a
tal value. The solid curves in Fig. 6 are the theoretical pregood description of the data. F&Y, the situation is compli-
dictions obtained using the AV18 potential combined withcated throughout the entire measured angular range and the
the Urbana IX 3NF. To avoid making the figure too compli- data are not described by the theoretical p_redictions. At back-
cated the predictions combining the filN forces with the ~ Ward anglesi, , =150°, the A band provides a moderate
TM 3NF are shown in Fig. 7 together with the calculations@dreement with the data. It clearly deviates from the data in
of TM’(99) 3NF. The TM 3NF predictions are shown as light ("€ minimum region around, ,, =100°, but the predictions

with 3NFs included do not explain this discrepancy. It is
zﬂgggg Egzgz %n?hg:eﬁgg?? 3NF ones are shown as dark interesting to note that all 3NF models studied predict large

. . L effects in the region of this minimum, however the effects of
At first, theoretical predictions are separately, compqred t?he TM'(99) and Urbana IX 3NFs are in opposite directions
the data for the polarization-transfer coefficieklg andKj),.

to those of the TM 3NF. For the induced polarizati®h the

y' iffer- ,
For K, the 3NF effects are rather modest and the differ-oy 5 gyerestimates the data around the region oPthe

ences among the various 3NFs are small. However, the da aximum. The inclusion of the Urbana IX or TK99) 3NF

apparently prefer the SN predictions rather than the phire 2 brings the predictions closer to the data, while the TM 3NF

force ones. The deviation of the 3NF predictions from those = : , .
provides large, incorrect effects. For the analyzing powers in

for the 2N forces is clearly pronounced o€, and the 4 elastic scattering at incoming nucleon energies larger
band significantly overestimates the data at the an@lés  than about 60 MeV, a similar pattern of discrepancies be-
=90°~-120°. The inclusion of the Urbana X 3NF provides atyeen data and theoretical predictions is foiad,2g.

good description of the data. Also the T(@9) does fairly The predictions including the TNM99) 3NF, which were
well, whereas the TM provides a better description of thenot presented in our previous stufa], are compared with
data. One can see clearly the difference between the data aglr deuteron analyzing powers at 135 and 70 MeV/nucleon
the 2N f9rce ,predlct|ons for the polarization-transfer coeffi- in Figs. 8 and 10, respectively. A comparison of the vector
cient K§,—KJ,. The N force predictions underestimate the and tensor analyzing powers to the T99) predictions
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shown in Figs. 8 and 10 reveals that the effects of thanthe TM 3NF, this term is most probably responsible for the
TM’(99) 3NF are similar in size and directions to the effectspoor description oY by the TM 3NF.

of the Urbana IX 3NF, except foh, at 135 MeV/nucleon.

B. Summary of the comparison betweerd-p polarization data
and theoretical predictions

In this section we would like to summarize the compari-
son of the theoretical predictions whp elastic scattering
data reported here and in R¢21]. It encompasses all deu-
teron analyzing powerAS, Ao Ay Ay the proton induced

! yy:
polarization PY (=—AP), and the deuteron-to-proton

polariz,ation—transfer coefficients , Kﬁ;—Kgy (Ko Ky,
andKY,.

The Type Il observables are the deuteron tensor analyz-
ing powersA,,, A, A,,, and the deuteron-to-proton polar-
ization transfer coefficient&? , and KY,. No calculation
shows a superiority for these observables. Although large
effects of 3NFs are predicted at the angtes, =90°—-120°,
they are not supported by the data. It is interesting to note
that the TM(99) and Urbana IX 3NFs provide very similar
effects. On the other hand, the effects induced by the TM
3NF are quite different from the TM99) and Urbana IX
3NF’s ones. Thdlype Ill observables clearly reveal the de-
fects of the present day 3NF models. To describe these spin
observables one should look for other 3NF terms in addition
to the 2r-exchange 3NFs. At low energies, Witaaal. ap-

Generally, the discrepancies between the data and the pupied 3NFs based onr-p and p-p exchangeg50,51 and
2N force predictions are clearly seen at the angles where thi@vestigated their effects on cross sections and spin observ-

cross sections have minima. For the cross sections these d

gbles forNd elastic scattering52)]. It was found that the

crepancies at the two energies considered here are explaingfiects of thew-p exchange generally reduced the effects

by taking into account the 72exchange type 3NF models
[TM, TM'(99), and Urbana IX Thus all 2r-exchange 3NF
potentials considered hef@dM, TM’(99), and Urbana IX

caused by the 2-exchange TM 3NF. The effects induced by
p-p exchanges were negligible. It would be interesting to
apply theser-p andp-p exchange 3NFs also at intermediate

provide 3NF effects for the cross sections which are compa€nergies where the interferences might be different. Recently,
rable in magnitude and Sign_ At h|gher energieS, however{:lew 3NF models called the lllinois mOde-IS have-b.een re-
discrepancies remain in the minima and even more at backorted [15] and found to be successful in describing the

ward angles, Ref419,4§.

binding and excitation energies of light nuclei with mass

Spin observables can be grouped into three types. Thaumber up toA=10. The models are an extension of the
Type | observables are the deuteron vector analyzing powe¢rbana IX 3NF and consist of five terms: the two-pion-

As and the deuteron-to-proton polarization-transfer coeffi

cient KY, - Ky; (K% K{y). The deviations between the data
and the A ?orce predictions for these observables are ex

plained by the inclusion of the72exchange 3NFs consid-

dence for 3NFs.

The Type Il observable is the proton induced polarization
PY', which is equivalent to the proton analyzing power
AD(PY'=-AD). The TM(99) 3NF and Urbana IX 3NF de-
scribe the difference between the data and tRdédtce pre-
dictions. The inclusion of the TM 3NF shifts the calculated

exchange terms due toN scattering inS and P waves, a

phenomenological repulsive term, and the three-pion-
exchange termgv3™4R) due to ring diagrams witA in the
intermediate states. The*™2R is a new type of 3NF and
contains new spin dependent terms, suchoaé X )

Jerm. These spin dependent terms might expl&pe Il

spin observables. It would be interesting to include these
new terms into the I8 continuum calculations. The results of
the coupled-channel formulations with tieisobar excita-
tions are supported by the tensor analyzing pogr[49]
data, which are not well described by the T9) as well as
Urbana IX 3NFs. This points to contributions which are not
included in 2r-exchange 3NF models.

results in the right direction, but the effects are too large. The  as the incident nucleon energy increases one should not

nonzeroc-term of the TM 3NF might be the origin of the
incorrect 3NF effect. In order to see this more clearly, it is

ignore relativity which becomes more and more important.
Some indications on its importance was found in the analysis

intgresting to .idejntify thg effgacts due to the intermediateyf the high-precisiomd total cross section daf®3] and in
A-isobar excitation which is the main part of the the study of backward angles pfd elastic scattering cross
2m-exchange 3NF. Recently, the Hannover group carried oWeaction data at higher energig9,48. The discrepancies

calculations which explicitly included th&-isobar excitation

in the framework of the coupled-channel approg4f]. In
their calculations, the CDBonn potential was taken as fie 2
interaction. One can get directly theisobar effectgmag-
nitude and/or directionby comparing their predictions with
and without theA-isobar excitation. The results are shown in
Figs. 11 and 12. Tha-isobar effects are similar to those of
the TM'(99) and Urbana IX 3NFs for almost all observables

between the data and nonrelativistic predictions become
larger with increasing energy and cannot be removed by in-
cluding different 3NFg53]. Therefore, relativity might be
another candidate to provide a solution for Tge Il spin
observables. Work along this line is in progrgsd,55.

In chiral-perturbation theory at NNLO[56] the
2m-exchange 3NF together with a one-pion exchange be-
tween aNN contact force and the third nucleon, and a pure

except forA,,. This feature indicates that the poor agreemengyN contact force occurs. This also suggests that the

for TM in PY' of Type 1l is not due to the Z-exchange

2m-exchange should be supplemented by the exchange of a

A-isobar excitation. Since the main difference between theion together with heavy mesons and the exchange of two

TM and TM'(99) 3NFs comes from the nonvanishingerm

heavy mesons. In addition quite a few types of 3NFs appear
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T : Kyy, K3 ’Kyy: Ky K .and the induced .polarlza
5 F tion PY in elastic d-p scattering at

0.00f 135 MeV/nucleon. The solid curves are the

[ coupled-channel approach predictions obtained

-0.25f with A-isobar excitations and the dotted curves
are based on the CDBonn potent{&ef. [49]).
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FIG. 12. Vector and tensor deuteron analyzing
powers in elastic d-p scattering at
135 MeV/nucleon. For the descriptions of curves
see Fig. 11. For the descriptions of symbols, see
Fig. 8.
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at NNNLO, which have to be worked out. This will lead to polarization-transfer coefficiem(i;—Kg; (Ki;’ Ky/)_ Thus,

additional spin-dependences, which will be required for thehese observables can be considered to provide a clear evi-

Type Il observables. dence for the 3NF effects. For the induced polarizaf¥n
the TM'(99) and Urbana IX 3NFs explain the difference
VI. SUMMARY AND CONCLUSION between the data and thé&lZorce predictions. On the other

- . o hand, the TM 3NF fails to describe this observable. This
The deuteron-to-Protqn (d,+p—>/ p+d,) polar|,zat|on- appears to indicate that the nonvanish@stgerm of the TM
transfer coefficientk? , Ky, —KJ, (K}, KY,), andK}, were  3NF, which should not exist according to chiral symmetry, is

measured at 135 MeV/nucleon in the ‘angular ramgg, ~ Probably responsible for the failure of the model. For the
=90°-180°. The induced proton polarizati@&i’ was also tensor analyzing powers and the polarization-transfer coeffi-

measured. The statistical uncertainties are smaller than 0.08ents Ky and K, calculations fail to describe the data.
for all the polarization-transfer coefficients, and 0.02 for thelarge effects of 3NFs are predicted at the angtes,

induced polarizatiorPy'. The estimated systematic uncer- =90°-120°. However, the data do not support these predic-

tainties for the polarization-transfer coefficients and the in-gONnFSS' Our results clearly reveal the defects of the present day

duced polarizatiorP” are about 8%. The induced polariza-  Finally, it should be noted that this is the first precise data
tion PY was compared with the analyzing pow@& for the  set for the analyzing powers, and polarization-transfer coef-
time-reversed reactior’H(j3,p)?H elastic scattering, mea- ficients for d-p elastic scattering at intermediate energies,
sured at KVI. The data are consistent within the statisticalvhich will provide a solid basis to test future 3NF models.
uncertainties in the measured angular range.
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