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Abstract. High-precision vector and tensor analyzing powers of elastic deuteron-proton (d + p) scattering
have been measured at intermediate energies to investigate effects of three-nucleon forces. Angular distri-
butions in the range of 70°~120° in the center-of mass frame for incident-deuteron energies Ei** = 130 and
180 MeV were obtained using the RIKEN facility. The beam polarization was unambiguously determined
by measuring the >C(d, a)'°B(27) reaction at 0°. Results of the measurements are compared with state-
of-the-art three-nucleon calculations. The present modeling of nucleon-nucleon forces and its extension to
the three-nucleon system is not sufficient to describe the high-precision data consistently and requires,
therefore, further investigation.

PACS. 21.30.-x Nuclear forces — 21.45.4v Few-body systems — 24.70.4+s Polarization phenomena in
reactions — 25.45.De Elastic and inelastic scattering

1 Introduction

The properties of nuclei and the dynamics of nuclear re-
actions are determined predominantly by the pair-wise
nucleon-nucleon (NN) interaction [1]. The longest-range
two-nucleon force (2NF) is due to the exchange of a pion,
an idea that goes back to the work of Yukawa in 1935 [2,
3]. At present, existing 2NF models provide an excellent
description of the high-quality database of proton-proton
and neutron-proton scattering and of the properties of the
deuteron. For the simplest three-nucleon system, the tri-
ton, an exact solution of the three-nucleon Faddeev equa-
tions employing 2NFs clearly underestimates the experi-
mental binding energy [4], and therefore shows that 2NFs
are not sufficient to describe the three-nucleon system ac-
curately. For heavier systems, the deviations between the
calculated and the measured binding energies become even
larger [5]. Deficiencies of theoretical predictions based on
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pair-wise nucleon-nucleon potentials have been observed
in three-nucleon scattering observables as well. For ex-
ample, rigorous Faddeev calculations [6] solely based on
modern NN interactions fail to describe high-precision dif-
ferential cross-sections in proton-deuteron elastic scatter-
ing at intermediate energies obtained at KVI [7,8] and
at RIKEN [9]. A large part of the previously described
discrepancies can be resolved by introducing additional
three-nucleon forces (3NFs) [10].

Most of the present-day 3NFs are based on a refined
version of the Fujita-Miyazawa force [11] in which a 27-
exchange mechanism is incorporated by an intermediate
A excitation of one of the nucleons. Later, more refined
ingredients have been added as in Urbana IX [12] and
Tucson-Melbourne (TM’) [13] allowing for additional pro-
cesses contributing to the rescattering of the mesons on an
intermediate excited nucleon. A different approach is pro-
vided by the Hannover theory group, where the A-isobar
is treated on the same basis as the nucleon, resulting
in a coupled-channel potential CD-Bonn + A [14] with
pair-wise nucleon-nucleon and nucleon-A interactions me-
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diated through the exchange of 7, p, w, and o mesons.
Within this self-consistent framework, the A-isobar exci-
tation mediates an effective 3NF with prominent Fujita-
Miyazawa and Illinois ring-type contributions [5].

A measurement of differential scattering cross-sections
in three-nucleon systems is one of the tools used to study
the general nature of the 3NF. More detailed information
can be obtained by measuring other observables such as
analyzing powers. For instance, the spin-dependent part
of the 3NF can be studied specifically by measuring the
vector and tensor analyzing powers using polarized pro-
ton and deuteron beams. Precision measurements of the
vector analyzing power of the proton in elastic proton-
deuteron scattering have been performed at various beam
energies ranging from 90 to 250 MeV [8,15-17]. Data on
vector and tensor analyzing powers in d + p scattering
are, however, scarce. Vector and tensor analyzing powers
at various energies of 75-187 [18], 191, and 395 MeV [19]
have been obtained in the past. Most of these data do not
have sufficient precision and, therefore, not enough sensi-
tivity to study 3NF effects. The only precision data cover-
ing a large angular range were obtained using a polarized
deuteron beam with energies of 140, 200 and 270 MeV [9,
20]. For a systematic study of the 3NF, a more extensive
database with higher-precision data is essential.

This paper describes a precision measurement of vec-
tor and tensor analyzing powers in d+ p elastic scattering.
The experiment was conducted at the RIKEN accelera-
tor research facility using a polarized deuteron beam with
energies of 130 and 180 MeV. The paper continues with a
description of the experimental facility and the techniques
used to measure the spin observables. The results will be
compared and interpreted using modern Faddeev calcula-
tions as described earlier. The paper ends with a summary
and conclusions.

2 Experimental procedure and results

Vector and tensor analyzing powers in d + p elastic scat-
tering at E'f® = 130 and 180 MeV were measured at the
RIKEN accelerator research facility. The experiment was
composed of two setups. In the first setup, the polariza-
tion of the deuteron beam was determined by measuring
the 12C(d,a)'°B(21) reaction at 0° using the SMART
spectrograph. In the second setup, asymmetries in elas-
tic d + p scattering were measured simultaneously with
the SMART measurements using the D-room in-beam po-
larimeter. The vector and tensor analyzing powers in d+p
elastic scattering were subsequently obtained by combin-
ing the results from the first and second setups. A detailed
description of the experimental method can be found in
ref. [21]. In this paper, we only provide a brief summary
of the procedure.

The vector and tensor polarized deuteron beams were
provided by the atomic beam polarized ion source [22]. In
this experiment, the polarization states of the deuteron
beam were switched between off-mode (pz,pzz) =
(0,0), up-mode (pz,pzz) = (1/3,41), and down-mode
(pz,pzz) = (1/3,—1). The values between the brackets
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correspond to the maximum theoretical values of the vec-
tor (pz) and tensor (pzz) polarizations. The three differ-
ent polarization states were switched every 5 s by changing
the RF transition fields of the polarized ion source. The
experimental polarization values were typically 60-80% of
the maximum possible theoretical value. The beam inten-
sity used during the experiment was typically 30 nA.

For the unambiguous determination of the beam polar-
ization, we have exploited the relation between beam po-
larization and the ?C(d, a)!°B(27) reaction cross-section
at 0°. Following the Madison convention [23], the cross-
section of a scattered particle, o, for a spin-1 beam imping-
ing on an unpolarized target and with an angle 8 between
the spin direction and the beam direction () and an az-
imuthal angle ¢ defined to be 0° for scattering to the left
of the beam in the horizontal direction (%) and 90° for
scattering downward (—), can be written as:

oc=oo|l1+ \/giTH(G)pz cos ¢sin 3

Ty (0)pzz
V38
+\/§T21pzz cos #sin B sin ¢

_§T22(9)pzz cos 2¢sin® B, (1)

+ (3cos® f —1)

where iT71, To, T2, and Ty are the vector and various
tensor analyzing powers, respectively, and 6 is the polar
scattering angle. The vector and tensor polarization of the
beam are denoted as pz and pzz, respectively. The reac-
tion cross-section for an unpolarized beam is given by og.

For scattering at 6., = 0°, the cross-section relation
can be simplified, since i771(0°) = T52(0°) = T51(0°) = 0.
In this case, eq. (1) becomes,

o T20(0)pz2z
— =1 4+ — =
go \/g

Equation (2) allows us to determine the tensor polar-
ization of the beam by measuring the ratio between the
polarized and unpolarized cross-sections at 0°. As a pre-
requisite, the angle S should be known during the experi-
ment. The angle, 3, of the beam polarization can be ma-
nipulated at the ion source. The resulting polarization is
preserved by the single turn extraction of the beam. In ad-
dition, the tensor analyzing power, T5g, should be known
exactly and preferably at its maximum value. The latter
is achieved by using the reaction '2C(d, a)'°B(2") as a
measure for the beam polarization [24,25]. For symmetry
reasons, this reaction has a maximum analyzing power of
Tao = 1/V/2 at 6, ,,,. = 0°. In addition, the 2% excited state
can be identified uniquely by measuring the scattered a
particle using the SMART spectrograph. In the ratio o /oq
in eq. (2), detector-related parameters, such as solid angle
and efficiencies, cancel out since the same detector is used
for the different polarization states.

The SMART magnetic spectrograph [26] consists of a
beam swinger and a cascade magnetic analyzer with two

(3cos? f —1). (2)
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Fig. 1. A schematic top view of the SMART spectrograph
which was used to measure the 2C(d, )'°B(2") reaction at
0°.
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Fig. 2. The excited states of '°B, obtained by a momentum
analysis of the a particles in the reaction '>C(d,a)'°B(27).
The events stemming from the 27 state have been used to
determine the beam polarization as described in the text.

focal planes. The three quadruples and two dipole mag-
nets were set in a QQDQD configuration. The scattered a
particles were momentum analyzed by the magnetic spec-
trograph and detected by a multiwire drift chamber and
three plastic scintillators placed at the second focal plane.
A schematic top view of the SMART spectrograph is given
in fig. 1. In this experiment the scattering of the polar-
ized deuteron beam from a '2C target with a thickness of
20 mg/cm? was studied with the SMART spectrograph.

Figure 2 shows the excitation spectrum of '°B ob-
tained by a momentum analysis of the scattered a par-
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Fig. 3. Polarization asymmetry of the 2C(d, a)!°B(2%) reac-
tion as a function of the scattering angle in the center-of-mass
frame. The two data sets were obtained from two polarization
states of (pz,pzz) = (1/3,+1) and (pz,pzz) = (1/3, —1) nor-
malized to the off polarization state (pz,pzz) = (0,0). The
asymmetry at ..,,. = 0° is determined by an extrapolation of
asymmetries measured up to 4° via a second-order polynomial
fit.

ticles. A clear signal from the 2T state can be iden-
tified. These events are used for the extraction of the
tensor polarization of the deuteron beam according to
eq. (2). The polarization asymmetries, (o7 — 0°/7)/o°f/
and (0% — 0°/7)/0%ff  of the (d,a) reaction were ob-
tained. The cross-sections, o1, o+, and 6°//, correspond to
a measurement with a beam polarization of (pz,pzz) =
(1/3v+1)v (pZ,pZZ) = (1/31_1)a and (pZapZZ) = (010)7
respectively. Note that we used 0°// instead of oy. In an
ideal case, 0°7f corresponds to the cross-section for a theo-
retically unpolarized beam. In our data analysis, however,
a correction due to a small non-zero polarization in the
(pz,pzz) = (0,0) mode was taken into account. A typi-
cal angular distribution of the asymmetries of the above-
mentioned reaction for two different polarization states is
shown in fig. 3. To obtain a precise asymmetry at 0°, a
second-order polynomial was fitted to the observed angu-
lar distribution as shown by the solid lines. Fluctuations in
the beam polarization were monitored by measuring these
asymmetries in 20 time slices of 60 minutes each. These
fluctuations were found to be small.

The D-room polarimeter at RIKEN was used to mea-
sure polarization asymmetries in the elastic d + p reac-
tion. Combined with a simultaneous measurement of the
beam polarization using the SMART spectrometer, vec-
tor and tensor analyzing powers in elastic d + p scat-
tering are obtained. The D-room polarimeter consists of
4 x 7 plastic scintillators placed to the right (¢ = 0°),
left (¢ = 180°), up (¢ = 90°), and down (¢ = 270°) of a
solid CH, target. The elastic d + p reaction was identified
nearly background-free by a left-right or up-down coinci-
dence requirement. For this, four scintillators were placed
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Fig. 4. A sketch of the experimental setup used to measure
the elastic deuteron-proton scattering process. Six small proton
detectors are placed in coincidence with one deuteron detector
placed on the other side of the beam. The coincidence setup
in light gray (yellow on-line) and in dark gray (blue on-line)
correspond to an azimuthal plane of ¢ = 0° (left) and ¢ = 180°
(right). The coincidence planes at ¢ = 90° and 270° are not
shown.

at a polar scattering angle of 25° covering a large part of
deuteron phase space. These detectors were required to be
in coincidence with one of the remaining smaller proton
detectors placed on the other side of the beam at polar
scattering angles between 30 and 55 degrees. Figure 4 il-
lustrates schematically the coincidence setup for the left
and right side on the horizontal plane. The vertical plane
is not shown in this picture.

Figure 5 shows the spectrum corresponding to the de-
posited energy of one of the proton detectors in coinci-
dence with the opposite deuteron detector. This proton
detector was placed at an angle of 30°, and it had a thick-
ness of 10 mm. All impinging protons punch through the
detector and deposit an energy of about 15MeV. The
small tail on the left of the peak stems predominantly
from hadronic interactions with the scintillator material.
Furthermore, note that the pile-up background is negligi-
ble, which is indicated by the lack of events on the right
side of the main peak. For the asymmetry determination
in d + p scattering, events were selected within the gate
shown in fig. 5.

The vector and tensor analyzing powers can be ob-
tained by making use of the ¢-dependence according to
eq. (1). The analyzing powers have been obtained by a
global x2-minimization fit of all data from the SMART
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Fig. 5. The response of one of the proton detectors placed at
30° and for a beam energy of 180 MeV. A clear signal stem-
ming from the elastic deuteron-proton reaction can be observed
with negligible background. The selected events used for the
asymmetry measurement lie in the gate shown in the figure.

and the D-room polarimeter, using eq. (1). The free pa-
rameters in this fit were the analyzing powers, the tensor
polarizations pTZZ, pizz, pOZfo , and the cross-section for an
unpolarized beam, og. Note that as a consequence of the
operation mode of the atomic polarized-beam source, the
vector polarization is 1/3 of the obtained tensor polariza-
tion, independent of the efficiencies of the transition units.
The combined x? fitting procedure with 3 degrees of free-
dom was used to extract the experimental parameters and
monitor them over time to estimate the systematic uncer-
tainty.

With the geometry shown in fig. 4, the vector and
tensor analyzing powers in elastic d + p scattering were
measured for 6., = 70°-120° at E; = 130MeV and
Oc.rn. = T76°-120° at E; = 180MeV. The results for
Ela® = 130 MeV are shown in fig. 6 and listed in table 1.
Similarly, the results for E{** = 180 MeV can be found in
fig. 7 and in table 2. The error bars in figs. 6 and 7 in-
dicate only statistical uncertainties together with a small
point-to-point (PTP) uncertainty. The small PTP error is
added to account for small, non-statistical, fluctuations of
the data points as judged by comparison to a fit using a
4th-order polynomial. These PTP uncertainties are added
quadratically to the statistical uncertainties.

The dominant systematic uncertainty stems from the
knowledge of the polar, 8, and azimuthal, a, angles of
the polarization direction with respect to the beam direc-
tion. These angles were determined in a separate measure-
ment which was conducted immediately after the (d, a)
and d + p measurements. In this measurement, the polar-
ization axis precesses in the swinger dipole magnet of the
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Fig. 6. Vector and tensor analyzing powers of the elastic d + p scattering at E*® = 130 MeV as a function of 62, . Error

bars are statistical plus a point-to-point uncertainty added in quadrature. In each panel, filled circles are data from the present
experiment and open triangles are data from ref. [18] at EY** = 131 MeV. The dark-gray bands at the top of the panels represent
the systematical uncertainty (20) for every data point. The other dark-gray bands correspond to calculations including only two-
nucleon potentials. The light-gray bands represent calculations including an additional Tucson-Melbourne TM’ three-nucleon
force as well. The solid lines correspond to results of a Faddeev calculation using the AV18 two-nucleon potential combined with
the Urbana-IX (UIX) three-nucleon potential. The dotted line represents the results of a coupled-channel potential CDB + A
calculations.

Table 1. Analyzing powers for elastic d + p scattering at E}*® = 130 MeV for different scattering angles in the center-of-mass
frame. Statistical errors are quoted with the superscript st. and systematical errors with the superscript sys. Statistical errors
are the output of a x? fitting procedure plus an additional point-to-point uncertainty added quadratically. The uncertainty in
Bc.m. is £0.5°. Note that all the analyzing power values and errors have been multiplied by a factor 1000.

O [?]  iTi1  AITEE AT Tas ATsE ATSYS Toy  ATsl ATSYS T ATsE ATSY
70 —75 6 3 —102 3 4 49 14 2 —124 10 9
76 —186 22 7 —124 5 5 13 4 1 —144 14 11
83 —275 4 11 —136 2 6 —48 4 2 —216 4 16
89 —359 3 14 —149 1 6 —121 5 5 —238 6 18
95 —418 4 16 —158 4 6 —204 6 8 —267 6 20
101 —439 3 17 —153 1 6 -301 5 12 —254 4 19
111 —418 3 16 —145 1 6 —443 5 18 —214 4 16
119 —326 3 13 —128 2 5 —490 6 20 —151 3 11
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The open triangles are data from ref. [18] and the open squares are data from ref. [19]. For a description of the bands and lines

refer to fig. 6.

Table 2. Analyzing powers for elastic d + p scattering at E}*® = 180 MeV. See table 1 for more details.
Oem.[0]  iTi  ATFE AT Toy ATsy  ATSYS Tho  ATsy  ATsy® Too  ATS AT
7 —192 7 8 —134 3 5 45 7 2 —159 9 10
83 —273 9 11 —150 4 6 4 8 1 —184 12 12
84 —290 2 11 —152 1 6 —6 1 1 —190 3 12
89 —352 3 14 —168 1 7 —65 1 3 —199 3 13
95 —393 3 15 —185 1 7 —140 2 6 —193 3 13
101 -394 3 15 —192 1 8 —214 3 9 —192 3 13
111 —350 3 14 —192 2 8 —306 3 13 —182 7 12
119 —280 3 11 —188 2 8 —342 4 14 —161 4 11

SMART spectrograph which was rotated by 90° in a ver-
tical plane. The precession angle is measured before and
after the spin precession by using two polarimeters. For a
beam energy of 130 MeV, the values g = 82.0° £ 0.5° and
a = 2.0° £ 0.5° were obtained, whereas § = 99.4° £+ 0.5°
and a = 2.0° £ 0.5° were obtained for a deuteron beam
energy of 180 MeV. Since the sensitivity to the T3, ana-
lyzing power in eq. (1) goes as cos B sin 3, as [ approaches

90°, the uncertainty in T5; increases. As a consequence,
the large systematic errors in 7T5; are associated with the
value of 8 in these experiments. In addition, variations in
the beam polarization angles during the experiment have
been monitored by dividing the data into several bins in
time, and were found to be small. Yet these non-statistical
fluctuations were taken into account in our x? fitting pro-
cedure. The total systematic error is the quadratic sum of
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Fig. 8. A comparison of our measurements of vector and tensor analyzing powers in deuteron-proton elastic scattering with the
world database at intermediate energies as a function of the incident beam energy. All data points correspond to a center-of-mass
angle of Oc.,. = 100°. Our data are presented as filled circles, together with that of ref. [9] (open diamond) and of ref. [18]
(open triangles). The predictions for CDB, CDB+TM’, and CDB + A are represented by dashed, dash-dotted and solid lines,

respectively.

these partial systematic errors which are given in tables 1
and 2 with superscript sys and are plotted as gray bands
on top of the figures.

3 Comparison between data and theory

The measured vector and tensor analyzing powers are
shown in figs. 6 and 7 by filled circles and compared
to rigorous Faddeev calculations, represented by bands
and lines. The dark-gray bands correspond to calculations
including only two-nucleon potentials, namely Argonne
V18 (AV18) [27], Charge-Dependent Bonn (CDB) [28],
Nijmegen I (NIJM I), and Nijmegen IT (NIJM II) [29].
The width of the bands indicates the variation in predic-
tions for the three-body systems when using different two-
nucleon potentials. The light-gray bands represent calcu-
lations including an additional TM’ three-nucleon force
as well. The solid lines correspond to the results of a
Faddeev calculation using the AV18 two-nucleon poten-

tial combined with the Urbana-IX three-nucleon poten-
tial [12]. The dotted lines result from a calculation using
the coupled-channel potential CDB + A [14]. It should be
noted that the calculations presented in this paper do not
include the Coulomb interaction. The Hannover-Lisbon
theory group, however, recently provided predictions in-
cluding the Coulomb interaction [30,31]. For the polariza-
tion observables and energies presented here, its effect is
found to be negligible, and therefore, has been left out to
allow a fair comparison with the other predictions that
do not include the Coulomb interaction. Also measure-
ments from refs. [18,19] at energies close to our energy
are shown by open triangles and squares for every energy.
They clearly show that the precision of the new measure-
ments has been improved significantly.

A comparison between theory and experiment at Ey =
130 MeV shows that the Faddeev calculations based on a
pure two-nucleon potential give a reasonable agreement
with the measured polarization observables. At this en-
ergy, calculations with the inclusion of the well-established
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TM’ three-nucleon force fail to describe the data, in par-
ticular for T5. Calculations using the Urbana-IX three-
nucleon potential show, with the exception of T5g, signif-
icant discrepancies with the data as well. On the other
hand, calculations using the coupled-channel potential,
CDB + A, demonstrate that the polarization observables
in the three-nucleon system can be described reason-
ably well by incorporating consistently an intermediate
A-resonance which seems to have a small effect for all ob-
servables except for T5;. Note that the discrepancies for
T51 can be partly ascribed to the large systematic uncer-
tainties in this polarization observable.

At E; = 180 MeV the behavior of the Faddeev calcu-
lations with respect to the data changes drastically. The
Faddeev calculations, incorporating two-nucleon forces
only, show large deviations from the data for all observ-
ables. The inclusion of a TM’ three-nucleon potential
remedies these deficiencies significantly for ¢77; and Tsg.
However, the predictions for the tensor analyzing powers,
Ty and Thq, fail to describe the magnitude and the shape
of the measured angular distributions. Furthermore, the
model including the A-resonance fails to describe a large
part of these data as well, even though the same model
gave a good description at 130 MeV.

From figs. 6 and 7, we observe that the discrepancies
between data and theory depend on the incident beam en-
ergy. As a further check on this, the beam-energy depen-
dence of our data has been compared with the presently
available world data base at intermediate energies. Results
are shown in fig. 8. All data points correspond to a fixed
angle of 6. ,,,. = 100£0.5° in the center of mass. Our data
(filled circles) are consistent with the data from ref. [18]
(open triangles). In addition, the precision measurements
of Sekiguchi et al. [9] at E*®* = 140 and 200 MeV are
plotted as open diamonds. Results of the Faddeev calcu-
lations for the CDB potential without 3NF and with TM’
and A are drawn as dashed lines, dash-dotted and solid
lines, respectively.

The large deviations between our data and the rigorous
predictions from Faddeev calculations based on modern
two-nucleon potentials show that the observables shown
in this paper are sensitive to 3NF effects. The role of the
A-resonance as a degree of freedom for 3NF has proved to
be the dominant ingredient to describe well the vector ana-
lyzing powers in p+d elastic scattering at intermediate en-
ergies from 108 MeV to 190 MeV /nucleon [8]. This paper,
however, presents large discrepancies between data and a
self-consistent coupled-channel model including a dynamic
A-resonance at an incident energy of 90 MeV /nucleon for
the vector and tensor analyzing powers of the deuteron.
For these observables and energies, the role of the A as a
3NF is predicted to be small, whereas the data show that
large 3NF effects are present. A description of 3NF effects
using the phenomenological two-pion exchange approach
such as the TM’ 3NF, which is added to a 2NF, cannot
remedy the observed discrepancies either. In addition to
the models presented in this paper, other approaches are
becoming available in the literature. One of these, namely
chiral-perturbation theory, is based on the symmetries of

The European Physical Journal A

quantum chromodynamics. Within this approach, nuclear
forces are generated systematically [32,33]. Once higher
orders are included in the calculations based on this the-
ory for intermediate energies, one can make a reasonable
comparison with the present data.

4 Summary and conclusion

The precision measurement of vector and tensor analyzing
powers in elastic d + p scattering has been performed at
intermediate energies of 130 and 180 MeV in the center-
of-mass angle range of 70°-120°. Two different setups
were used to measure the deuteron beam polarization via
120(d, a)'"B(21) reaction and simultaneously the reac-
tion asymmetries via elastic d + p reaction. Predictions of
various 3NF models have been compared with the data in
order to look for evidences of 3NF effects in this energy
range. At 130 MeV, the agreement between data and cal-
culations including only two-nucleon potentials is better
for all observables. Also CDB + A describes the data bet-
ter than calculations using other 3NFs. At 180 MeV, the
discrepancy between data and calculations is rather large.
Calculations including TM’ agree better for two analyzing
powers of iT7; and Tg but the trend of the data for the
other two analyzing powers, Ta5 and T5;, matches none of
the calculations. Our new data points are compared with
the existing data base of deuteron analyzing powers in the
energy range of 75-200 MeV. The energy dependence of all
observables confirms that 3NF effects certainly exist but
their exact nature should be investigated further.
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