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Measurement of the longitudinal analyzing power for noncoplanarp-d breakup
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First measurements of the longitudinal analyzing powerAz for noncoplanarp-d breakup atEp59 MeV in
four kinematically complete configurations are presented. The measurements are compared with Faddeev
calculations obtained with the Bonn B nucleon-nucleon interaction and the 2p-exchange Tucson-Melbourne
three-nucleon force. The measured analyzing powers and the corresponding theoretical predictions are very
small in magnitude and compatible within the error bars of the data. Because of the smallness ofAz , the
expected enhanced sensitivity to three-nucleon force effects is not seen in this low energy region.
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PACS number~s!: 24.70.1s, 21.30.Cb, 24.10.2i, 25.10.1s
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I. INTRODUCTION

There is currently a great deal of interest in understand
the nature of nuclear three-body forces@1,2#. It is now gen-
erally believed that three-body forces are needed to rep
duce the observed3H and 3He binding energies@3#. Sophis-
ticated theoretical models have been developed which m
quite definite predictions concerning the form and to som
extent the strength of these interactions. However, it h
proved to be difficult to identify experiments which are se
sitive to the nature of the three-body interactions.

It seems reasonable to suppose that proton-~or neutron-!
induced deuteron breakup may be a good system for
study of three-body force effects. In simple terms, the thin
ing is that three-body forces may couple strongly to partic
lar three-nucleon configurations. The breakup reactions th
offer the possibility of detecting these special configuratio
since, with three independent particles in the final state, o
can explore a very broad range of kinematic conditions a
observables. Of course, for this to be successful, one need
identify particular experimental conditions which lead to
reasonable level of sensitivity to three-body forces.

In this paper we will report the results of some new me
surements ofp-d breakup with polarized protons atEp 5 9
MeV. This experiment was undertaken in response to
suggestion in Ref.@4# that certain polarization observable
for p-d breakup may have an enhanced sensitivity to nucle
three-body forces. The experiments proposed in Ref.@4# in-
volve obtaining polarization measurements for breakup re
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tions with ‘‘noncoplanar’’ kinematics. This requires the de
tection of two ~or more! particles in the final state with
detectors separated in azimuthal angle by an amountDf
other than 0° or 180°, so that the momentum of particle
does not lie in the plane formed by the beam direction an
the momentum of particle 1.

The use of noncoplanar geometry opens the possibility
measuring a new class of polarization observables whic
under ordinary conditions~reactions with two-body final
states and breakup reactions with coplanar geometry!, are
required by conservation of parity to be zero. It is these ne
observables which, according to the arguments of Ref.@4#,
are thought to have possible enhanced sensitivity to the pr
ence of three-body forces. An example of such an observa
is the analyzing power for longitudinally polarized protons.

In this paper we present the first measurements of t
longitudinal analyzing power for proton-induced deutero
breakup. We also report the first Faddeev calculations of th
observable. Theoretical predictions with and without three
body forces will be presented and will be compared with th
measurements.

The experiments and calculations were performed by th
Wisconsin and Cracow/Bochum groups, respectively. B
cause the work was done simultaneously, neither group h
knowledge of the other’s results prior to completion of th
work.

The outline of the paper is as follows. Section II contain
a brief review of the theoretical background along with dis
cussion of the choice of reaction kinematics. In Sec. III w
describe the experiment in detail and present the experime
tal results. Section IV contains a brief description of the Fad
deev calculations. Comments on the comparison betwe
theory and experiment are given in Sec. V, along with a fe
concluding remarks.
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III. DESCRIPTION OF THE EXPERIMENT

A. Apparatus and procedures

The p-d breakup reaction was initiated with polarize
protons obtained from the University of Wisconsin crosse
beam polarized ion source@5#. The beam was accelerated t
just above 9 MeV with a tandem electrostatic accelerat
momentum analyzed with a 90° deflection magnet, and th
transported to a 1 mdiameter scattering chamber.

The breakup reactions were initiated on a deuterium g
target. Figure 3 shows the geometry of the interaction reg
at the center of the chamber. The incident beam entered
chamber, which was filled with deuterium gas, through

FIG. 1. Calculated kinematic loci forp-d breakup atEp 5 9
MeV. The protons emerge atu1530° andu2560° in the laboratory
frame and are separated in azimuthal angle by an amountDf.

FIG. 2. Bipolar harmonic functions forDf597.5°. The dashed
and dot-dashed curves show the functions of Eqs.~9! and ~10!,
respectively.
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0.76 mm thick Ni foil, located 51.3 mm upstream of the
center of the interaction region. This foil isolated the beam
line vacuum from the chamber which was maintained at
pressure of 26.6 kPa. The beam was collimated with a circ
lar aperture 1.5 mm in diameter located 13.4 mm upstrea
of the center of the interaction region. Since the events
interest involve coincidence detection of outgoing protons
30° and 60° in the laboratory, the interaction region is th
region of gas which can be viewed from both angles. Th
region was 13.6 mm in length and was defined at the u
stream end by a 3.0 mm diameter circular aperture and at t
downstream end by a 3.5 mm i.d. exit tube. The beam ener
at the center of the interaction region was 9.0060.02 MeV.

Charged particles from elastic scattering and breaku
were detected with silicon surface barrier detectors locat
15 cm from the center of the interaction region. The dete
tors were 13.8 mm in diameter and were collimated wit
11.9 mm diameter circular apertures.

Eight detectors were used in all, four at 30° and four a
60°. Coincidence events were recorded for each of the
30°/60° pairs. The polar and azimuthal angles of each dete
tor are given in Table I. The 60° detectors were located
the left and right of the beam 7.5° above and below th
horizontal plane, while the 30° detectors were basical
above and below the beam, 15° to either side of the vertic
plane. In this way the coincident detector pairs were sep

FIG. 3. Schematic diagram of the interaction region. The inc
dent beam is represented by the dashed line. The dotted lines in
cate the line of sight from the center of the interaction region t
detectors located at 30° and 60°. In the actual setup, the detect
are located at various azimuthal angles.

TABLE I. Detector locations.

Detector u f
~deg! ~deg!

1 60 7.5
2 60 172.5
3 60 187.5
4 60 352.5
5 30 75.0
6 30 105.0
7 30 255.0
8 30 285.0
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FIG. 8. Theoretical predictions of the longitudinal analyzing powerAz as a function of distance along the kinematic locus. The dash
and solid lines correspond to Bonn B and Bonn B1 TM 3NF calculations, respectively.
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resulting effects of thep-p TM 3NF for 3N breakup signifi-
cantly. Therefore the 3NF effects obtained in the pres
work with Lp55.8m should be regarded as an overestima

V. CONCLUSIONS

In Fig. 8 we show our theoretical predictions for th
longitudinal analyzing powerAz for all four kinematic con-
figurations. In agreement with the measurements, we see
the theoretical predictions are very small in magnitude. In
four configurations studied and for all values of the a
lengthS the longitudinal analyzing powerAz does not ex-
ceed 0.003 in magnitude. Including the 3NF increasesAz but
only by 10–15%.

It is interesting to note that the calculatedAz values are
qualitatively similar to the functionB22,1

0 of Eq. ~10! ~see
Fig. 2!. It might also be noted that in some regions of th
S curve not covered by the present experiment the effects
the TM 3NF are of the order of 25%. However, the smallne
of the observableAz at this energy will hardly allow an ex-
perimental test of this prediction.

Based on our current experience, we believe that exp
ments to measureAz with statistical accuracies of60.001 or
better are perfectly feasible. In particular, significant gains
ent
te.
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coincidence counting rates can be achieved by using det
tors that cover a larger fraction of the available solid angle.
therefore seems likely that one could obtain statistically si
nificant nonzero measurements ofAz . Such an experiment
would be a useful test of our understanding of the 3N sys-
tem.

On the other hand, observing the effects of three-bod
forces at this energy does not appear to be possible. In or
to check the expectations concerning the enhanced sens
ity of the longitudinal analyzing powers to a 3NF and in
order to perform more stringent tests of present day 3N
models one should perform such breakup measurements
higher energies. For a general overview of recent results
the 3N continuum and proposals of experiments of variou
types we refer to Ref.@16#.
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