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The vector analyzing power ¢71; of the reaction vd — pp was measured at T, = 350, 400, and 450
MeV. The results obtained at T» = 350 MeV are in agreement with earlier measurements of i7T1; at
325 MeV. With increasing energies our results show a marked increase in the vector analyzing power
up to a value close to its theoretical limit at T, = 450 MeV (y/s = 2.40 GeV). In this energy region
broad structure has been found in earlier measurements of do/df2 and Ayo.

PACS number(s): 25.10.+s, 24.70.+s, 25.80.Ls

The reaction 7td — pp and its inverse reaction pp —
drt are the main processes of pion absorption and pro-
duction at intermediate energies. Accordingly a lot of
effort, both theoretically and experimentally, was made
to investigate this reaction. On the theoretical side sev-
eral groups tried to understand the process in the larger
framework of the TN N system, with the aim to explain
all of the various reactions NN — NN, NN < =d,
NN — 7NN, nd — wNN, and nd — wd simultane-
ously [1]. Although some of the main features of the var-
ious channels are well reproduced by such calculations,
there exist serious discrepancies between predictions and
measurements of many of the more sensitive polarization
parameters.

It is at the moment not clear how to overcome the
obvious shortcomings of the theoretical calculations [2].
One way to find possible common causes for the discrep-
ancies between experiment and theory is by phase-shift
analyses or by direct reconstruction of the helicity am-
plitudes [3] for the different channels. For the 7*d < pp
reaction six independent helicity amplitudes are needed,
so eleven measurements at a given energy and scattering
angle (differential cross section and ten spin observables)
are required to fully determine these amplitudes within a
common phase. Below T, = 800 MeV (/s = 2.24 GeV)
nearly complete data sets exist for those spin observables
that can be measured with a polarized proton beam and
target [4]. Together with the measurement of iTy; for
the reaction md — pp [5] at least the larger amplitudes
below this energy could be fixed within reasonable error
bands [6]. The recently reported measurements of spin
transfer observables of the md — Pp reaction will reduce
the remaining uncertainties considerably [7].

At higher energies only few measurements exist. Total
and differential cross sections have been measured up to
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an energy T, = 1 GeV (4/s = 2.80 GeV) and the results
obtained for different energies and at different laborato-
ries can be parametrized in a consistent way [8]. Sev-
eral angular distributions of A, up to T, = 2.3 GeV
(v/s = 2.8 GeV) have also been measured [9-12].

The Ayo as well as the differential cross section data
show evidence of broad structure at /s = 2.41 GeV [13]
and 2.66 GeV [11,12]. The origin of this structure is
not known at present. It might be due to an acciden-
tal conspiracy of several nondominant partial waves, but
threshold effects or more exotic effects such as dibaryons
are also discussed [13].

To prove or disprove these possibilities, more data on
other spin observables in the same energy region are
necessary. We therefore decided to measure the vector
analyzing power ¢17; at T, = 350, 400, and 450 MeV
(v/s = 2.32, 2.36, and 2.40 GeV) using a polarized deu-
terium target at the pion channel of the St. Petersburg
Nuclear Physics Institute. These measurements extend
the energy range of data taken at the Paul Scherrer Insti-
tut (PSI) [5] to higher energies, and together with them
give a good description of the energy dependence of this
observable up to the energy of the first observed irregu-
larity.

The vector analyzing power (i71;) can be measured
either as the polarization of a final deuteron in the pp —
drt reaction or as an asymmetry with a pion beam and
a polarized deuteron target in the 7*d — pp reaction.
We used the second approach, which utilizes a polarized
deuteron target in a single scattering experiment with
a pion beam. The cross section of this reaction can be
expressed as
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where o, 0~, 0© are the cross sections for different tar-

get polarizations (+,—,zero), P, and P,, are the vector
and tensor target polarizations, and iTy;, The, T3¢ are
vector analyzing power and different components of the
tensor analyzing power. In the case P}/ = P, we obtain
for the vector analyzing power
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The polarized deuterium target we used was made from
1.5-mm-diameter beads of fully deuterated propandiol
C302Dg, chemically doped with a Cr(V) complex. The
polarization was achieved by dynamic nuclear polariza-
tion in a dilution refrigerator inside a 2.5 T magnetic
field. The magnetic field was provided by a split-coil
superconducting solenoid with 406 mm diameter and a
30 mm gap between the coils. In the center of the solenoid
there was a stainless-steel cylindrical vessel filled with
4He at 4.2 K. Inserted in this vessel was the appendix
of a dilution refrigerator with a mixing chamber. This
mixing chamber contained a gold-plated brass resonator
which itself contained the target beads. The target ma-
terial was kept in place from the top and the bottom by
perforated teflon covers. The target was of cylindrical
shape with the axis aligned perpendicular to the scat-
tering plane. The target diameter was 27.3 mm and the
height 27 mm. The target cell contained 10.2 + 0.2 g
of propandiol, which gives an average target thickness
of 1.3 g/cm?. This has to be compared with the total
thickness of all materials surrounding the target of about
0.6 g/cm?.

During the data runs the target was kept in frozen spin
mode with the magnetic field at 2.5 T. The polarization
was measured before and after each run by recording the
NMR absorption spectrum of the deuteron. This was
done, using a Q meter with a series circuit and a phase
shift detector to provide small corrections due the in-
fluence of dispersion and nonlinearities [14]. The NMR
spectrum consists of two overlapping lines. The intensity
of each line was measured using the method described
in Ref. [15]. The polarization can be determined from
the ratio of these intensities. The average polarizations
obtained for the deuterons were between 0.37 and 0.40.
The relative precision of the measurements is between
2.5% and 5%.

For the runs with zero polarization the mixing chamber
temperature was increased to about 0.4 K and the mag-
netic field was reduced to zero. Then the temperature
and magnetic field values of the runs with polarization
were restored and the polarization was checked. No NMR
signal was found above noise level, which corresponds to
a polarization less than 0.01.

One of the difficulties in this measurement is the pres-
ence of background materials inside the target (}2C, 160)
or placed around it (3*He, Cu, Fe, ....). The background
has to be subtracted by explicit measurements with a
dummy target and without any target, to determine the
background coming from the magnetic and cryogenic sys-
tems surrounding the target.

Two dummy targets were used for the background
measurements in this experiment. The first one consisted

of four plates of carbon with the density p = 1.93 g /cm3.
The amount of carbon and of helium in this dummy tar-
get was chosen to obtain a mass ratio

S A 0
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where M] and M; (i = He, C, O) are the masses of the
corresponding elements in the dummy target and in the
polarized target, respectively.

The second dummy target consisted of a mixture of
beads of frozen CO2 and carbon to obtain equal amounts
of carbon and oxygen in the dummy target and in the
polarized target. However, as the density of the dummy
target material is two times larger than that of propan-
diol, the mass of liquid helium was larger in the dummy
target than in the polarized one. This was taken into
account by an additional measurement using the dummy

. target without helium.

The pion channel of the St. Petersburg Nuclear Physics
Institute synchrocyclotron and the layout of the instal-
lation used in our experiment are presented in Fig. 1.
The 1-GeV proton beam extracted from the synchrocy-
clotron was directed at a berylium pion production target
of 17 cm length and 5 cm diameter. Pions produced at
0° were focused using a system of quadrupoles Q1-Q7,
analyzed by the dipole magnets M; and M, and directed
at the polarized target. The dispersion of the beam de-
pends on the width of the slit in the C; collimator which
is placed at the intermediate focus of the magnetic sys-
tem and was chosen to obtain maximum intensity of the
beam, which restricts the momentum resolution of the
channel to 5.8%.

The intensity of the pion beam varied with the pion
momentum and was between 2.5 x 10% and 3.5 x 10° pi-
ons per second. The beam was shaped to obtain max-
imum intensity on an area corresponding to the size of
the polarized target. This was done in a separate run
with a scintillation detector installed in the position of
the target. Under these conditions, the pion flux on the
polarized target was between 1.0 x 10% and 1.5 x 10° pions
per second. The position of the beam on the polarized
target was checked by proton beam radiography. The
scintillation detectors S;—-S; were used as beam moni-
tors. The scintillator Sy had a hole in the middle that
matched the size of the polarized target and was used to
suppress background due to the beam halo.

The pion beam has an admixture of 4+ mesons of less
than 4.2% and of et less than 1.5%. The proton con-
tent of the beam transported to the polarized target was
about 10-15% of the total intensity. Time of flight in-
formation over the distance of 1.5 m between the scintil-
lators S; and S reduces this to a level of 1.5-3%. The
investigated process (n+d — pp) was separated from the
events coming from pd-elastic and pp-quasielastic scat-
tering by using kinematical constraints and the measured
time of flight and the energy loss of the outgoing parti-
cles.

The system for secondary particles registration con-
sisted of scintillation detectors Ss—Sg mounted near
the polarized target cryostat and hodoscopes H;—Hy
mounted 1 meter behind the scintillators. Each ho-
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FIG. 1.
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Experimental layout. T, pion production target; Q1—Q7, quadrupoles; M; and M3, dipole magnets; D, degrader;

C1—C3, collimators; S1—Ss and SC; and SC., scintillation detectors; Hi—H4, hodoscopes; DPT, deuteron polarized target.

doscope consisted of four pairs of scintillation detectors.
The first row of detectors was used for time-of-flight mea-
surements. The second row consisted of 1-cm-thick plas-
tic scintillators and provided the information on the en-
ergy loss of the particles. The angular acceptance in the
reaction plane was A©),, ~ 4° for each detector pair.
The azimuthal acceptance A¢ ~ 7.5° to 8.6° was cho-
sen to agree with the size of the gap between the coils of
polarized target solenoid.

The four hodoscopes could be rotated together with
the corresponding scintillation detectors around the tar-
get position. Before the start of the experiment all ho-
doscopes were calibrated in the direct pion beam which
was enriched by protons. This calibration was repeated
in the middle and at the end of the experiment. The
beam momentum used for the calibration measurements
was 573 MeV/c (T = 450 MeV, T, = 160 MeV). For
the measurement of the asymmetry the hodoscopes were
placed at two kinematically conjugate angle pairs deter-
mined by the kinematics of the 7+d — pp reaction. The
deflection of the pion beam and the outgoing protons was
taken into account for the placement of the detectors. For
T, = 450 MeV these deflections were 6.4° for the pions
and 3.5°-7.0° for the outgoing protons. The event trigger
was defined by a coincidence from the beam counters Si,
S2, and S3 with signals from the conjugate detector arms
S5 and Sg or S7 and Sg. Also required was the absence
of a signal from the counter Sy.

At 450 MeV measurements with both dummy targets
were carried out. The results agreed within the statis-
tical uncertainty. For the measurements at 350 and 400
MeV only the second dummy target was used. Figure
2 shows an example of the measured spectra using the
polarized target and a dummy target. Besides contribu-
tions from the md — pp reaction (centered at channel
24 in the spectra of Fig. 2) there are large contributions
from (m,p) quasifree scattering (centered at channel 7).

At each energy and angle we measured the yield for pos-
itive, negative, and zero target polarization (N*, N—,
and N©), as well as the yield from the dummy target
(N?) and the run without target (N¢). The measure-
ments were carried out in the sequence N*, N—, N—,
N+, NO° N¢ Ne. The stability of the measurements
was checked using the count rate ratios of various beam
monitors, as well as the ratios of the monitor numbers to
the number of recorded events for all pairs of detectors in
the hodoscopes. All these ratios were stable within the
statistical accuracy.

Figure 3 shows the angular distributions obtained at
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FIG. 2. Spectra measured with a hodoscope for the po-
larized target and a dummy target at T, = 350 MeV and
O¢.m. = 40°. Shown is a projection of the two-dimensional
dE/dz, TOF spectrum that gives the best separation of the
two dominating processes. The peak centered at channel 7 is
due to quasifree 7p scattering, the peak centered at channel
24 is dominated by contributions from the md — pp reaction.
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FIG. 3. Angular distribution of the vector analyzing

power iT1; for the #td — pp reaction at T, = 350, 400,
and 450 MeV. Our results for T, = 350 MeV (full circles) are
shown together with the results from Ref. [5] at T, = 325 MeV
(open circles). For T = 450 MeV open and full circles denote
results from two different runs. The solid curve is a prediction
from the partial-wave analysis of Ref. [15]. The dashed curve
is to guide the eye.

350, 400, and 450 MeV. Our results at T, = 350 MeV are
plotted together with the results obtained at T, = 325
MeV from an earlier PSI measurement [5]. The phase
shift analysis predicts only minor changes in this energy
region and the measurements at PSI show only a very
weak energy dependence below T, = 325 MeV. There-
fore it is expected that the two measurements coincide,
which is the case. The extrapolation of the measured
value for iT7; to O¢ . = 90° is also consistent with zero,
as is required by the symmetry of the final state of the
reaction.

The data obtained at T, = 450 MeV (/s = 2.4 GeV)
show a rise of ¢T7; up to a level close to its theoretical
limit (v/3/2). Because of the unexpectedly large value for
1711 found in a first measurement at T, = 450 MeV, a
second measurement was done. Both measurements were
consistent with each other.

Also shown in Fig. 3 are predictions from a first energy-
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FIG. 4. The energy dependence of the vector analyzing
power 111 for the #*d — pp reaction at O m. = 50°. Open
circles denote results from measurements at PSI [5], full cir-
cles are results from this measurement. The solid curve is a
prediction from the partial-wave analysis of Ref. [15]. The
long dashed curve indicates the theoretical limit for 74;.

dependent phase shift analysis [16]. The agreement with
the data is rather good at T, = 350 MeV and still not
too bad at 400 MeV, whereas at 450 MeV the predic-
tion is in complete disagreement with the data. One has
to point out, however, that this analysis was done before
the iT11 measurements at lower energies [5] became avail-
able. It is in serious disagreement with the data on 7},
at lower energies also, so that the rather good agreement
at T, = 350 MeV is somewhat accidental. Other anal-
yses, that give a better description at lower energies [6],
do not cover the energy range of our experiment. Also
theoretical calculations are not yet available.

The dramatic rise of the vector analyzing power as a
function of pion energy is made evident in the excita-
tion function shown in Fig. 4 for ¢T}; near the maxi-
mum of the angular distribution at ©., = 50°. Com-
paring this energy dependence with the energy depen-
dence of the differential cross section [13] and of Ay [11,
12], one finds all sets of data show evidence of structure
near /s = 2.41 GeV. The experimental data gathered so
far for this reaction in this energy region is not enough
to perform a detailed phase-shift analysis. However, it
seems worthwhile to try another energy-dependent analy-
sis as in Ref. [16] that uses analyticity and measurements
at lower energies to restrict the amplitudes.
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