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Angular distributions for the differential cross section and three deuteron analyzing powersiT11, T20, and

T22 of the reactiondW p→3Hep0 have been measured over the whole angular domain at 20 energies close to
threshold (0.03,Tp

c.m.,10.2 MeV!. The differential cross section and tensor analyzing powerT20 both show
strong variation in energy and angle due to interference betweenS- and P-wave pion production, whereas
iT11 andT22 remain consistent with zero over the whole experimental range. All the data at different energies
and angles fall on universal curves when plotted as functions of the single variableppcosQ, evaluated in the
c.m. The broad features of the results are in line with theoretical expectations.@S0556-2813~96!02710-0#

PACS number~s!: 25.40.Qa, 25.45.2z, 24.70.1s, 25.10.1s
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I. INTRODUCTION

Studies of pion production by protons on nuclei hav
shown the reactions to be generally dominated by the form
tion of theP-waveD(1232) isobar. To identify the small bu
interestingS-wave production, experiments must be carrie
out very close to threshold. However, even in the case of
inverse reaction involving the capture from the orbits of p
onic atoms, which corresponds to very low energies, theD
quickly becomes dominant as the nuclear size increases.
strength of theP-wave interaction is such that the details o
the reaction mechanism are then lost through multiple sc
tering. The only hope of isolatingS-wave production, and
seeing the direct effects of the reaction mechanisms, is
studying near-threshold production on very light nuclei.

The prototype pion production reaction ispp→dp1 and
there have been countless experimental and theoretical s
ies of this and the inverse process reported in the literatu
The low-energy total cross section is usually parametrized
the form

s~pp→dp1!52s~np→dp0!5ah1bh3, ~1!

whereh5pp /mp is the pion c.m. momentum in pion mas
units. The parametersa and b primarily reflect S- and
P-wave pion production and have been determined to
a518465mb andb5781679mb @1#. TheP-wave contri-
bution becomes as large as that of theS at a pion c.m. kinetic
energy of about 15 MeV.

There is no interference between pionS andP waves in
the total cross section and, because the initial protons
identical, such interference terms are also absent from
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unpolarized differential distribution. As a consequence th
differential cross section is of the form 11gh2cos2Q, with
g evolving only gradually with energy.

The lightest nucleus for whichS- andP-wave pion pro-
duction can have an interference effect in the differentia
cross section, and hence give useful phase information, i
volves thep d→3Hep0 reaction and in this case the effects
are enormous. It has been shown at IUCF@2# that for a pion
c.m. kinetic energy of only 2.7 MeV, forward and backward
pion productions differ by about a factor of 5.

The existence of a strong forward-backward asymmetr
near threshold was confirmed in measurements at LNS@3,4#.
ThesedW p→3Hep0 experiments were carried out in the for-
ward and backward directions in the center-of-mass syste
using a tensor-polarized deuteron beam. Spin-one obser
ables are much richer than spin-half observables and the e
periments showed that not only the cross section but also th
deuteron tensor analyzing powerT20 varied violently near
threshold. This is the only analyzing power which does no
vanish in the forward-backward directions and it there mea
sures the difference between the cross sections for deutero
with helicitiesm561 andm50,

T205
1

A2
S s~m51!1s~m521!22s~m50!

s~m51!1s~m521!1s~m50! D • ~2!

The reaction was investigated phenomenologically b
Germond and Wilkin@5#, who showed that for collinear ki-
nematics there are only two independent scattering amp
tudes,A corresponding tom50 andB to m561. It is then
possible to extract the magnitudes of these amplitudes fro
the LNS data@3,4# on analyzing power and c.m. differential
cross sections through
1732 © 1996 The American Physical Society
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54 1733THE dW p→3Hep0 REACTION NEAR THRESHOLD
uAu25
pp
pp

~12A2T20!
ds

dV
,

uBu25
pp
pp

~11T20/A2!
ds

dV
, ~3!

wherepp and pp are the c.m. momenta of the proton an
pion, respectively.

One feature of the Germond-Wilkin model is the predi
tion that at low energies in the forward and backward dire
tions bothuBu2 anduAu2 should be essentially quadratic func
tions ofh5pp /mp . This feature is well reproduced by the
data@2,3# and the dramatic variation ofT20 with energy is in
part a reflection of the much smoother polynomial depe
dence present in the amplitudesA andB.

In order to study the process in more depth, th
dW p→3Hep0 reaction was measured in 20 energy steps clo
to threshold and over the whole angular domain. In additi
to the cross section andT20, the deuteron vector analyzing
power iT11 and a second tensor analyzing powerT22, both
of which vanish in the forward direction, were also dete
mined. This is the largest data set ever measured in a sin
pion production experiment and it is hoped that this will he
to elucidate the dynamics and constrain further any theor
cal model. Even though this is clearly insufficient for a fu
amplitude analysis, the present results become strikin
simple when all data at different energies and angles
plotted as a function of the global variablehcosQ and the
consequences of this are explored in the results and con
sions.

II. EXPERIMENTAL METHOD

The experiment was carried out at the Laboratoire N
tional SATURNE ~LNS!, Saclay, France, using a polarize
deuteron beam@6# incident on a 7 mmthick liquid hydrogen
target. The beam intensity, which was monitored by tw
scintillation counter telescopes viewing a 40mm thick Kap-
ton foil placed 1 m upstream of the target, was calibrate
using the carbon activation method@7#. The beam polariza-
tion, which was axially symmetric, is characterized by tw
numbersr10 andr20, which are, respectively, the vector an
tensor polarizations. These were measured between d
taking runs with a low-energy polarimeter prior to acceler
tion of the deuterons in the SATURNE synchrotron. Subs
quent depolarization during the beam acceleration a
extraction has been proved to be negligible@6#.

The recoil particles were detected in the SPES2 magne
spectrometer@8#, positioned at zero degrees with respect
the incident beam direction. The spectrometer consists o
quadrupole, two dipoles, and a detection system formed
three multiwire proportional chambers~MWPC’s!, with two
wire planes each (U3V), 2 mm wire spacing, equipped with
PCOS3 readout systems, and of two layers of plastic scin
lation countersA andB placed 1.6 m apart. A coincidence
between the two scintillator planes produced a trigger for t
acquisition system and the time of flight fromA to B and the
energy deposited in hodoscopeA were also recorded to en-
sure a proper identification of the3He nuclei. Further details
on the experimental setup can be found in Ref.@8#.
d
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The threshold of the reaction is at a beam energy o
397.24 MeV. The measurements were carried out at 20 bea
energy settings, from 397.35 MeV up to 429.75 MeV, cov-
ering the range inh from 0.02 to 0.389. A measurement
below threshold, at 396 MeV, was performed in order to
monitor the shapes of background spectra. To permit a
proper subtraction of the contribution from the target cell
windows, measurements were carried out with an identica
target cell containing only gaseous hydrogen. These mea
surements will be referred to as empty-target runs.

Since the incident deuteron energy is very close to the
production threshold, the reaction products have small mo
menta in the c.m. frame. As a consequence the recoil3He
particles are emitted within a narrow cone around the beam
axis and in a relatively small momentum band, centered a
1250 MeV/c. The maximum beam energy was chosen so a
to ensure the detection of all the3He within the momentum
and angular acceptances of SPES2. Having determined th
momentum and angle of the recoil3He in the SPES2 spec-
trometer, thed p→3Hep0 reaction was identified.

The analyzing powers were determined from the depen
dance of the counting rates on the beam polarization param
etersr10 andr20,

N~Q,w!}$16A2r10iT11~Q!cosw

6r20@T20~Q!/21A3/2T22~Q!cos2w#%, ~4!

whereQ denotes the angle between the3He and the deu-
teron in the c.m. frame andw the azimuthal angle. The
SATURNE synchrotron provides beam bursts sequentially in
four different states of the beam polarization and the6 signs
refer to independent reversals of the vector and tensor pola
izations.

III. DATA ANALYSIS

The principal stages in the data analysis were the3He
identification and trajectory reconstruction, the use of the
3He momentum distribution in order to determine the precise
beam energy and the total cross section, and the determin
tion of the c.m. anglesQ andw for each event, necessary for
the extraction of angular distributions of the cross sections
and analyzing powers.

A. 3He identification and trajectory reconstruction

Loose cuts in the amplitude and time spectra for the scin
tillatorsA andB were applied in order to select3He events.
After the momentum analysis in the magnetic spectromete
the identification is unambiguous, as can be seen from Fig.
of Ref. @8#.

The trajectory reconstruction algorithm required that at
least two out of the three MWPC planes be hit~for each
directionU andV), with at most one plane having multiple
hits when three planes were involved. In the latter case, th
trajectory yielding the best alignment between the three
planes was selected. The fraction of nonreconstructibl
events was monitored separately for each counter of theA
hodoscope, in order to keep track of possible position
dependent inefficiencies. This fraction was at the level of
3–5 %. For reconstructible events, a track alignment condi
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1734 54V. N. NIKULIN et al.
tion was applied; events where the measured position in
middle MWPC differed by more than 1.25 mm from th
position inferred from the other two MWPC’s were dis
carded. The efficiency of this tight cut, of the order of 85%
was well controlled and very stable for all runs and bea
polarization states.

The momentum and angles of3He nuclei at the entrance
of the spectrometer were calculated using first-order opt
It was checked by ray tracing through measured magn
fields that this was a very good approximation. In the follo
ing, the variabled will denote the relative change of momen
tum with respect to its central value at a given energy.

B. Analysis of the 3He momentum distributions

Near threshold, the width of the3He momentum spectrum
([2dmax) is proportional toh5pp /mp . This allows us to
determine the deuteron beam energy with a far better ac
racy than that given by the accelerator parameters. Furt
more, to a very good accuracy, the c.m. angle is given by
relation

cosQ5d/dmax. ~5!

The shape of the observed momentum distributions,
above relation between momentum and c.m. angle, and
expected behavior of the differential cross section as a q
dratic function of cosQ suggested a parametrization of th
d distribution in the form

N~d!}E
2dmax

dmax
R~d82d!~11ad81bd82!dd8. ~6!

The shape of the resolution functionR was inferred from
Monte Carlo simulations. The main contribution to the m
mentum resolution comes from the energy loss of
3He’s in the target cell, which depends on the position of t
reaction vertex along the beam direction. As a conseque
R is dominantly a rectangular distribution, smeared asy
metrically due to the tail of the energy-loss distribution o
the low-energy side. The integral in Eq.~6! was approxi-
mated numerically. The momentum distributions were th
very well described by a nine-parameter fit involvingdmax,
an offset parameterd0, cross section parametersa andb, the
total number of events, and two parameters for the shap
R and two for the linear background. An example of this
illustrated in Fig. 1. In fits to the experimental data, the p
rametersa andb turned out to be nearly energy independe
and the physical meaning of this finding will be discussed
Sec. V.

In the run closest to threshold, the beam energy loss in
liquid hydrogen~about 70 keV/mm plus fluctuations! meant
that thed p→3Hep0 reaction could not occur near the en
of the target, thus decreasing the width of the resolut
functionR. This effect was taken into account by a prop
parametrization of the observed spectra and an effective
get length was used in the cross section calculations for th
runs. For the three lowest-energy runs, the parametersa and
b could not be determined and they were assumed to
constant, with their values taken from the higher-ene
runs.
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The total cross sections and the beam energies at the c
ter of the target were deduced from the3He momentum dis-
tributions and their parametrization. An analysis of thes
spectra for different beam polarization states allowed the e
traction of an average tensor analyzing powerT20, as shown
in Sec. IV.

C. Determination of c.m. angles

For each event, the trajectory reconstruction gave a det
mination of the3He momentum and the projected reaction
angles in thex andy directions in the laboratory frame,qx
andqy . From the comparison of Monte Carlo simulations to
the data, the resolutions~one standard deviation! in these
three variables were estimated to be 0.2%, 2 mr, and 12 m
respectively. For a two-body reaction, the momentum an
angleq[Aqx

21qy
2 are correlated and provide redundant in

formation to determine the c.m. angleQ. Therefore, a kine-
matical fit was performed to extractQ, using the above reso-
lutions and the beam energy extracted as in Sec. III B. Sin
the value ofqy is poorly defined, whereas the laboratory
angleq is well determined fromd, the azimuthal anglew
was evaluated from the ratioqx /q. Ambiguity in the sign of
qy is irrelevant for cosw and cos2w distributions. For the
determination of the analyzing powersiT11(Q), T20(Q), and
T22(Q), the data were binned in azimuthal angle with
Dw545°.

D. Background subtraction

For each angular bin and each polarization state, an em
target contribution, properly normalized using the monito
information, was subtracted. A further subtraction of the re
sidual background was performed by rejecting events wi
xk f
2 .10 in the above-mentioned kinematical fit. Events with

xk f
2 .10 were uniformly distributed in thed spectra. The

FIG. 1. Experimentald spectrum atTbeam5410 MeV, with a
fitted curve. The vertical dotted lines correspond to the kinematic
limits 6dmax.



m
y

n-
ry
d.

-
ing

at

m
he
dy

e

ed
re

-

ed

ed
s,
ur

on

t

54 1735THE dW p→3Hep0 REACTION NEAR THRESHOLD
xk f
2 distribution of the rejected events was extrapolat

within the region of good events (xk f
2 ,10) to estimate a

residual background of the order of 1%. The loss of go
events was calculated with a Monte Carlo simulation, whi
reproduced very well the shape of the distribution. This lo
ranged between 0.3% and 1.5% and it was verified that
had essentially the same angular distribution as that of
final differential cross section.

IV. RESULTS

A. Total cross sections andT20

In addition to the above-mentioned corrections~efficien-
cies of track reconstruction, of alignment andxk f

2 cuts, and
use of effective target length for runs very close to thres
old!, the cross sections were corrected for nuclear inter
tions of the 3He’s in the target and in the components
SPES2. This correction amounted to 3%, independent of
3He momentum.
A relative monitoring error of 1% was added in quadr

ture with the statistical errors, to allow for possible syste
atic effects when comparing runs at different energies.

The numerical data for total cross sections andT20 are
presented in Table I. Not included in the quoted errors is
overall systematic normalization error of 8% in the cro
sections, coming mostly from uncertainties in the calibrati
method of the beam intensity and in the target thickne
There is also an overall 3% uncertainty in theT20, due to
systematic and statistical errors in the beam polarizat
measurements@6#.

TABLE I. Total cross sections and averageT20. The errors do
not include an overall systematic normalization uncertainty of 8
in the cross sections and 3% inT20.

Td ~MeV! h sT (mb! T20

397.35 0.0226 0.013 0.326 0.03 21.336 0.06
397.75 0.0486 0.007 0.966 0.05 21.296 0.06
398.75 0.0826 0.004 1.426 0.05 21.296 0.03
399.75 0.1066 0.003 1.866 0.04 21.346 0.06
400.75 0.1266 0.003 2.046 0.04 21.226 0.06
402.15 0.1496 0.002 2.546 0.04 21.276 0.05
405.75 0.1976 0.002 3.206 0.04 21.316 0.04
407.75 0.2196 0.002 3.706 0.07 21.346 0.06
409.75 0.2396 0.002 3.916 0.08 21.296 0.07
410.75 0.2486 0.002 4.286 0.09 21.286 0.07
411.75 0.2586 0.001 4.206 0.07 21.296 0.06
412.75 0.2666 0.001 4.566 0.09 21.226 0.07
413.75 0.2756 0.001 4.716 0.08 21.296 0.06
414.75 0.2836 0.001 5.016 0.09 21.346 0.06
415.75 0.2926 0.001 5.106 0.09 21.256 0.06
417.75 0.3076 0.001 5.196 0.10 21.306 0.07
419.75 0.3226 0.001 5.596 0.13 21.196 0.08
421.75 0.3366 0.001 6.016 0.15 21.296 0.09
424.75 0.3576 0.001 6.296 0.12 21.326 0.07
429.75 0.3896 0.001 6.866 0.17 21.226 0.09
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As can be seen from Fig. 2, the cross section data fro
IUCF @2# are significantly lower than the present results b
20–25 %, the disaccord becoming larger with increasingh.
This is much more than the claimed normalization uncertai
ties of 10% and 8%. The experimental techniques were ve
different and the origin of the discrepancy is not understoo
The IUCF experiment used a thin CD2 target, requiring a
coincidence between the3He and two photons fromp0 de-
cay.

The T20 values, which correspond to cross-section
weighted averages over angles, are relatively large, be
consistent with a constant21.29060.012. This result is in
good agreement with a previous measurement
Tbeam5400.7 MeV, which found21.31260.039@3#.

B. Angular distributions of cross sections and analyzing powers

The differential cross sections are readily obtained fro
the analysis presented in Sec. III by summing the bins in t
azimuthal angle. In addition to the systematic errors alrea
discussed, errors in the parametersd0 anddmax could affect
the angular distributions by as much as 5% in the extrem
bins near cosQ561, though the effect is negligible else-
where.

The complete set of differential cross sections is present
in Fig. 3, where it is seen that the angular distributions a
quite similar to those of the IUCF data@2# for the sameh. In
particular our data confirm the rapid rise of the forward
backward asymmetry ash increases.

The analyzing powers were extracted from the expect
w distribution of the counting rates using Eq.~4!. Since the
vector and tensor polarizations of the beam were revers
alternately in each of the four consecutive polarization state
three independent combinations of the counts in these fo
polarization states were considered for every (Q, w) bin ~see
Ref. @6# for details!. One of these ratios is proportional to
cosw, the proportionality coefficient yieldingiT11(Q). A
second one is fit to the expected linear dependence

%

FIG. 2. Total cross sectionsT , for the d p→3Hep0 reaction,
plotted as function ofh. Solid circles are the results of the presen
experiment whereas the open circles are IUCF data@2#. The curve
represents the global fit of Eq.~12!.
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FIG. 3. Complete set of the differential cross section compared with curves representing the global fit of Eq.~8!. The dashed curves are
the fits of IUCF data@2# at neighboring values ofh.
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cos2w to giveT20(Q) andT22(Q) separately. The third one
should be identically zero and is used as a consistency ch
The systematic error arising from uncertainty in the bea
vector polarization is about 4%.

The angular distributions of the cross sections and
four analyzing powers measured are shown in Figs. 3–6

V. PARAMETRIZATION AND INTERPRETATION
OF THE DATA

The present data show clearly that the differential cro
section and tensor analyzing powerT20 for the
dW p→3Hep0 reaction vary very strongly in energy and ang
near threshold but that, in contrast, the two other analyz
powers that were measured,iT11 andT22, are both compat-
ible with zero everywhere. It should, however, be noted th
the IUCF group@2# claims a small but nonzero proton ana
lyzing powerAy . Since six complex amplitudes are require
to describe the reaction, the present data set is incomp
and one must rely on guidance from theoretical models
interpret the results.

The spectator nucleon model of Germond and Wilkin@5#
gives estimates for the values of the amplitudesA andB of
eck.
m

the
.

ss

le
ing
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Eq. ~3! in the forward and backward directions at low ener
gies. It was assumed that apn→p0d reaction took place on
the neutron inside the initial deuteron and that the3He is
formed in a final state interaction between the produced de
teron and the spectator proton. Such a model immediate
explains the striking experimental result thatuBu2,,uAu2
near threshold @3#. By feeding in phenomenological
pp→dp1 amplitudes, and after including corrections from
nuclearD states and small contributions from intermediat
spin-singlet (d* ) states, the structure of all the IUCF@2# and
LNS @3# data could be understood up to an overall constan

The model predicts that the amplitudesA andB should be
complex linear functions ofh at low energies of the form

A5A01A1hcosQ,

B5B01B1hcosQ, ~7!

though they only considered the cases where cosQ561.
In contrast, the present data were taken over the who

angular range. If one retains only theseA andB amplitudes,
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FIG. 4. Complete set of deuteron vector analyzing powersiT11(Q).
f

iT11 and T22 will remain identically zero at all angles, in
accordance with our observations. Furthermore, to the ex
that (A0 ,B0) reflect pionS-wave production and (A1 ,B1)
P-wave production, then the cosQ in Eq. ~7! should always
be associated with anh factor. If this were the case, then
both the amplitude squared (pp /pp)ds/dV and the tensor
analyzing powerT20 should lie on universal curves in the
global variablehcosQ. Inspection of the combined data se
in Fig. 7 shows this to be a very good approximation and it
this which leads to the essential energy independence of
parametersa andb used in the spectrum fitting process o
Eq. ~6!.

Since the data are not sensitive to the overall phases of
amplitudes,A0 andB0 can be taken to be real and the oth
terms written asA15uA1ueif and B15uB1ueic. This led
therefore to fitting the data at all energies and angles in te
of the six free parameters of Eq.~7!. The B amplitude is
comparatively small and slowly varying and the quality
the fit is not diminished by taking it to be constant, i.e
puttingB150.

The unpolarized differential cross section and tensor a
lyzing powers then follow from Eq.~3!,
tent

ts
is
the
f

the
er

rms

of
.,

na-

ds

dV
5

hmp

3pp
~A0

212B0
212hA0uA1ucosfcosQ

1uA1u2h2cos2Q! ~8!

and

T20
ds

dV
52

A2hmp

3pp
~A0

22B0
212hA0uA1ucosfcosQ

1uA1u2h2cos2Q!. ~9!

The best fit to all the present data, yielding ax2/degree of
freedom of 2.0, is with parameters

A05~3.20360.004! Amb/sr,

uA1u5~7.5860.04! Amb/sr,

f5~0.3460.01! rad,

B05~0.65160.005! Amb/sr. ~10!

Not included in the error bars are the systematic effects o
8% in absolute normalization and 3% in calibration of the
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FIG. 5. Complete set of the deuteron tensor analyzing powersT20(Q) compared with curves representing the global fit of Eqs.~8! and
~9!.
sor

a-

t
n,
d

beam polarization. It is curves corresponding to this glob
fit which are shown in all the figures. The description of 90
data points in terms of four real parameters is impressive

The global fit yields a total cross section of

sT5
4p

3

mp

pp
hSA0

212B0
21

1

3
uA1u2h2D , ~11!

so that

sT

h
5~15.3122.4h2! mb, ~12!

where the statistical error bars are negligible and account
been taken of the variation ofpp with h.

The present threshold value ofaS[ limh→0sT /h
5(15.361.2) mb is in accordance with the values obtaine
using pionic atoms, 12.363.4mb @9# and 15.863.6mb @10#,
though these have rather large error bars.

Curiously, the value is also in agreement with the IUC
result of 15.061.5mb @2#, but this is due to theirh2 term in
Eq. ~11! being large and negative. In contrast to their fin
al
0
.

has

d

F

d-

ings, there is no evidence up toh50.4 of the S-wave
strength decreasing with increasing energy.

The cross-section-weighted mean of the deuteron ten
analyzing power follows immediately from Eqs.~8! and ~9!
with the values given in Eq.~10!,

T2052A2S 12
0.115

111.73h2D • ~13!

This value is very stable, varying from21.252 at threshold
to 21.286 at our largesth value, in accordance with the
results presented in Table I.

Although the integrated values of cross section and an
lyzing powers vary smoothly withh, this is far from the case
for the differential values shown in the global fits of Fig. 7. I
should there be noted that in the global parametrizatio
T20 is taken to be the ratio of two quadratic functions as fixe
by Eqs.~8! and ~9!.

Germond and Wilkin only calculated in the forward and
backward directions@5#, but it is possible to deduce the val-
ues of the global parameters from their work:
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FIG. 6. Complete set of the deuteron tensor analyzing powersT22(Q).
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A052.30 Amb/sr,

uA1u55.48 Amb/sr,

f50.36 rad,

B050.61 Amb/sr. ~14!

The relative sizes ofA0 and uA1u and the phase ofA1 are in
complete agreement with the values quoted in Eq.~10!,
though the overall magnitudes are too small by a factor
1.36. It is of course difficult to estimate with precision th
absolute magnitude of the overlap form factor required
their model at momentum transfers as large as 2 fm21. Since
most of the energy variation in the model comes from t
underlying pion-nucleon dynamics rather than nuclear fo
factors, uncertainties in the form factor are less important
the ratioA1 /A0. On the other hand, the prediction for th
small amplitudeB0 depends sensitively upon nuclearD
states and the details of thepp→d*p amplitudes.

VI. CONCLUSIONS

By measuring the differential cross section and three d
teron analyzing powers of the reactiond p→3Hep0 at 20
of
e
in

he
rm
for
e

eu-

energies with an average of 11 angles per energy, the m
complete low-energy pion production experiment of its kin
has been carried out.

The results are in stark contrast to the analogous ne
threshold measurements ofp d→3Heh @8# where no varia-
tion of the cross section withQ was observed. Furthermore
the S-wave amplitude forh production decreases rapidly
with h, as compared to essential constancy seen here for
S-wave production of pions. This contrasting behavior mu
be due to h production being driven by theS-wave
N* (1535) whilep production is dominated byP-waveD
formation plus a nonresonantS-wave background. This com-
bination ofS- andP-wave amplitudes suggests that the da
might be simple in terms of the variablehcosQ and indeed
all our phase-space-modified differential cross sections a
deuteron tensor analyzing powerT20 seem to fall on univer-
sal curves when considered in terms of this variable. Both
the other analyzing powers are consistent with zero.

In the model of Germond and Wilkin@5#, both of the
allowed amplitudes in the forward and backward directio
are linear functions ofhcosQ and the agreement with thei
predictions is very good apart from an overall normalizatio
discrepancy. In their model the relative phase betweenS-
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andP-wave pion production, which is crucial to the unde
standing of the angular asymmetry of the cross section
analyzing power, originates mainly from the phenomenolo
cal pp→dp1 amplitudes used as input to the calculation.

FIG. 7. Cross sections and deuteron tensor analyzing po
T20 at all energies and angles plotted against the universal par
eterhcosQ and compared with the global fit of Eqs.~8! and ~9!.
r-
and
gi-
It

is only because there is noS- andP-wave interference that
the unpolarizedpp→dp1 differential cross section is rela-
tively smooth. The relative size of theh2 coefficient for pion
production inpd collisions determined from Eq.~11! is only
1.46 as compared to the 4.260.4 forpp production shown in
Eq. ~1!. Thus the fraction ofP-wave cross section actually
goes down as the nucleus increases in size.

To investigate the reaction further and find the relativ
phase of theA and B amplitudes would involve proton-
deuteron spin-correlation experiments@11#. According to the
interpretation presented here, such a measurement
CL,L,0,0 is also likely to produce a global function of
hcosQ at low energies.

The only other reaction where strongS- andP-wave in-
terference is likely to be interesting at low energies
pW 3HeW→4Hep0. Since only two complex amplitudes are in-
volved, a measurement of the cross section, proton analyz
power, and spin-correlation parameter would be sufficient
produce a full amplitude analysis which would be a furthe
constraint on the theoretical models of pion production.
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