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Abstract: Angular distributions for the differential cross section and three deuteron analyzing
powers iTii, T30 and Tn of the reaction <?p —• 3Heir° have been measured over the whole angular
domain at 20 energies close to threshold (0.03 < 1%m < 10.2 MeV). The differential cross section
and tensor analyzing power T20 both show strong variation in energy and angle due to interference
between S and P-wave pion production, whereas iTu and T22 remain consistent with zero over the
whole experimental range. Afl- the data at-difleieul energies and angles~faB on universal curvoc when
ple*t«i-i*s-fttne^Br-t>H*ie-Mgg^ featureo ofthe
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I. INTRODUCTION.

Studies of pion production by protons on nuclei have
shown the reactions to be generally dominated by the
formation of the P-wave A(1232) isobar. To identify
the small but interesting S-wave production, experiments
must be carried out very close to threshold. However
even in the case of an inverse reaction involving the cap-
ture from the orbits of pionic atoms, which corresponds
to very low energies, the A quickly becomes dominant
as the nuclear size increases. The strength of the P-wave
interaction is such that the details of the reaction mecha-
nism are then lost through multiple scattering. The only
hope of isolating S-wave production, and seeing the di-
rect effects of the reaction mechanisms, is by studying
near-threshold production on very light nuclei.

The prototype pion production reaction is pp -+ dn+

and there have been countless experimental and theoreti-
cal studies of this and the inverse process reported in the
literature. The low energy total cross section is usually
parametrized in the form

<r(pp ->• dn+) = 2<r{np •/V, (i)
where rj = px/mK is the pion cm. momentum in pion
mass units. The parameters o and /? primarily reflect S
and P-wave pion production and have been determined
to be a = 184±5^b and /? = 781±79/ib [1]. The P-wave
contribution becomes as large as that of the S at a pion
cm. kinetic energy of about 15 MeV.

There is no interference between pion S and P-waves in
the total cross section and, because the initial protons are
identical, such interference terms are also absent from the
unpolarized differential distribution. As a consequence
the differential cross section is of the form l+frj2 cos2 0,
with 7 evolving only gradually with energy.

The lightest nucleus for which S and P-wave pion pro-
duction can interfere, and hence give useful phase infor-
mation, involves the p d -* 3He ir° reaction and in this
case the effects are enormous. It has been shown at IUCF
[2] that for a pion cm. kinetic energy of only 2.7 MeV,
forward and backward pion production differ by about a
factor of five.

The existence of a strong forward-backward asymme-
try near threshold was confirmed in measurements at
LNS [3,4]. These dp -> 3He n° experiments were carried
out in the forward and backward directions in the center-
of-mass system using a tensor polarized deuteron beam.
Spin-one observables are much richer than spin-half and
the experiments showed that not only the cross section
but also the deuteron tensor analyzing power T20 var-
ied violently near threshold. This is the only analyzing
power which does not vanish in the forward/backward
directions and it there measures the difference between
the cross sections for deuterons with helicities m = ±1
and m = 0,



_
20 ~

1 (<r{m = 1) + <r(m= - 1 ) - 2<r(m = 0)

7 5 V *("» = 1) + <r(m = -1) + cr(m = 0)

(2)

The reaction was investigated phenomenologically by
Germond and Wilkin [5], who showed that for collinear
kinematics there are only two independent scattering am-
plitudes. /I corresponding to m — 0 and B torn = ±1.
It is then possible to extract the magnitudes of these am-
plitudes from the LNS data [3,4] on analyzing power and
cm. differential cross sections through

(3)

where pp and pT are the cm. momenta of the proton and
pion respectively.

One feature of the Germond-Wilkin model is the pre-
diction that at low energies in the forward and back-
ward directions both \B\2 and |^4|2 should be essentially
quadratic functions of r) = pT/m,r. This feature is well
reproduced by the data [2,3] and the dramatic variation
of T20 with energy is in part a reflection of the much
smoother polynomial dependence present in the ampli-
tudes A and B.

In order to study the process in more depth, the
d p —> 3He n° reaction was measured in 20 energy steps
close to threshold and over the whole angular domain. In
addition to the cross section and T20, the deuteron vec-
tor analyzing power iT\\ and a second tensor analyzing
power T22, both of which vanish in the forward direction,
were also determined. This is the largest data set ever
measured in a single pion production experiment and it is
hoped that this will help to elucidate the dynamics and
constrain further any theoretical model. Even though
this is clearly insufficient for a full amplitude analysis, the
present results become strikingly simple when all data at
different energies and angles are plotted as a function of
the global variable 77 cos 0 and the consequences of this
are explored in the results and conclusions.

II. EXPERIMENTAL METHOD.

the SATURNE synchrotron. Subsequent depolarization
during the beam acceleration and extraction has been
proved to be negligible [6].

The recoil particles were detected in the SPES2 mag-
netic spectrometer [8], positioned at zero degrees with
respect to the incident beam direction. The spectrome-
ter consists of a quadrupole, two dipoles and a detection
system formed of three multiwire proportional chambers
(MWPC), with two wire planes each (U*V), 2mm wire
spacing, equipped with PCOS3 readout systems, and of
two layers of plastic scintillation counters A and B placed
1.6 m apart. A coincidence between the two scintillator
planes produced a trigger for the acquisition system and
the time of flight from A to B and the energy deposited
in hodoscope A were also recorded to ensure a proper
identification of the 3He nuclei. Further details on the
experimental set-up can be found in Ref. [8]

The threshold of the reaction is at a beam energy
of 397.24 MeV. The measurements were carried out
at 20 beam energy settings, from 397.35 MeV up to
429.75 MeV, covering the range in T) from 0.02 to 0.389.
A measurement below threshold, at 396 MeV, was per-
formed in order to monitor the shapes of background
spectra. To permit a proper subtraction of the contri-
bution from the target cell windows, measurements were
carried out with an identical target cell containing only
gaseous hydrogen. These measurements 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
momenta in the cm. frame. As a consequence the recoil
3He particles are emitted within a narrow cone around the
beam axis and in a relatively small momentum band, cen-
tered at 1250 MeV/c The maximum beam energy was
chosen so as to ensure the detection of all the 3He within
the momentum and angular acceptances of SPES2. Hav-
ing determined the momentum and angle of the recoil 3He
in the SPES2 spectrometer, the d p —y 3He n° reaction
was identified.

The analyzing powers were determined from the de-
pendance of the counting rates on the beam polarization
parameters pio and P20

The experiment was carried out at the Laboratoire Na-
tional SATURNE (LNS), Saclay, France, using a polar-
ized deuteron beam [6] incident on a 7 mm thick liquid
hydrogen target. The beam intensity, which was mon-
itored by two scintillation counter telescopes viewing a
40 /im thick kapton foil placed 1 m upstream of the tar-
get, was calibrated using the carbon activation method
[7]. The beam polarization, which was axially symmetric,
is characterized by two numbers, p\0 and p2o, which are
respectively the vector and tensor polarizations. These
were measured between data-taking runs with a low en-
ergy polarimeter prior to acceleration of the deuterons in

(4)

where 0 denotes the angle between the 3He and the
deuteron in the cm. frame and <p the azimuthal angle.
The Saturne synchrotron provides beam bursts sequen-
tially in four different states of the beam polarization and
the ± signs refer to independent reversals of the vector
and tensor polarizations.



III. DATA ANALYSIS.

The principal stages in the data analysis were the 3He
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 determination of the cm. angles 0 and ip for each
event, necessary for the extraction of angular distribu-
tions of the cross sections and analyzing powers.

quadratic function of cos 0, suggested a parametrization
of the S distribution in the form

N{S) oc fz R(S' - S) (1 + aS' + bS'2) dS'. (6)

A. 3He identification and trajectory reconstruction

Loose cuts in the amplitude and time spectra for the
scintillators A and B were applied in order to select 3He
events. After the momentum analysis in the magnetic
spectrometer, the identification is unambiguous, as can
be seen from Fig. 2 of Ref. [8].

The trajectory reconstruction algorithm required that
at least two out of the three MWPC planes be hit (for
each direction U and V), with at most one plane having
multiple hits when three planes were involved. In the
latter case, the trajectory yielding the best alignment
between the three planes was selected. The fraction of
non-reconstructible events was monitored separately for
each counter of the A-hodoscope, in order to keep track of
possible position-dependent inefficiencies. This fraction
was at the level of 3 to 5%. For reconstructive events, a
track alignment condition was applied; events where the
measured position in the middle MWPC differed by more
than 1.25 mm from the position inferred from the other
two MWPC's were discarded. The efficiency of this tight
cut, of the order of 85%, was well controlled and very
stable for all runs and beam polarization states.

The momentum and angles of 3He nuclei at the en-
trance of the spectrometer were calculated using first-
order optics. It was checked by ray-tracing through mea-
sured magnetic fields that this was a very good approx-
imation. In the following, the variable S will denote the
relative change of momentum with respect to its central
value at a given energy.

B. Analysis of the 3He momentum distributions.

Near threshold, the width of the 3He momentum spec-
trum (= 2<Jmax) is proportional to 17 = Pir/m*. This
allows us to determine the deuteron beam energy with
a far better accuracy than that given by the accelerator
parameters. Furthermore, to a very good accuracy, the
cm. angle is given by the relation

cos 0 = S/Sn (5)

The shape of the observed momentum distributions, the
above relation between momentum and cm. angle, and
the expected behavior of the differential cross section as a

The shape of the resolution function R was inferred from
Monte-Carlo simulations. The main contribution to the
momentum resolution comes from the energy loss of the
3He's in the target cell, which depends on the position
of the reaction vertex along the beam direction. As a
consequence R is dominantly a rectangular distribution,
smeared asymmetrically due to the tail of the energy-
loss distribution on the low-energy side. The integral
in Eq. (6) was approximated numerically. The momen-
tum distributions were then very well described by a 9-
parameter fit involving Smax, an offset parameter So, cross
section parameters a and 6, the total number of events,
two parameters for the shape of R and two for the linear
background. An example of this is illustrated in Fig. 1.
In fits to the experimental data, the parameters a and 6
turned out to be nearly energy independent and the phys-
ical meaning of this finding will be discussed in Sec V.

In the run closest to threshold, the beam energy loss in
the liquid hydrogen (about 70 keV/mm plus fluctuations)
meant that the d p -> 3He K° reaction could not occur
near the end of the target, thus decreasing the width of
the resolution function R. This effect was taken into ac-
count by a proper parametrization of the observed spec-
tra and an effective target length was used in the cross
section calculations for these runs. For the three lowest
energy runs, the parameters a and b could not be deter-
mined and they were assumed to be constant, with their
values taken from the higher energy runs.

The total cross sections and the beam energies at the
center of the target were deduced from the 3He momen-
tum distributions and their parametrization. An analysis
of these spectra for different beam polarization states al-
lowed the extraction of an average tensor analyzing power
T20, as shown in Sec. IV.
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FIG. 1. Experimental 6 spectrum at 7beim = 4lQMeV,
with a fitted curve. The vertical dotted lines correspond to
the ldnematical limits ±<$m»x.

C. Determination of cm. angles.

For each event, the trajectory reconstruction gave a
determination of the 3He momentum and the projected
reaction angles in the x and y-directions in the laboratory
frame, 0x and dy. 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 mr respectively. For a two-body reac-
tion, the momentum and angle d = wi?J + d* are corre-
lated and provide redundant informations to determine
the cm. angle 0. Therefore, a kinematical fit was per-
formed to extract 0, using the above resolutions and the
beam energy extracted as in Sec. IIIB. Since the value of
dy is poorly defined, whereas the laboratory angle d is
well determined from 6, the azimuthal angle <p was eval-
uated from the ratio i?r/t9. Ambiguity in the sign of dy is
irrelevant for cos ip and cos 2<p distributions. For the de-
termination of the analyzing powers i7ii(0), T2o(0) and
2̂2 (0). the data were binned in azimuthal angle with

D. Background subtraction

For each angular bin and each polarization state, an
empty target contribution, properly normalized using the

monitor information, was subtracted. A further subtrac-
tion of the residual background was performed by re-
jecting events with x\; > 10 in the above-mentioned
kinematical fit. Events with xlj > 10 w^re uniformly
distributed in the 6 spectra. The xlf distribution of
the rejected events was extrapolated within the region
of good events {x\j < 10) to estimate a residual back-
ground of the order of 1%. The loss of good events was
calculated with a Monte-Carlo simulation, which repro-
duced very well the shape of the distribution. This loss
ranged between 0.3 and 1.5% and it was verified that this
had essentially the same angular distribution as that of
the final differential cross section.

IV. RESULTS.

A. Total cross sections and T20-

In addition to the above mentioned corrections (effi-
ciencies of track reconstruction, of alignment and x\i
cuts, and use of effective target length for runs very close
to threshold), the cross sections were corrected for nu-
clear interactions of the 3//e's in the target and in the
components of SPES2. This correction amounted to 3%,
independent of the 3He momentum.

A relative monitoring error of 1% was added in quadra-
ture with the statistical errors, to allow for possible sys-
tematic effects when comparing runs at different energies.

The numerical data for total cross sections and T20 are
presented in Table I. Not included in the quoted errors
is an overall systematic normalization error of 8% in the
cross sections, coming mostly from uncertainties in the
calibration method of the beam intensity and in the tar-
get thickness. There is also an overall 3% uncertainty in
the T20, due to systematic and statistical errors in the
beam polarization measurements [6].

As can be seen from Fig. 2, the cross section data from
IUCF [2] are significantly lower than the present results
by 20-25%, the disaccord becoming larger with increasing
rj. This is much more than the claimed normalization un-
certainties of 10% and 8%. The experimental techniques
were very different and the origin of the discrepancy is
not understood. The IUCF experiment used a thin CD2
target, requiring a coincidence between the 3He and two
photons from n° decay.

The T20 values, which correspond to cross section
weighted averages over angles, are relatively large, being
consistent with a constant -1.290 ± 0.012. This result
is in good agreement with a previous measurement at
TWn = 400.7 MeV, which found -1.312± 0.039 [3].



TABLE I. Total cross sections and average

FIG. 2. Total cross section <TT, for the d p -> 3He ff0 reac-
tion, plotted as function of rj. Closed circles are the results
of the present experiment whereas the open circles are IUCF
data [2]. The curve represents the global fit of Eq. (12).

Ti (MeV)

397.35
397.75
398.75
399.75
400.75
402.15
405.75
407.75
409.75
410.75
411.75
412.75
413.75
414.75
415.75
417.75
419.75
421.75
424.75
429.75

0.022
0.048
0.082
0.106
0.126
0.149
0.197
0.219
0.239
0.248
0.258
0.266
0.275
0.283
0.292
0.307
0.322
0.336
0.357
0.389

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.013
0.007
0.004
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

OT (fib)

0.32± 0.03
0.96± 0.05
1.42± 0.05
1.86± 0.04
2.04± 0.04
2.54± 0.04
3.20± 0.04
3.70± 0.07
3.91± 0.08
4.28± 0.09
4.20± 0.07
4.56± 0.09
4.71± 0.08
5.01± 0.09
5.10± 0.09
5.19± 0.10
5.59± 0.13
6.01± 0.15
6.29± 0.12
6.86± 0.17

T20

-1.33±
-1.29±
-1.29±
-1.34±
-1.22±
-1.27±
-1.31±
-1.34±
-1.29±
-1.28±
-1.29±
-1.22±
-1.29±
-1.34±
-1.25±
-1.30±
-1.19±
-1.29±
-1.32±
-1.22±

0.06
0.06
0.03
0.06
0.06
0.05
0.04
0.06
0.07
0.07
0.06
0.07
0.06
0.06
0.06
0.07
0.08
0.09
0.07
0.09
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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 of rj.
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T20 versus cos 0
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FIG. 7. Cross sections and deuteron tensor analyzing
power T20 at all energies and angles plotted against the uni-
versal parameter TJ cos © and compared with the global fit of
Eqs. (8,9).

B. Angular distributions of cross sections and
analyzing powers.

The differential cross sections are readily obtained from
the analysis presented in Sec. Ill by summing the bins in
the azimuthal angle. In addition to the systematic errors
already discussed, errors in the parameters <$o and <Jmax

could affect the angular distributions by as much as 5%
in the extreme bins near cos0 = ± 1 , though the effect
is negligible elsewhere.

The complete set of differential cross sections is pre-
sented in Fig. 3. where it is seen that the angular distri-
butions are quite similar to those of the IUCF data [2]
for the same 77. In particular our data confirm the rapid
rise of the forward/backward asymmetry as q increases.

The analyzing powers were extracted from the ex-
pected ip distribution of the counting rates using Eq. (4).
Since the vector and tensor polarizations of the beam
were reversed alternately in each of the four consecutive
polarization states, three independent combinations of
the counts in these four polarization states were consid-
ered for every (0, p) bin (see Ref. [6] for details). One of
these ratios is proportional to cos ip, the proportionality
coefficient yielding i7\ i(0) . A second one is fit to the
expected linear dependence on cos 2<p to give T2o(0) and
722(0) separately. The third one should be identically
zero and is used as a consistency check. The systematic
error arising from uncertainty in the beam vector polar-
ization is about 4%.

The angular distributions of the cross sections and the
four analyzing powers measured are shown in Figs. 3, 4.
5 and 6.

V. PARAMETRIZATION AND
INTERPRETATION OF THE DATA.

The present data show clearly that the differential
cross section and tensor analyzing power T20 for the
d p —>• 3He 7r° reaction vary very strongly in energy and
angle near threshold but that, in contrast, the two other
analyzing powers that were measured, tTn and T22, are
both compatible with zero everywhere. It should how-
ever be noted that the IUCF group [2] claim a small
but non-zero proton analyzing power Ay. Since six com-
plex amplitudes are required to describe the reaction, the
present data set is incomplete and one must rely on guid-
ance from theoretical models to interpret the results.

The spectator nucleon model of Germond and Wilkin
[5], gives estimates for the values of the amplitudes A and
B of Eq. (3) in the forward and backward directions at
low energies. It was assumed that a pn —»• rr° d reaction
took place on the neutron inside the initial deuteron and
that the 3He is formed in a final state interaction between
the produced deuteron and the spectator proton. Such
a model immediately explains the striking experimental
result that \B\2 « \A\2 near threshold [3]. By feeding
in phenomenological pp —¥ dn+ amplitudes, and after in-
cluding corrections from nuclear D-states and small con-
tributions from intermediate spin-singlet (dm) states, the
structure of all the IUCF [2] and LNS [3] data could be
understood up to an overall constant.

The model predicts that the amplitudes A and B
should be complex linear functions of 77 at low energies
of the form

A = Ao + ^177 cos© ,

B = Bo + 5i77cos© , (7)

though they only considered the cases where cos 0 = ±1 .
In contrast, the present data were taken over the whole

angular range. If one retains only these A and B ampli-
tudes, iTii and T22 will remain identically zero at all an-
gles, in accordance with our observations. Furthermore,
to the extent that (Ao, Bo) reflect pion S-wave production
and (Ai, B\) the P-wave, then the cos© in Eq. (7) should
always be associated with an 77 factor. If this were the
case then both the amplitude-squared, (pp/pv)d<r/dSl,
and the tensor analyzing power T20 should lie on univer-
sal curves in the global variable 77 cos 0 . Inspection of
the combined data sets in Fig. 7 shows this to be a very
good approximation and it is this which leads to the es-
sentially energy-independence of the parameters a and 6
used in the spectrum fitting process of Eq. (6).

Since the data are not sensitive to the overall phases
of the amplitudes, Ao and Bo can be taken to be real
and the other terms written as Ai = | ^ i | e ' * and B\ =
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| 5 i | e ^ . This led therefore to fitting the data at all en-
ergies and angles in terms of the six free parameters of
Eq. (7). The B amplitude is comparatively small and
slowly varying and the quality of the fit is not dimin-
ished by taking it to be constant, i.e. putting B\ = 0.

The unpolarized differential cross section and tensor
analyzing powers then follow from Eq. (3),

da_
dQ ''

and

3pP
! e ) , (8)

(9)

The best fit to all the present data, yielding a
X2/degree of freedom of 2.0, is with parameters

Ao = (3.203 ± 0.004) v /Wsr ,

|>li| = (7.58 ± 0.04) y/ftb/a,

4> = (0.34 ± 0.01) rad,

Bo = (0.651 ± 0.005) v/^b/sr , (10)

Not included in the error bars are the systematic effects
of 8% in absolute normalization and 3% in calibration of
the beam polarization. It is curves corresponding to this
global fit which are shown on all the figures. The descrip-
tion of 900 data points in terms of four real parameters
is impressive.

The global fit yields a total cross section of

so that

4ir mT

T"P7

V
22.4r>2)/ib,

(11)

(12)

where the statistical error bars are negligible and account
has been taken of the variation of pp with ij.

The present threshold value of as = l im^o <TT/W =
(15.3 ± 1.2) fib is in accord with the values obtained us-
ing pionic atoms, 12.3±3.4/ib[9] and 15.8 ±3.6 jib [10],
though these have rather large error bars.

Curiously, the value is also in agreement with the IUCF
result of 15.0± 1.5 fib [2], but this is due to their r;2 term
in Eq. (11) being large and negative. In contrast to their
findings, there is no evidence up to rj = 0.4 of the S-wave
strength decreasing with increasing energy.

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

This value is very stable, varying from —1.252 at thresh-
old to —1.286 at our largest rj value, in accordance with
the results presented in table I.

Although the integrated values of cross section and an-
alyzing powers vary smoothly with r/, this is far from the
case for the differential values shown in the global fits
of Fig 7. It should there be noted that in the global
parametrization, T20 is taken to be the ratio of two
quadratic functions as fixed by Eqs.(8, 9).

Germond and Wilkin only calculated in the forward
and backward directions [5], but it is possible to deduce
the values of the global parameters from their work;

AQ = 2.30

(14)
= 0.36 rad,

Bo = 0.61

T2o - -y

The relative sizes of AQ and \Ai | and the phase of Ai are
in complete agreement with the values quoted in Eq. (10),
though the overall magnitudes are too small by a factor
of 1.36. It is of course difficult to estimate with preci-
sion the absolute magnitude of the overlap form factor
required in their model at momentum transfers as large
as 2 fm"1. Since most of the energy variation in the
model comes from the underlying pion-nucleon dynam-
ics rather than nuclear form factors, uncertainties in the
form factor are less important for the ratio AI/AQ. On
the other hand the prediction for the small amplitude Bo
depends sensitively upon nuclear D-states and the details
of the pp —>• d*n amplitudes.

VI. CONCLUSIONS.

By measuring the differential cross section and three
deuteron analyzing powers of the reaction dp-* 3He n°
at twenty energies with an average of eleven angles per
energy, the most complete low energy pion production
experiment of its kind has been carried out.

The results are in stark contrast to the analogous near-
threshold measurements of p d —)• 3He r] [8] where no vari-
ation of the cross section with 0 was observed. Further-
more the S-wave amplitude for reproduction decreases
rapidly with rj, as compared to essential constancy seen
here for the S-wave production of pions. This contrast-
ing behavior must be due to reproduction being driven
by the S-wave N*(1535) while ^--production is dominated
by P-wave A formation plus a non-resonant S-wave back-
ground. This combination of S and P-wave amplitudes
suggests that the data might be simple in terms of the
variable 77 cos 0 and indeed all our phase-space modified
differential cross sections and deuteron tensor analyzing
power T20 seem to fall on universal curves when consid-
ered in terms of this variable. Both of the other analyzing
powers are consistent with zero.
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In the model of Germond and Wilkin [5], both of the
allowed amplitudes in the forward and backward direc-
tions are linear functions of rj cos 0 and the agreement
with their predictions is very good apart from an overall
normalization discrepancy. In their model the relative
phase between S and P-wave pion production, which is
crucial to the understanding of the angular asymmetry of
the cross section and analyzing power, originates mainly
from the phenomenological pp —¥ dn+ amplitudes used as
input to the calculation. It is only because there is no S
and P-wave interference that the unpolarized pp —»• dn+

differential cross section is relatively smooth. The rela-
tive size of the r/2 coefficient for pion production in pd
collisions determined from Eq.(ll) is only 1.46 as com-
pared to the 4.2 ±0.4 for pp production shown in Eq. (1).
Thus the fraction of P-wave cross section actually goes
down as the nucleus increases in size!

To investigate the reaction further and find the relative
phase of the A and B amplitudes would involve proton-
deuteron spin-correlation experiments [11]. According to
the interpretation presented here, such a measurement
of CL,L,o,o is also likely to produce a global function of
TJ cos Q at low energies.

The only other reaction where strong S and P-wave
interference is likely to be interesting at low energies is
p3He —> *Hen°. Since only two complex amplitudes are
involved, a measurement of cross section, proton analyz-
ing power and spin-correlation parameter would be suf-
ficient to produce a full amplitude analysis which would
be a further constraint on the theoretical models of pion
production.
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