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Angular distributions of the deuteron tensor polarization, t2o, in ~-d elastic scattering have been
measured at pion energies of 180, 220, and 256 MeV. The experiment and analysis are described in

detail. Theoretical calculations in which the effects of pion absorption on the elastic channel are
small seem to reproduce the data. An excitation function was measured in order to search for a rap-
id energy dependence of t20. No rapid angular or energy dependence was found near a pion energy
of 134 MeV, where other experiments have suggested the existence of dibaryon resonances.

I. INTRODUCTION II. EXPERIMENTAL METHOD

During the past few years, interest in the pion-deuteron
system has been spurred by questions regarding the ex-
istence of dibaryon resonances, true pion absorption in nu-
clei, and the quadrupole form factor of the deuteron.
Early calculations indicated that a mea'surement of tensor
polarization t20 in ~-d scattering should give an accurate
determination of the quadrupole form factor and there-
fore the D-state probability of the deuteron. ' Subsequent
calculations showed that the effects of pion absorption
were not completely understood and that absorption
had a profound influence on the tensor polarization.
Presently, the theoretical calculations of the m-d system
have achieved a high level of sophistication. The three-
body calculations are relativistic and include pion absorp-
tion. There is an urgent need for precise data to check the
theoretical predictions. While extensive measurements of
cross sections and vector polarizations' ' " are pub-
lished, this is the first extensive measurement of tensor
polarizations over a broad range of energies at and above
the 6-resonance region. The present data show that the
effects of pion absorption on the elastic observables may
be smaller than expected.

Recent measurements' of t2o from SIN show a rapid
angular and energy dependence, which is interpreted as
evidence for dibaryon resonances. Their results disagree
with previous measurements' from our collaboration, but
they are so striking and unexpected that they should be
reexamined. Our new data contradict the SIN measure-
ments and confirm the trends of our previous measure-
ments, thus showing no evidence for resonancelike struc-
tures. Since this disagreement with the SIN measure-
ments persists, we discuss the present experiment in detail
in Sec. II; the data are presented in Sec. III.

The w-d scattering experiment was performed' at the
P channel of the Clinton P. Anderson Meson Physics
Facility with the setup shown schematically in Fig. 1.
After the ~+ beam interacted with a liquid deuterium tar-
get, the elastically scattered pions and the recoiling deute-
rons were detected in coincidence. The deuterons were
focused by a quadrupole doublet and momentum analyzed
in a dipole magnet before entering the polarimeter; the
pions were identified in a telescope consisting of three
plastic scintillators.

The properties of the pion beam, the deuterium target,
and the magnetic spectrometer are discussed in the fol-
lowing subsection. To a large extent, these properties are
determined by the polarimeter design which is presented
in the second subsection.

A. Pion beam, deuterium target, and magnetic spectrometers

Since the deuteron tensor polarimeter was calibrated in
a separate experiment at the Berkeley 88-inch cyclotron, it
was necessary to ensure that the deuterons from the
present ~-d scattering experiment fell in the same spatial
and energy range as those in the calibration. Thus, special
care was taken in order to tailor the incident pion beam
quality, deuterium target thickness, spectrometer tune,
and deuteron beam degraders so that the deuterons in-
cident on the polarimeter at Los Alamos Meson Physics
Facility (LAMPF) were consistent in energy and trajecto-
ry with those in the calibration. The two X- Y wire
chambers and the Si(Li) detectors located in front of the
polarimeter (see Fig. l) were used to verify the trajectories
and energy distribution of the incident deuteron beam be-
fore each data point was recorded.
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TABLE I. Experimental parameters for m-d scattering (present experiment).

Pion energy
(MeV)

Momentum bite
(%)

Pion flux
(s ')

Target thickness
(mg/cm )'

Deuteron angle
(deg)

Recoil
energy
(MeV)

Deuteron at polarimeter
energy width (FWHM)
(MeV) (MeV)

142 (m )

134
142
151

0.7~ 10
82
95
86
88

0
18
18
18

48.8
41 ~ 1

44. 1

47.5

23.1

24.0
23.4
23.9

3.2
2.1

2.5
2.7

180
180
180

86
196b
57

18
30
44

59.1

48.9
33.6

23.5
23.7
23.7

3.1

3.5
2.8

220
220

86
114

18
44

76.1

43.2
22.8
22.9

4.0
3.2

256
256
256

86
95

114

18
30
44

92.3
76.2
52.3

21.9
22.0
23.1

5.5
5.0
4.0

'Liquid D2 target with density 0.163 g/cm .
Solid CD~ target.

ron tensor polarimeter. The polarimeter must have not
only a high efficiency and analyzing power, but also a
large radial, angular, and energy acceptance for the deute-
rons and good background suppression. Since the recoil-
ing deuteron beam energy changes drastically for different
pion energies and w-d scattering angles, it is necessary to
measure the energy and spatial parameters of the deuteron
beam and to calibrate the polarimeter as a function of
these parameters.

The He(d, p) He reaction was chosen as the analyzing
reaction for the deuteron tensor polarization t2p because
of its large cross section and tensor analyzing power in the
forward direction and because of the large positive Q
value, 18.4 MeV. The cross section for this reaction can
generally be written as

Ego

leap

[ I +2t T& ~
Re(t't ]] ) + T2ptzp

+ 2T~) Re(t2, ) +2T22Re( t2z )),

where dop/dQ is the cross section for unpolarized deute-
rons. If the polarimeter and the deuteron beam are rota-
tionally symmetric about the beam axis, all polarization
effects other than those due to t2p cancel with integration
over the proton solid angle. The deuteron polarization t2p
and the polarimeter analyzing power T2p are the related
by

=EO( I + t 2p"+Zp ) ~

where the efficiency e is defined as the ratio of outgoing
protons to incoming deuterons, and ep is the efficiency of
the polarimeter for unpolarized deuterons. The efficien-
cies and the analyzing power are in principle complicated

functions of the energies and trajectories of the incoming
deuterons. Consequently, we took care to measure the tra-
jectories and energy spectra of the deuterons during the
calibration procedure.

The basic features of the new polarimeter were very
similar to those of the prototype' used to measure t2p at
8&——0. Time-of-flight measurements over a 3.7-m path
and energy-loss signals from a high-quality scintillation
system allowed a good separation of deuterons and pro-
tons from background. A large He gas region gave a
good spatial and angular acceptance while essentially
complete transmission of the deuterons through the active
volume was ensured. Accurate measurements of energies
and trajectories of the deuterons were used for comparison
with calibration data. The effective efficiency and analyz-
ing power of the polarimeter were ep —1 &( 10 and
T2p —0.6, respectively. Prior to the present experiment,
the same polarimeter was used in measurements of the
tensor polarization in m-d scattering' at 142 MeV and in
e-d elastic scattering. '

A cross-section view of the polarimeter along the beam
axis is shown in Fig. 2. A 0.25-mm titanium foil with 89
mm diameter served as entrance window into the 12' coni-
cal He cell. The active volume was 35-cm long, corre-
sponding to a He areal density of 96 mg/cm at the
operating pressure of 22 bar.

A deuteron was identified by requiring correct energy-
loss signals in the 0.8-mm thick transmissions scintillators
S1 and S2, and by the time difference between the pion
signals in m1 m2. m3 and the deuteron signal in S2. The
entrance window defined the active diameter, and the po-
sition of S2 mounted behind the window defined the be-
ginning of the active He region. Two wire chambers
WC1 and WC2 were used to measure the trajectory of
each deuteron. Before and after each polarization mea-
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FIG. 2. Cross section of polarimeter along deuteron path.

surement two 5-mm thick Si(Li) semiconductor detectors
were moved into the deuteron beam to map its position-
dependent energy distribution with an intrinsic resolution
of +70 keV (FWHM). 'Am was deposited on the sur-
face of the detectors in order to give an absolute energy
calibration reproducible to +1%. The entire front end of
the polarimeter from WC1 to the titanium entrance win-
dow was filled with He at atmospheric pressure to mini-
mize the energy loss.

A proton from the He(d, p) He reaction was identified
by correct energy loss and energy signals in the scintilla-
tors S3 and E (2.4 and 9.5 mm thick), and by correct time
of flight through the polarimeter between S2 and S3. A
6.4-mm thick veto scintillator eliminated protons with too
much energy. The E detector was split into four seg-
ments in order to give left-right and up-down information
and was used to check for systematic errors. Each of the
thin scintillators (Sl,S2,S3) was coupled to two photo-
tubes to improve the uniformity of the light collection and
consequently the energy resolution. For He(d, p) He reac-
tions taking place near the front of the active He volume,
the solid angle for protons was determined by the rear
opening in the conical gas cell. Reactions taking place at
lower energy near the rear of the gas cell were not limited
by this cone, but by the increasing energy loss in the S3
counter as the scattering angle increased. Thus, protons
from the He(d, p) He reaction are present down to zero
pulse height in the E-counter spectrum. The solid angle
depends in part on the E-counter threshold, which was
kept at a fixed fraction of the 'Am source line in both
the Berkeley calibration and data acquisition at LAMPF.
In addition, the S3 and E counters were left in place be-
tween the calibration and all experiments to maintain a
constant geometry.

Energy thresholds and gains were determined with
-5% precision from the data by examining the spectra
for fast protons produced in the target and stopped in the
E detector. The spectra showed a sharp upper edge, cor-

responding to the energy where the range exceeded the
thickness of the E detector and a veto signal was pro-
duced. This energy was easily calculated independent of
all other experimental conditions.

Unfortunately, a small amount of helium gas diffused
through the lucite windows and the glass walls into the
photomultipliers. The photomultiplier tubes were protect-
ed by blowing air over the sides, but even then the ampli-
fication gradually changed and had to be readjusted daily.
After a few weeks of operation, some of the tubes finally
failed due to helium damage and had to be replaced. An
accurate energy calibration was obtained from weak alpha
sources ( Cm) painted onto the scintillators, and from
the energy-loss signals of fast protons passing through the
thin detectors.

A 0.25-mm tantalum foil in front of S3 stopped all
deuterons to reduce the count rate in S3. The thickness of
the tantalum foil and the S3 detector was chosen such
that no proton produced by a deuteron with energy below
3 MeV reached the E detectors. Therefore, the polarime-
ter was not sensitive to the 430 keV resonance in the
He(d, p) He reaction. Protons produced by deuterons

with an energy above 29 MeV at the Si(Li) detectors did
not stop in the E detectors and produced a veto signal.
Thus, we chose 29 MeV to be an upper limit for the ener-

gy of deuterons incident at the location of the Si(Li) detec-
tors.

The calibration parameters for the efficiency co and
tensor analyzing power T20 were obtained by extensive
measurements with a polarized deuterium beam from the
Berkeley cyclotron. In two repeated measurements the
beam energy was varied in 0.5 MeV steps for a centered
beam (Fig. 3). The response for twelve different off-
center beam positions was obtained at three energies, and
the effects of tilting the polarimeter was measured at
three energies and four positions for two angles each (Fig.
4). During these measurements the beam polarization was
continuously monitored with a "He(d, d)"He polarimeter'
which was operated constantly at 35 MeV beam energy.
Two years later and just preceding the present work, the
most crucial calibration, the dependence of the efficiency
on the deuteron energy, was repeated at the Los Alamos
three-stage tandem accelerator. At that time a better en-
ergy calibration procedure was found and it was subse-
quently applied as a correction to the Berkeley data. A
second correction came from a small He pressure differ-
ence between the two experiments and was obtained from
pressure measurements and a model calculation of the po-
larimeter. The two calibrations agreed within -2% (Fig.
3). The calibration data for eo (E,x) and T2p (E x) were
described by a function of four spatial coordinates and the
energy of the deuteron as

f(E,x)= fF(E)+f„(x,O,E)+f (y, O,E)

+f„»(X,O,y, P,E) .

The first term carries the energy dependence as a
piecewise-continuous cubic polynomial. Off the central
axis, f„and f» include quadratic variations in x and f~»
includes linear correlations.

Even with such a highly efficient polarimeter, the pro-
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FIG. 4. Position and angle dependence of the polarimeter ef-
ficiency ep derived from the Berkeley calibration at 23 MeV
deuteron energy.

position and energy distribution of the incident deuteron
beam. The deuteron flux, however, was measured as a
function of five parameters describing the energy and tra-
jectory. This flux measurement for each run was used as
a weighting function in producing the average values (eo)
and (eoT20 ) from the Berkeley calibration data for eo and
T2O. A. m-d scattering measurement consisted of a
deuteron-beam optimization, a deuteron-beam scan to ob-
tain the weights for (Ep) and (eo'T2p), a polarization run
to obtain (e), and finally another deuteron-beam scan to
check the first one.

The magnetic spectrometer combined with carefully ad-
justed wedge-shaped absorbers produced a deuteron-beam
distribution (see Fig. S) with very small correlation be-
tween energy and trajectory at the polarimeter entrance.
The size and angular spread (Fig. 6) of the deuteron beam
was monitored continuously. The energy spread was min-
imized for each measurement, but a broader deuteron
spectrum was inevitable at higher pion energies. The ab-
sorbers were always chosen such that there were no deute-
rons above 29 MeV at the Si(Li) detectors (Fig. 7 and
Table I).

As mentioned earlier, the same polarimeter was used in
an e-d scattering experiment' where the background
problems were much more severe. The results of that ex-
periment agreed with reliable theoretical calculations,
thereby providing additional confidence in the calibration
and operation of the polarimeter.

C. Data acquisition and reduction

Since the pion beam produced more background pro-
tons than elastically scattered deuterons and the
He(d, p) He polarimeter had an efficiency of about
1&&10, a background suppression of 10 was needed.
This was possible with the setup and the polarimeter
described here.

Events were defined electronically by first establishing a
"pion" as a coincidence m1.~2 ~3, a "deuteron" as a coin-

I
I I I 1 I

T~= I34 IVIeV

ed= l8
+6 -:+4:- . +3

+ 4:-::::-+p-":,:::,'.
''

+3 -::2::::::-4
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O
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+I

I I I I I I I I I I I

HOR I ZON TAL POS I TI ON (cm)

FIG. 5. Typical energy variation across the deuteron beam
(in 100 keV units), as measured with the Si(li) detectors. The
dots show the intensity distribution of the beam.
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cidence S1.S2, and a "proton" as a coincidence S3 E.
Either "pion-deuteron" or "pion-deuteron-proton" coin-
cidence generated an event-trigger for the computer.
There were, of course, many deuterons which produced no
proton in the polarimeter so that S3 and E registered no
particle. Such events were prescaled by a factor of 100 to
keep the computer dead time low. Events were accepted
only during a beam spill and if the veto detector had no
signal. The electronic coincidence widths were wide
(20—60 ns) and the discriminator thresholds were much
lower than the signals, so that software windows could be
used later. The final selection was done with digitized

pulse height and timing signals as described in the follow-
ing. For each event, 25 parameters were recorded. The
most important were three energy losses from the pion
telescope; two energy losses from the deuteron; energy loss
and energy from the proton; three time differences Sl-S2,
S2-S3, and n.-S2; and eight time signals from the delay-
line wire chambers.

The events were then analyzed by a series of one- and
two-dimensional filters. A background correction (less
than 2%%uo) was applied to all filters containing timing in-
formation; rates were sufficiently low that no correction
was necessary for the dead time of the time-to-digital con-
verters. A deuteron from m.-d scattering was identified by
the energy loss in Sl and S2 (Fig. 8) and the time differ-
ence m.-S2 corresponding to the 3.7-m flight path of the
deuteron from the target to the polarimeter. A proton
produced in the polarimeter by such a.deuteron was subse-
quently identified by the time of flight through the polar-
imeter, S2 to S3, vs the proton energy E (Fig. 9) and the
energy loss S3 vs energy E. Then the final threshold was
applied to the energy spectrum. At lower pion energies,
the last software cuts on S3 and E were found to be
redundant; at very high energy (256 MeV) and forward
angles (18'), however, they were needed.

As mentioned earlier, the deuteron beam was scanned
with Si(/i) detectors to get a high-resolution energy spec-
trum. The scans were normalized to the primary beam in-
tensity on the pion production target. The measurements
were analyzed with a filter on the energy loss in Sl, the
energy in the Si(Li), and the time difference m-Sl. The
five parameters describing energy and trajectory of each
deuteron were then used to obtain the average efficiency
( Ep ) and analyzing power (eo T2O ) .

Before each analysis the raw spectra were inspected and
it was verified that all discriminator thresholds were suffi-

I-
CA

LLI

T~ = I 34 MeV

ed= l8

T~= 256 MeV

ed= I8'

~ 500

0&0

l5 20 25 30 l5

Td (Mev)
20 25 30

FIG. 7. Deuteron beam spectra after wedge degraders for
low and high pion energies. The deuteron energy is measured
with the Si(Li) detectors;

FIG. 8. Typical deuteron energy loss spectrum S I &S2 (raw
data). All of the protons have generated a "mdp" signal and are
therefore not prescaled, while the deuterons are prescaled by
100.
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the sum of up and down compared with the sum of left
and right segments of the E counter. To within statistics,
no such difference was observed. Moreover, the T22
analyzing power of the polarimeter was determined to be
~0.05 during the calibration procedure. Finally, the ef-
fects of other filters or different filter sequences on the
data was also checked. All data were analyzed with three
different filters called wide, optimal, and narrow. The re-
sults from the wide and optimal filters agreed after back-
ground subtraction, while the narrow filters sometimes
eliminated good events.

PULS
E(

20

S2

-20

T I ME- QF- FL I GH T S2-SB
(ns)

~o
' ~''

FIG. 9. Typical spectrum for time of flight through the po-
larimeter S2-S3 vs proton energy E. The effect of the S1.52
filter is demonstrated by the difference between the unfiltered
(top) and filtered data (bottom). Both spectra have a 15 ns win-
dow on the deuteron time-of-Aight m-S2.

0 Error analysis

For the error analysis, the errors were separated into
two groups: relative errors that changed for each data
point and systematic errors that changed from experiment
to experiment only (e.g., between the calibration at Berke-
ley, the calibration at the Los Alamos tandem, and the
m-d experiment at LAMPF). Contributions to the relative
errors came from deuteron and proton counting statistics,
uncertainties in deuteron energies due to fluctuations in
beam and Si(Li)-energy calibration, fiuctuations in the
gain and threshold calibration of the E scintillators, and
uncertainties in the He pressure; the two biggest contri-
butions came from the proton counting statistics and
deuteron energy Auctuations. All relative errors were
added quadratically to give

ciently low. The deuteron beam profiles from the two
wire chambers were checked for unfiltered and filtered
events. These checks showed some beam position fluctua-
tions of approximately a milli. meter for the early data.
This small movement of the deuteron beam was attributed
to a poor stabilization of the dipole magnet power supply.
After the power supply was repaired, a repetition of the
affected measurements confirmed the earlier measure-
ments of t2p. Since the experiment was split into two
parts, the reproducibility could be checked over a two-
month period. All repeated data points agreed well within
the statistical errors.

For each measurement, the symmetry of the deuteron
beam was checked with the wire chambers. As shown in
Fig. 6, the intensity distribution is not rotationally sym-
metric about the polarimeter axis; its elliptical shape sug-
gests sensitivity to a t22 moment in the deuteron beam.
The simPle formula for efficiency, E=Ep(1 +t 20T20), will
not be accurate if the t22 beam moment is large and the
elliptical spot distribution introduces a significant T22
analyzing power for the polarimeter. This problem
should, however, reveal itself first in a difference between

T

4T20 1
(~t20)rel t20 g T + 20+

20 20

AepAe +
E Ep

2

2

where the sums cover all contributions to the error. The
systematic errors were dominated by the absolute Si(Li)-
energy calibration for the deuteron beam measurement
which resulted in partially compensating errors in ep and
T2p and represented by (b, t20 )„„,&

in the following. Other
error sources were the absolute pressure calibration, the
scintillator gain matching between experiments, the uncer-
tainty of the beam polarization in Berkeley, and the un-
certainty of the parameters fitted to the Berkeley calibra-
tion. It was unlikely that all six sources of systematic er-
rors would point in the same direction, so the errors were
added quadratically, but in order to account for such a
small sample, a tolerance factor f, ~

of 1.5 was included to
give a 70% probability that the calculated error was equal
or bigger than one standard deviation:

T 2
T20

( At20 )sys=f tol ( At20)correl+ t20 g + t20+
T20 ~20

2
1/2

bop
6'0
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E. Zero-degree measurement

As a feasibility test, a measurement at Od ——0 was at-
tempted, even though the experimental setup was not
designed originally for such an angle. The pions were
scattered backwards into the incoming beam and could
not be detected, thus reducing the available deuteron
time-of-flight path drastically, since the 0.25 m between
S2 and S3 had to be used in place of the 3.7 m between m.

and S2.
The pion beam was switched from n+ to rt so that the

dipole magnet bent the negative pions through a 5-mil
Kapton window into air, away from the polarimeter. In
addition, it was expected that the quasielastic ~-p scatter-
ing from the target should be approximately nine times
smaller for w than for ~+. Nevertheless, a very high
proton rate from the windows of the target and vacuum
chamber made background elimination difficult. The
data were analyzed with the same filters as the other mea-
surements. These filters worked very well for a test mea-
surement at 180-MeV pion energy and 18' deuteron angle
with the m-d coincidence requirement removed from the
electronics, thus indicating that the analysis was basically
correct. However, the background, its uncertainty, and
the effects of variations in the software window sizes were
much bigger for the zero-degree measurement, resulting in
a much larger error. The final result differs by slightly
more than the error bar from an old data point which
was measured with a very different setup and the proto-
type of the present polarimeter.

7lab

(MeV)

Present experiment (1983)
glab t""+At

(deg) (After 35 bend)

134
142

151
180

18
0

18
18
18
18
30
44
18
44
18
30
44
44

—0.62+0. 10
—0.64+0.23
—0.65+0.08
—0.64+0. 10
—1.00+0.11
—1.06+0.18
—0.61+0.10
—0.44+0.08
—1.28+0. 15
—0.34+0.08
—0.98+0.13
—0.77+0.13
—0.46+0. 12
—0.36+0.14

Earlier experiments (Refs. 9 and 13) (1978, 1980)
Tlab @lab tlab+d t

(MeV) (deg) (Without bend}

142
142

0
17.5
28.9
40.9

—0.23+0. 15
—0.40-+0. 10/ —0.20
—0.47+0. 10/ —0. 16

—0.44+0. 11

TABLE II. Tensor polarization tqp in m-d scattering. In ad-
dition to the individual errors quoted for each data point (which
include counting statistics and other fluctuating error sources)
there is a systematic uncertainty of At2p +0. 1 for each experi-
ment.

III. RESULTS AND DISCUSSION

t'z'o ———,
'

tzo (3 cos P—1)

The results from the present work and from previous
experiments by the same group ' are summarized in
Table II. Note that the quoted errors for each data point
include counting statistics and other relative error sources
as discussed earlier. In addition, there is a systematic un-
certainty of (matzo), z, -+0.1 for each of the three experi-
ments. Any systematic correction within this range will
be the same for all data points taken during one experi-
ment. A check of our previous data' showed some prob-
lems caused by a high threshold in the S3 counter at
6d ——17.5 and 28.9. Therefore the error. bars for these
two points were changed to larger and asymmetric values.

The data from the present work give the tensor polari-
zation in the laboratory system after a 35 bend in the di-
pole magnet; the old data do not have this rotation. In or-
der to compare theoretical calculations with the experi-
ment, calculated values of the tensor polarizations, t20
tzi, and tzz ', have to be transformed from the center-
of-mass system to the laboratory frame, including preces-
sion in the dipole magnet when necessary. When the
coordinates are chosen according to the Madison conven-
tion ' with the Z axis along the outgoing deuteron
momentum, the transformations are

—2v'(3/2)t z'i
' sinP cosP

+v'(3 j2)tzz sin p,

~hb 6 . . +gb d (1 Pd)
d

d
coslab k in k out

The total energy, rest mass, and magnetic dipole moment
of the deuteron are denoted by Ed, Md, and pd. The ki-
netic energy of the deuterons jn the bending magnet is
about 40 MeV. Unfortunately, most calculations define
the Z axis along the outgoing pion momentum, indicated
by a positive tz'& at small angles. This frame can be
transformed to the Madison frame in the center of mass
by

tfq ——( —1) tg,q .
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FIG. 10. Excitation functions for tensor polarization in m-d

scattering measured at SIN (Cxriiebler et al. ) and at LAMPF
(present work). The curves represent recent calculations of Gar-
cilazo (Ref. 22) and Matsuyama and Lee (Ref. 23).

A. Comparison with SIN data

A group at SIN (Ref. 12) measured the tensor polariza-
tion for pion-deuteron scattering in the region of 120—160
MeV pion energy. They found a resonancelike structure
in the excitation function and strongly oscillating angular
distributions at resonance energy. Some of their data are
compared with the present results in Fig. 10. Because of
placement of the pion telescope, the present setup did not
allow measurements at Od ——15 where the SIN group
found a pronounced peak, but with the angular distribu-
tions reported in that work, there should be some struc-
ture visible at Od

——18'. Clearly, the present work shows
no structure around 140-MeV pion energy and, in addi-

. tion, gives much more negative values for the tensor po-
larization. Note that the discrepancy between the present
work and that of Ref. 12 cannot be accounted for by the
fact that the rotation angles P for the two experiments are
different. The effect of the additional 35 bend of the
deuteron beam in the present experiment is small. In fact,
the additional precession angle introduced by the 35 bend
is only 5'. The curves shown in the figure represent the
theoretical calculations of Garcilazo and Matsuyama
and Lee.

Although the exact cause of the discrepancy has not yet
been determined, it is useful to compare the two experi-
ments in more detail. The main differences reside in the
polarimeter designs. First, the aperture of the SIN polar-
imeter (3.0 cm) is approximately three times smaller than
that of our polarimeter (8.9 cm). Since the deuteron beam
size at SIN is comparable with the polarimeter aperture, it
is possible that particles identified as deuterons entering
the polarimeter hit a wall and never entered the He
volume. This would have resulted in a low efficiency e
and a more positive t2o". Since the deuteron trajectories
were not measured in the SIN experiment, this effect
might lead to the observed disagreement. This problem is
avoided in our experiment in two ways: (i) the aperture of
the polarimeter is approximately three times larger as
mentioned, and (ii) two x-y wire chambers measure the
trajectory of each deuteron entering the polarimeter.
Also, the wire chambers are used at the beginning of each

I

run in order to tune the quadrupole-quadrupole-dipole
(QQD) system and to align the polarirneter with respect to
the deuteron beam. Secondly, in the present experiment
the energies of the deuteron incident on the polarimeter
are measured by scanning the polarimeter aperture with
Si(Li) detectors. The importance of measuring the deute-
ron energy accurately can be seen from the rapid energy
dependence of eo in Fig. 3. In the SIN experiment, the
deuteron energies are determined by allowing the deute-
rons to range out in aluminum foils. Although this
method is generally accepted for finding the centroid of
the deuteron energy spectrum, it is difficult to determine
the spectrum of deuteron energies. This is important
since the width of the deuteron energy spectrum at
Td ——20 MeV is typically 6 MeV in the SIN experiment.

B. Pion absorption

Pion absorption in nuclei has emerged as a major issue
in medium-energy physics. Although many experiments
involving the md~NN reaction have been performed, the
absorption process has not been explained adequately and
the effect of pion absorption on the elastic amplitudes is
poorly understood. In order to investigate further the ef-
fect of absorption on the elastic channel, it is essential to
focus on the P» m.-N amplitude, since this amplitude is
necessary for true pion absorption. Mizutani et al. have
emphasized that the decomposition of the P» n-N ampli-
tude into the pole and nonpole pieces is not known at
present. The pole term is necessary for pion absorption
while both amplitudes contribute to pion rescattering in
the nucleus. Mizutani et al. and Blankleider and Afnan
argue that experiments in ~-N scattering give a measure-
ment of the sum of these two terms only, while the rela-
tive strength of these two amplitudes is important in ~-
nucleus scattering. More recently, Garcilazo argues that
the P» amplitude should be treated in the same manner
as other m-N amplitudes in calculations of m-nucleus
scattering. Previous experiments have imposed very little
constraint on the pole and nonpole components of the P»
amplitude. However, measurements of t2o in 7T-d scatter-
ing are expected to place an important restriction on the
P» amplitude and should help to settle the theoretical de-
bate.

Presently, the theoretical calculations of the vr dsystem-
have achieved a high level of sophistication. These calcu-
lations are typically three-body in nature, include relativ-
istic kinematics, and treat the pion-scattering ~d —+m.d and
pion-absorption md~NN as coupled processes. The ma-
jor difference among the calculations is the manner in
which pion absorption is treated. In a phenomenological
approach, Betz and Lee use an effective interaction po-
tential to describe the NN-AN transition by fitting NN-
scattering phase shifts up to 800 MeV. In a more micro-
scopic approach, the other authors explicitly incorporate
the m.NN and m.NA coupling constants in the calculations.
Blankleider and Afnan" include only ~ exchange between
the nucleons and use relativistic kinematics only for the
pions, while Rinat and Starkand include both p and ~ ex-
change and treat the nucleons also relativistically. In the
most recent calculation, Garcilazo treats both the space
and spin variables relativistically. Garcilazo claims that
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there is no need to treat the nucleon pole term separately,
since the effects of pion absorption on the elastic channel
can be included correctly by using the experimental ~-N
PII amplitude. This results in much smaller effects and
gives the best agreement with the data achieved so far, not
only for the tensor polarization tzo (see Fig. 10), but also
for the vector polarization. Garcilazo concludes that the
large effects obtained from pion absorption by the previ-
ous calculations ' are spurious due to an incorrect
decomposition of the PII term into pole and nonpole
pieces. A similar calculation in which the P~~ pole term
has not been isolated has been performed by Matsuyama
and Lee. The result of that calculation also agrees well
with the present data as indicated in Fig. 10.

Angular distributions of t2c from the present work are
shown in Fig. 11 for pion energies of 142, 180, 220, and
256 MeV. The results are compared with theoretical cal-
culations of Betz and Lee, Blankleider and Afnan, Rinat
and Starkand, Fayard et ah. , and Garcilazo. In addi-
tion, the dotted curves represent calculations without
the PI I m.-N channel. Omitting this channel has the effect
of removing absorption and P» m-N rescattering from the
calculation. While this is certainly not a realistic pro-
cedure, it gives nevertheless remarkably good agreement
with the data. It is also noteworthy that the various
theory groups get almost the same results from calcula-
tions without the P» amplitude, while their full calcula-
tions differ by much more. This indicates that the biggest
theoretical uncertainty is in the techniques used to include
pion absorption.

The present data clearly indicate that the role of the
P)) channel in determining m.-d elastic scattering is quite
different than that emphasized by most theoretical stud-

ies. Not only are the tensor polarization data well
described if the P» n.-N channel is removed, but also
cross sections and vector polarization data are best repro-
duced at low pion energies (Fig. 12). In addition, Afnan
and Blankleider have shown that true pion absorption
can be expected to proceed primarily through the LN~ ——0
and J =2+ channel, whereas the amplitude that is be-
lieved to have the dominant effect on the elastic channel
has LN~ ——2, J"=0+. Thus, the elastic scattering data in-
dicate that most theoretical treatments of the 0+ absorp-
tive channel is in error, while no claim is made about the
2+ channel which gives rise to most of the true absorptive
cross section.

~
f ~ ~

T~ =142 MeV
~ GABATHULER et al.
x STANOVNIK et al.
D HOLT etal. (1979)

s t, BLANKLEIDER
...,...Na P —AENAN

IOO-

IO
E

C. Dibaryon resonances

The existence of dibaryon resonances was inferred from
polarized proton-proton scattering experiments. Later,
possible evidence for dibaryon resonances was found in
m-d elastic scattering cross sections, in md vector analyz-
ing power measurements' at 256 MeV, and in md tensor-
polarization data at 134 MeV. ' As discussed before, the
present work shows no rapid energy dependence of the
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FIG. 11. Angular distributions at pion energies of 142, 180,
220, and 2S6 MeV. [Open circles and triangle are from the pre-
vious experiments (Refs. 9 and 13).] The calculations are from
Blankleider and Afnan (Ref. 4) ( ); Betz and Lee (Ref. 3)
(——); Fayard, Lamot, and Mizutani (Ref. 6) (—); Rinat and
Starkand (Ref. 5) (—.—); and from Garcilazo (Ref. 22) (—"—), all
including true pion absorption. The dotted lines are results
without P~I amplitude, i.e., without pion absorption.
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FIG. 12. Cross section, vector polarization, and tensor polari-
zation data at 142 MeV compared with calculations from
Blankleider and Afnan (Ref. 4), including ( ———) or omitting
(" ) the PIl amplitude.
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tensor polarization and differs considerably from the SIN
data' at 134 MeV. Meanwhile, newer and more precise
measurements of the vector polarization" failed to con-
firm the early results' by the original group and found no
oscillations at backward angles. Finally, recent md~pp
data exhibit very smooth angular distributions and exci-
tation functions. Therefore, there is little experimental
evidence that dibaryon resonances are observed in low-
energy md scattering. Afnan and Blankleider find that
the intermediate NN channel with I.NN

——0 dominates
elastic scattering while channels with larger NN angular
momentum have only a very weak influence. It is thus
possible that effects of the proposed dibaryon resonances
with L, NN ~0 could be suppressed in elastic ~d scattering
at these energies. Evidently, the theoretical calculations
need to be improved before this question can be settled.

D. Quadrupole form factor of the deuteron

The prospect of measuring the quadrupole form factor
of the deuteron by observing t20 in m-d scattering was dis-
cussed very early' and led to an interest in measuring tzo
near Od

——O'. The sensitivity of t20 to the quadrupole form
factor can be seen readily from a simple expression based
on an impulse approximation. The expression is given in
terms of the r Nnonfl-ip g(8) and spin-flip h (9) ampli-
tudes as well as the ratio x of the quadrupole (F2) to the
monopole (Fo) form factor of the deuteron:

(p) —1/2 3
f g /

(2 ~ +x)x + f
h

f
2y

3 fg f
(1+x )+2[h

/ y

where x =F2/Fc and y =F, /Fo. Here, F& is the dipole
form factor. At large scattering angles where

I g I'»
I

J I' &20 is givenby

and that t20 varies strongly for different calculations.
Therefore, it is likely that the quadrupole form factor Fz
or the ratio F2/Fo is better determined from a tensor po-
larization measurement in e-d scattering. However, if the
absorption effects can be determined, then m-d scattering
offers complementary information, particularly at high-
momentum transfer.

IV. CONCLUSION

Together with previous cross section and vector polari-
zation data, the new angular distribution of t20 at four en-
ergies allow for the first time a stringent test of the
theoretical results. older calculations do not predict the
tensor polarization very well, in fact the best agreement is
obtained when the P» ~-N amplitude is omitted altogeth-
er. This is certainly not an acceptable procedure, but it
seems that the influence of pion absorption is overestimat-
ed. The results of several calculations that include ab-
sorption differ considerably from each other and from the
data, with the exception of the most recent ones ' which
are in remarkably good agreement. In contrast to the ear-
lier calculations, these most recent results do not treat the
P~~ nuclear pole term separately.

The present tensor polarization measurements exhibit
no direct evidence for a dibaryon resonance. Since the
present measurements indicate that the effects from pion
absorption on the elastic channel should be small, it seems
unlikely that dibaryon structures have a strong influence
on m-d scattering. If the pion absorption effects are
indeed small and if they can be calculated precisely, then
perhaps the tensor polarization from m-d scattering can be
used to measure the quadrupole form factor of the deute-
ron.
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