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The vector analyzing power, iTll, has been measured for the ~+d~m+pn reaction in a kinemati-

cally complete experiment. The dependence of iTll on the momentum of the proton has been ob-

tained for 35 pion-proton angle pairs at pion bombarding energies of 180, 228, and 294 MeV. The
data are compared with a relativistic Faddeev calculation. The theoretical prediction that there is a
single universal shape for iT&l, which is positive at low proton momenta and negative at large pro-
ton moments, independent of the final pion and proton angles or of the incident pion energy is con-
firmed by the experiment.

I. INTRODUCTION

After the discovery of unexpected structure in spin-
dependent nucleon-nucleon scattering above the pion
threshold, ' a wealth of polarization measurements in the
nNN system has enriched the body of existing data and
put conventional theories to a stringent test.

In the srd elastic scattering reaction, measurements of
the vector analyzing power iTii (Ref. 3) and the tensor
polarization tzo (Ref. 4) demonstrated the importance of
the small AN partial waves for the theoretical input; in
particular they have raised serious questions on the proper
treatment of the Pii irN partial wave. This latter issue is
not settled but it is already clear that reliable and exten-
sive data on the tensor polarization tzo are needed to con-
strain the Pii AN input.

In the pp~n+d reaction, the polarization observables
A~ Ayop and l T$ ] serve as another example. These ob-
servables are very sensitive to details of the theory and
there are severe problems in simultaneously reproducing
all of them over a large energy range. For a detailed dis-
cussion see Ref. 8. The particular significance of some
polarization data in this reaction has been shown by a par-
tial wave analysis by Bugg. Making use of the recent
measurements of the vector analyzing power iTii, ' he
was able to tightly constrain the previously undetermined
amplitude a s (NN P i ~n d, 1 =2) in both magnitude and
phase; thereby reducing the uncertainties of the other am-
plitudes as well.

Finally, polarization measurements have bern carried
out in the NN~mNN reaction channel. For the
pp~myn reaction the asymmetry A~ and the spin-spin
correlation parameters A~ and A were studied at
LAMPF (Refs. 11 and 12), and at TRIUMF. ' The in-

elastic cross sections in longitudinal spin states htr'z"" were
measured at LAMPF (Ref. 14) and at SIN. 's From these
measurements it appears that the current m-exchange
models fail most dramatically for longitudinal spin states
at energies around 800 MeV (Ref. 16). The serious
discrepancies from Deck model calculations were con-
sidered suggestive for the existence of other mechanisms
like the excitation of dibaryon resonances. '6'7

From this brief discussion it is obvious that polariza-
tion experiments are important for testing finer details of
conventional theories describing the NN and nNN sys-
tem, and may possibly shed some light on the still open
question regarding the existence of dibaryon resonances.
Measurements of spin dependent observables in the dom-
inant hard channel, the md breakup reaction, are therefore
highly desirable, but so far nonexistent. For this reason
we have begun to investigate the observable iT, &

in a
kinematically complete experiment over a large region of
phase space. A sample of the first results at T =228
MeV has been reported recently. ' In this paper extensive
data for many pairs of proton and pion angles at 180, 228,
and 294 MeV incident pion energy are presented.

II. EXPERIMENTAL TECHNIQUE

The experiment was conducted at the nM3 area of the
Swiss Institute for nuclear Research (SIN), with the same
detection system as was described in the preceding paper.
The vector analyzing power was determined by measuring
the spin dependent breakup cross sections, o+ and tr, for
the two polarization states I'+ and I' of a dynamically
polarized deuteron target with the quantization axis per-
pendicular to the scattering plane. Following the Madi-
son convention, '9 we define the sign of the target polariza-
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FIG. 1. Values of iT~~ vs proton momentum for various pion-proton angle pairs at incident pion energy of 180 MeV. The solid

and dashed lines are the results of the Faddeev calculations described in the text. Data are missing at one pair of angles but the calcu-

lation is shown.

tion to be positive for n=k Xk'. The vector analyzing
power is calculated from the expression

1 CT —0'

v 3 o+P +cr P+ a(P++P )—
where g+ and g' are the differential cross sections mea-

sured with target polarization P+ and P and + is the
cross section measured with the background target. The
cross sections are the threefold differential cross sections
1 cr/dQQQ+p as defined in the preceding paper. The
detection system is also described there. The dynamically
polarized target, used in this experiment, was discussed in
detail in earlier publications. ' Here we discuss only
those features which are specific to this experiment.

The principal differences from the cross section mea-
surements were the effects of the background and the

magnetic field. Whenever polarized targets are used back-
ground events originate from nuclear reactions in the dif-
ferent target nuclei of the polarized target material. In md

reactions leading to two-body final states, like the pion
elastic scattering or the pion absorption reaction, the TOF
spectra obtained from the time differences of the two par-
ticles are narrow and can easily be separated from the
TOF spectra of the background reactions which are
broadened by Fermi motion in the nuclei. In the
~+d~n. +pn reaction, however, the foreground is also
quite broad and the background must be measured care-
fully for every case where data are taken.

The target material of the polarized target consisted of
deuterated butanol, i.e., C4D9OD. In earlier polarization
experiments ' the target material was used either in the
form of 1—2 mm diameter beads (for better cooling)
which were immersed in liquid He at 0.5 K, or as a
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FIG. 2. The same as Fig. 1 at larger proton angles.

frozen slab, conduction cooled by the 0.1 mm thick brass
walls of the target cell. This latter target form has the ad-
vantage that no 3He is present in the target region; reac-
tions in He can produce unwanted (and difficult to mea-
sure) background events. Therefore in the present experi-
ment where the subtraction of background events is cru-
cial, we used the slab target configuration. The polariza-
tions obtained ~ere P+ =0.175+0.04 and P =0.20
+0.04.

A matching background target was made, consisting of
layers of carbon and "dry ice" (solid CO2) with the rela-
tive thickness chosen to be an appropriate "C40" target.
The background target and an additional CH2 target mere
mounted below the butanol target in the cryostat. Each
target could be moved into the beam separately. The
thickness of the background target was measured when it
eras made, but was checked by studying the background

subtractions of spectra from which events in the md

breakup region were excluded. The relative thicknesses of
the background and butanol targets were measured this
way to within 5% and agreed with the original measured
value. An error of 5% was assigned to the background
target thickness in calculating the error of the vector
analyzing power. The background from the carbon and
oxygen nuclei in butanol and the brass target vvalls was
similar to that from carbon in the CD2 target used in the
cross section measurement (see Fig. 3 of the preceding pa-
per), but typically about 30% larger.

The 2.5 T magnetic field surrounding the polarized tar-
get acts like a momentum analyzer which distorts the
pion and proton trajectories. In traversing the path from
the target center to beyond the effects of the field, parti-
cles were deflected by an angle given approximately by
3200'lp where p is the particle momentum in MeV/c.
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FIG. 3. Values of iT&~ vs proton momentum for various pion-proton angle pairs at incident pion energy of 228 MeV. The solid

and ~ached lines are the results of the Faddeev calculations described in the text.

For a particular counter at a specific angle, the scattering
angle with respect to the incident bein at the target
center depends on the momentum of the detected particle.
The trajectories and the mean times of fiight of the parti-
cles (including the effects of energy losses in the target
materials) were calculated with a ray tracing program.
This program was checked by measuring the angles of
protons from irp elastic scattering at fixed pion angles us-

ing the CH2 target in the magnetic field. This reaction
also allowed an absolute time calibration of the TOF spec-
tra. The angular acceptance of the pion and proton
counters mas 5.8 and 4.4', respectively.

Data were taken in approximately 2 h runs with the tar-
get polarization (+ or —) being changed in the sequence

followed by four background
runs. This cycle mas repeated until enough statistics were
accumulated. This procedure of taking data was designed
to cancel possible systematic shifts in efficiencies and cali-
brations. The target polarization mas changed by altering
the frequency of the polarizing microwave field (which in-
duces hyperfine transitions in the target). The inagnetic
field remained constant.

The runs with the positively polarized„negatively polar-
ized, and background targets mere each summed and the
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summed data analyzed. The vector analyzing power was
calculated for 40 MeV/c bins in proton momentum for
each pion-proton angle pair. As well as the statistical er-

rors, the effect of the S%%uo uncertainty in the background
target thickness is included in the error bars of the data
points. To check for possible systematic effects during
the data taking, a separate analysis was performed on
each pair of positively and negatively polarized runs and a
background run. These sets of results were then averaged
and the statistical errors and the standard deviations of
the means of each data point were calculated. Good
agreement was found between the statistical errors and the

standard deviations of the means, showing an absence of
significant systematic variations between different runs.
Time varying systematic effects were also studied by per-
forming the entire analysis with pairs of runs with equal
target polarization (i.e., both positive or negative). The re-
sults of this analysis showed no significant deviations
from zero, as expected.

III. RESULTS AND DISCUSSION

The experimental data are sholem in Figs. 1—6. In the
figure pairs 1 and 2, 3 and 4, and 5 and 6, the vector
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FIG. 5. Values of iT~~ vs proton momentum for various pion-proton angle pairs at incident pion energy of 294 MeV. The solid

and dashed lines are the results of the Faddeev calculations described in the text.

analyzing power iT'ii is plotted as a function of the pro-
ton momentum for 35 pion-proton angle pairs at l go, 22&,

and 294 MeV incident pion energy (one pair is missing
due to an intermittent failure of one coincidence unit in
the electronic circuit). The graphs on the diagonal line

from the upper left to the lower right corner correspond
to nominal angle pairs of free Irp kinematics. On both
sides of this line the pion and proton angles increasingly
depart from ~ kinematics. Each data point in each of
the 35 graphs corresponds to a pion and proton angle
differing by a few degrees from the mean pion and proton
angles quoted in the figure captions. This is due to the ef-

feet of the magnetic field of the polarized target on the
particle trajectories.

In order to compare the data with the predictions from
the Faddeev calculation described in the preceding publi-
cation, the vector analyzing power was calculated point by
point, for the individual slightly varying angle pairs (solid
line), and also for the mean pion-proton angle pairs
(dashed line). No significant differences were found be-
tween these two kinds of calculations, and therefore the
calculations for the mean angle pairs are also drawn in the
figures in order to show the general trend of the theoreti-
cal predictions in those momentum regions where no data
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exist.
When comparing the bulk of the data with the theoreti-

cal predictions, one finds that the general trend of the
data is mell reproduced. Comparing theory and experi-
ment in detail, three regions of proton momentum are of
particular interest.

In the central momentum region (where the momentum
of the final state neutron is small} i T, i is mostly positive
and only slightly varying with momentum. In this region
the data are very vvell reproduced by the theory. It is in-
teresting to compare iT„at exactly the qnasifree Irp

kinematics with the polarization, P, of the free ny scatter-
ing, as calculated from Irp phase shifts. ~ We have used
the relationship iTi I ——P/W3 for this comparison,
neglecting effects due to the D state of the deuteron. The
results are sho~ in Fig. 7. The momentum acceptance
of ~~h of these data points is 40 MeV/c. The dotted line
represents the mp polarization. The solid lines are the re-
sults of the Paddeev calculation. As one can see there is
very good agreement between the q~sifree and the free
my data at aH energies. Excellent agreement with the
theoretical prediction occurs at 180 and 228 MeV. At 294
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text.

120

MeV the theory predicts iTii somewhat larger than the
data.

In the high momentum region the data display a rather
rapid change of iTii from positive to negative values.
Also this trend is predicted by the theoretical calculations.
It is interesting to observe that the crossover of iTii
varies only little within all 35 graphs of one particular
pion bombarding energy. It occurs almost invariantly
around 400 MeV/c for the data at 180 MeV, around 500
MeV/c for the data at 228 MeV, and around 600 MeV/c
for those at 294 MeV.

In the low momentum region the theoretical calcula-
tions are extremely sensitive to the proton-neutron final
state interaction (FSI), as has been observed in a test cal-
culation where the FSI was turned off. In Fig. 8 two cal-
culations for the cross sections and the polarization ob-
servables iT~~ and T2o are shown, one including the FSI
(solid lines) and one excluding the pn FSI (dashed lines).
As one can see, the observable iT» is most sensitive to the
FSI. More precise data will be needed to test the theoreti-
cal predictions in this region. In addition it vill be valu-
able to measure Tio for this reaction as soon as tensor po-
larized targets are available. According to the theoretical
calculation, sizable analyzing powers, Tqo, are to be ex-
pected in some regions of the proton momentum.

The md breakup r~~tion is closely related to the cou-
pled inelastic pp scattering reactions. It is interesting to
compare the present results for the m d~~n reaction

with those of the asymmetry, A„, for the pp~irpn reac-
tion. This reaction was measured in a kinematically com-
plete experiment at T~=800 MeV (corresponding to
T =256 MeV for the same center of mass energy). " The
momentum dependence of the asymmetry A„was deter-
mined between 500 and 1000 MeV/c for 12 pion proton
angle pairs. Although the mechanism for this reaction
[the dominant production of the 6++ (Ref. 21)] is quite
different from the one of the pion deuteron breakup reac-
tion, the asymmetry, A„, shows similar features in com-
parable momentum regions as the vector analyzing power
iTii. For a number of angle pairs A„ is positive (apply-
ing the same sign convention for the positive polarization
axis as was used in this experiment; rl=k Xk') and al-

most constant in the central momentum region. At
higher momenta it almost linearly changes to large nega-
tive A„values. Dubach et al. z have calculated the
analyzing power using the unitary model of Kloet and Sil-
bar. 23 This model, which as mentioned in the preceding
paper is also based on the AAY relativistic Faddeev equa-
tions, includes all spin complications, and preserves two-
and three-body unitarity. Dubach et aL were able to
correctly predict the analyzing power for some pion-
proton angle pairs but fail for others.

More recenitly, several Wolfenstein parameters have

been measured for the spin transfer reaction pp-+ pir+n
at 650, 733, and 800 MeV over the proton momentum
range 700—1200 MeV/c. These data represent a consid-
erable increase in the knowledge of the spin dependence of
the pp~pn+n reaction. At present only the unified, uni-

tary model by Dubach, Kloet, and SilbaP has been ap-
plied to this reaction. In spite of the simplified physics
input used in the calculation (including only the P33 and

P» pion-nucleon partial waves and not including the vari-
ous short-range NN interactions) the general trend of the
polarization data is rather well reproduced.

IU. SUMMARY

The present study was carried out in order to present
the theoretical community with extensive data on the ~d
breakup reactions, which can be used to put a more
stringent test on the various relativistic three-body
theories that have been proposed in recent years. This is
particularly important with regard to the "classical" rela-
tivistic three-body theory of Aaron, Amado, and Young
(AAY), which has been strongly criticized by the pro-
ponents of the "new" N¹NN theory, ' arguing that
the AAY theory does not make any special effort to dis-
tinguish the double role of the pion as an independent par-
ticle and at the same time as the mediator of the nucleon-
nucleon force.

The ultimate test of a theory is its comparison with ex-
periment, and therefore it is significant that the "classi-
cal" AAY theory after having been able to describe suc-
cessfully the elastic n.d reaction including differential
cross section, vector analyzing power, iT&&, and tensor po-
larization, t20 (from Ref. 29), can describe also the nd-.
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breakup differential cross section, and vector analyzing
power, ET)).

The NN-mNN theory, as mentioned in our preceding
paper, already has problems in trying to describe the md-

elastic polarization observables. Thus, we see the results
of our theoretical and experimental studies as containing a
revindication of the "classical" AAY theory, while the
burden of the confrontation with experiment is now upon
the proponents of the NN-m NN theory.
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