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Kinematically complete measurement of the n.+d = m. pp charge-exchange reaction
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The triple diA'erential cross section d'o/dip dip dip was measured for the vr+d~a pp reac-

tion as a function of proton momentum, in a kinematically complete experiment at T =228 and
294 MeV. The two outgoing protons were detected in coincidence with plastic scintillator detec-
tors, and their momenta determined by time-of-Right, at several angle pairs in regions of phase
space far away from quasifree kinematics. The data are compared with predictions from the relativ-
istic Faddeev calculation of Garcilazo.

I. INTRODUCTION

The systematic experimental investigation of the ~NN
system is very important in intermediate energy physics
because its various reaction channels can in principle be
calculated exactly using the relativistic Faddeev formal-
ism and the known properties of the pion-nucleon and
nucleon-nucleon subsystems. During the past few years
remarkable theoretical progress on this system has been
achieved. ' Several theory groups have refined their cal-
culations to the extent that a detailed comparison, even
with sensitive polarization observables, on reactions with
low cross sections, is possible. Moreover, it has been
recognized that, for a stringent test, the comparison be-
tween theory and experiment must be extended to data
from as many reaction channels as possible. %ith this
purpose in mind, the present collaboration has studied
the ~d system for many years.

In order of decreasing cross section, the most impor-
tant hadronic reaction channels are

d~ n. NN (—breakup)—
~m.—d (elastic)
~tr NN (charge exchange)
~NN (absorption)

A large amount of data has been accumulated on cross
sections and polarization observables for the breakup,
elastic scattering " and absorption reactions. ' ' By
contrast, the charge exchange reaction has been neglect-
ed thus far. Rogers and Lederman' measured the total
and diA'erential m. +d~m pp cross sections at 85 MeV
with a diffusion cloud chamber. They determined the
charge exchange cross section o.c&=12.2+2.2 mb, and
presented an angular distribution consisting of few data

points with large uncertainties. Pewitt et al. ' measured
the cross sections for producing neutral products
(2n, 2n +y, 2n +tr ) from tt d interactions at 142 MeV in

a bubble chamber. After subtracting the absorption and
radiative absorption cross sections from 0.„,„„,~, the
charge exchange cross section was found to be
chic&=26. 5+3 mb at this energy. The most advanced
bubble chamber experiment was performed by Norem, '

who investigated the m. +d interaction at T =182 MeV,
taking 85000 pictures. This relatively large number al-
lowed him to determine cross sections for all four reac-
tion channels with much better statistical accuracy than
before. The total cross section was determined to be
O.c~ =32.5+3 mb. He also presented the first charge ex-

change differential cross sections with reasonable accura-
cy in the angular range up to 120'. The only more recent
work was that of Moinester et al. ,

' who measured the
differential cross section for the m. +d~~ pp reaction at
T„=164 MeV in the angular range between 5' and 165'
using the LAMPF ~ spectrometer. In the range beyond
35', der ldQ is comparable to the n p etr n difFerential
cross section, indicating dominance of the quasifree pro-
cess. At very forward angles (small momentum transfer)
the cross section drops to zero. The relativistic Faddeev
calculation of Garcilazo reproduces the data quite well
over the full angular range (see Ref. 19). In order to put
the Faddeev theory to a more stringent test in this reac-
tion channel a kinematically complete measurement
would be desirable, and that was the purpose of the
present experiment.

In order to perform a kinematically complete experi-
ment for the ~d~m XN reaction, one has to measure
five of the nine possible final state variables, for example,
the polar and azimuthal angles of two of the three parti-
cles, and the momentum of one of them. Because of the
complications involved in detecting neutral particles, we
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have elected to study the m. +d ~m pp reaction, and
detect the two outgoing protons in coincidence. We have
measured the energies of both protons, which means that
we are actually kinematically overdetermined, and can
use this fact to suppress background. There is also a
physics advantage to our choice: Except for the extreme
momentum regions (where one of the protons has a small
momentum), the kinematical regions away from the
quasifree charge exchange process (rr+n ~m p) are ex-
plored. As we have learned from our studies of the
~+d~~+pn reaction, the regions away from quasifree
kinematics are the physically more interesting ones.

II. EXPERIMENTAI. PROCEDURE

The experiment was performed in the ~M1 area of the
Paul Scherrer Institute (formerly SIN) in Switzerland.
The experimental setup is shown in Fig. 1. Six proton
detectors were used in the experiment. Each of them
consisted of a thin plastic scintillator (a) (0.5 X 20.0 X 70.0
cm ) at a distance of 1.88 m from the center of the liquid
deuterium target, and a thick counter (b)
(20.0X20.0X70.0 cm ) 12 cm behind counter (a). Each
of the (a) and (b) counters was viewed by two phototnulti-
pliers, one at either end. The electronics were set up to
detect a coincidence between any one of the three detec-
tors on the right side of the beam with any one of the
three detectors on the left side of the beam. In order to
keep the energy threshold as low as possible, only the (a)
counters were in the hardware trigger, although ADC
and TDC information was recorded for both (a) and (b)
counters for every event. Proton momenta were deter-
mined from their times-of-flight, calibrated using the
~+p ~m+p reaction, at a number of angles, with a solid
piece of CH2 in place of the liquid deuterium target.

The experiment was performed at two incident pion
energies, T =228 and 294 MeV. Typical incident fluxes

FIG. 1. Schematic drawing of the experimental setup.

at these two energies were 6.5 and 8.0 MHZ. The in-
cident pions were detected by a scintillation counter
hodoscope S1 and a beam defining counter S2. The
hodoscope consisted of five scintillation strips
(0.2X1.0X10.0 cm ) and was placed 1.5 m upstream
from the target. The beam defining counter with a 3 cm
diameter hole in the center was operated as veto counter.
A beam event was defined by BEAM=S1.S2-rf where rf
is a radio frequency pickup signal from the accelerator.
For a continuous stability check of the position, shape,
and intensity of the pion beam, two types of monitors
were used: a 10 cm X 10 cm multiwire chamber as a beam
profile monitor and a set of scintillation counters
M1 —M3. The profile monitor with an integrating
readout was connected to an oscilloscope on which the X
and F profile of the beam was continuously displayed.
The scintillation counters M1 —M3 were arranged as a
triple counter telescope and viewed the hodoscope S1
from an angle above the scattering plane.

The liquid deuterium target cell was disc shaped, 2.S
cm thick, and 10.6 cm in diameter, oriented at 0 with
respect to the incident beam. Deuterium gas ballast
chambers on both sides of the cell separated the liquid
target from the vacuum. The 36 pm Mylar foils of the
target walls were prestretched. In a separate experiment
it was shown that the deformation of the foils due to hy-
drostatic pressure of the liquid deuterium was negligible.
The target cell could easily be evacuated in order to allow
for background measurements.

III. DATA REDUCTION

The first step in the data reduction procedure involved
making particle identification cuts in order to reduce
background from reactions such as ~+d~m+pn. This
was accomplished by constructing polygons around the
proton bands in two-dimensional histograms of time-of-
Aight (TOF) versus pulse height for each counter. Note
that a possibility of misidentification occurred for a few
lower energy pions which did not pass through counter
(b) as these could not be clearly distinguished from high
energy protons.

Next, the measured times-of-flight were corrected for
energy loss in the target and surrounding material, and
two-dimensional histograms of TOF& vs TOF2 were con-
structed. A typical plot is shown in Fig. 2 for the counter
combination (60', —45') at T =294 MeV. Also shown in
Fig. 2 are the kinematic loci along which particles from
the m. +d ~m. pp, ~+d ~ypp, and ~+d~a. +pn reactions
are expected to lie. An enhancement around the
vr+d~m. pp locus is evident. It must be noted, however,
that our TOF resolution is not good enough to separate
events from the m+2 ~ypp radiative absorption channel.
Although it is reasonable to expect the total cross section
for electromagnetic interactions to be smaller than the to-
tal cross section for strong interactions by two orders of
magnitude, this is not necessarily the case in the present
experiment, where we are measuring far away from quasi-
free kinematics. Nevertheless, we have assumed the radi-
ative absorption cross section to be negligible in the
present analysis.
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full and empty targets. The difference between full-target
and background runs is shown in Fig. 3(b). Events out-
side the region indicated by the two vertical lines were re-
jected from further analysis. Note that the difference
spectrum goes cleanly to zero to the right of the main

eak. The small peak to the left of the main one, which is
due to misidentified pions from the m. +d~m pn reac-
tion, is thus easily eliminated. Note also that the main
peak is slightly asymmetric and its width is somewhat
larger than our 1 ns timing resolution. This is due to the
fact that we have averaged the data over the full vertica
acceptance of the counters.

In the final step of the data reduction procedure, the
yield of protons in a given momentum bin was deter-
mined, and the triple differential cross section calculated
from

TOF, (ns)

FIG. 2. Density plot of TOFl vs TOF2 (measured with the
full target). The various lines represent kinematic loci along
which events from the indicated reactions would be expected to
lie.
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In Fig. 3(a) we show a histogram of the shortest dis-
tance (in ns) between measured TOF, and TOFz times
and the kinematic locus for the n+d +m pp rea—ction, for
both full-target and background runs. Positive values
correspond to measured events above or to the ri ht ofg
the locus, while negative values correspond to events
below or to the left. The slight mismatch at the ends of
the spectrum is due to the different energy losses in the

CT

dQ dQ dp

Yield

where Xb„ is the number of incident pions, Xtg) is the
number of deuterons per cm in the target, e is the
efficiency of the data acquisition system measured during
the experiment (0.7 —0.8), EQ and b, Q~ are the proton

Pl

solid angles (39.8 msr), and hp~ is the proton momentum

bin (20 MeV/c).
S stematic uncertainties in the measurement of the

cross section arise from uncertainties in the determina-
tion of the target thickness, in the solid angles of the
detectors, and in the incident beam intensity, as well as
effects associated with background subtraction. The
overall systematic error is estimated to be 15%, and is
not included in the statistical uncertainties presented in
the figures in the next section.

Note that there are some instances where there are two
values of p2 corresponding to a given value o p ~.f . Inall
cases, we have only taken one solution. In order to clari-
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FIG. 3. Distance of scattering events from the locus for the
m. +d~+ pp reaction for the angle pair (60, — )—45 ) at T =294
MeV. In (a), the dotted line represents data taken with an emp-

ty target, the solid line with the target full. The distribution in

(b) is the difference.

FIG. 4. Kinematics for all possible counter combinations in
the present experiment. The solid lines represent the range of
the calculations, and the points correspond to the momentum
bins for which data are presented.
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fy this point, and provide information for the discussion
in the next section, we show in Fig. 4 the full kinematics,
at T =294 MeV, for our counter configuration. The
solid line corresponds to the range of the calculations to
be presented, and the points to the momentum bins for
which we present data.

IV. THEORY

The theoretical predictions presented in the next sec-
tion are the results of a relativistic three-body Faddeev
calculation, using the spectator-on-mass-shell approxima-
tion, which has been described in detail in Ref. 20. The
same approach has been used with considerable success
in the calculation of the normal breakup (n.+d ~rr+pn)
reaction (see Ref. 5).

The spectator-on-mass-shell approach solves the rela-
tivistic version of the Faddeev equations by imposing the
condition that all the spectator particles in the initial,
final, and intermediate state be put on the mass shell, and

by introducing an isobar ansatz for the two-body ampli-
tudes (like the delta isobars corresponding to the pion-
nucleon P&3 channel shown in Fig. 5). The input of the

equations are the six S- and P-wave pion-nucleon chan-
nels S», S», P», P», P», and P33 and the nucleon-
nucleon channels 'So and S] D& ~ The two-body ampli-
tudes for the m.X channels are constructed directly from
the experimental phase shifts and are extrapolated off-
shell by multiplying by the monopole form factor
(p +po)/(p +p ) for the particle that is going off-shell,
where p is the magnitude of the ~X relative three
momentum, and the cutoff parameter p=600 MeVjc.
The nucleon-nucleon channels are constructed similarly
of separable form such that they would agree with the
bound-state solution of the Paris potential for the S, - D,
channel and the corresponding anti-bound-state solution
for the 'So channel. The integral equations are solved
along the real axis using the method of Pade approxi-
mants by integrating over the logarithmic singularities
and discontinuities of the kernels with a variable Gauss
mesh of between 34 and 54 points which gives solutions
with an estimated accuracy of —1%.

Pion deuteron elastic and inelastic scattering is de-
scribed by the operator

T T2 + T3

where the amplitudes T, are the solutions of the Faddeev
equations

(2)

and we have assumed that particle 1 is the pion and parti-
cles 2 and 3 the two nucleons. The elastic scattering am-
plitude is obtained by taking the matrix elements of the
operator (1) between initial and final deuteron wave func-
tions and plane-wave pions, that is,

(3)

r Vr+

I

The breakup and charge-exchange amplitudes are ob-
tained by taking the inatrix elements of the operator (1)
between initial deuteron wave function and plane-wave
pion and final nucleon-nucleon continuum wave function
and the corresponding plane-wave pion, that is,

x+
~++

(b)

FIG. 5. (a) Main diagrams contributing to the m+d~vr+pn
reaction. (b) Main diagrams contributing to the m. +d ~m. pp re-
action.

(4)

Thus, the elastic, breakup, and charge-exchange ampli-
tudes are described by the same operator T except that
the two nucleons in the final state are in one case in a
bound state and in the other two cases in continuum
states. The breakup and charge-exchange reactions differ
from each other only in the fact that they have different
isospin structure in the nucleon-nucleon Anal-state wave
function. Since the isospin of the deuteron is equal to 0,
the total isospin of the system is equal to 1, so that in the
case of the normal breakup reaction, the cross section is
the sum of two terms corresponding to the nucleon-
nucleon pair having isospin 0 and 1 ~ The charge-
exchange cross section, however, is given only by the
term with isospin 1. Thus, the dominant nucleon-
nucleon S& final-state interaction is forbidden in this
channel, and only the weak 'So final-state interaction
enters (the S& D, channel contribu-tes of course in the
intermediate states).



The operator T defined by Eqs. (1) and (2) can be writ-
ten in the multiple scattering from

T= t2 + t3 + t260t3 + t3 Got2 + (5)

V. RESULTS AND DISCUSSION

We present our results for all possible counter com-
binations at T =228 and 294 MeV in Figs. 6 and 7, re-
spectively. There were no counters positioned to measure
the combinations (20', —20') and (125', —125'), and the
proton momenta for the combinations (125', —60') and
(60', —125') were below our experimental thresholds.
Note that for two counter combinations, (45', —45') and
(60', —60'), the same cross section was measured twice,
and that a similar situation occurred for the combina-
tions (45', —60') and (60', —45'). In each case we had
two independent measurements of the same cross section.
In each case the data were in good agreement and the
plotted values represent the averages of the two measure-
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FIG. 6. Triple di8'erential cross sections obtained at T =228
MeV. The solid line represents the theoretical prediction from
Garcilazo (full calculation), the dotted line is the phase space,
and the dashed line is the impulse approximation.

so that in the case of the normal breakup, the single-
scattering terms t2 and t3 give rise to the first two graphs
of Fig. 5(a), the term t2Got3 to the third graph, etc. , if
one takes for the nucleon-nucleon continuum wave func-
tion only the plane-wave part. Notice that while both
proton and neutron diagrams contribute in lowest order
to the normal breakup, in the case of the charge-
exchange reaction depicted in Fig. 5(b) only the neutron
exchange graph contributes in lowest order. However,
since we are using the isospin formalism where the two
nucleons are identical particles, the amplitude for the
charge-exchange process is equal to &2 times the normal
breakup amplitude with the two nucleons in the isospin
one state. Thus, one still has to take both terms t~ and t3
since this ensures that the amplitude be correctly an-
tisymmetrized with respect to the exchange of the two
final protons as required by the Pauli principle, that is,
the graph arising from t3 is precisely the exchange graph
from t2. The same result holds of course to all orders.

dA~ dQ dp (2~) E E E 0

X 5(E E —E —E—)

with ITI set equal to 1.0 at 294 MeV and 3.0 at 228
MeV. It is evident that for many of the angle combina-
tions at larger proton momenta the data are described
equally well by the phase space and the full calculation,
indicating a constant matrix element. There are some ex-
ceptions, however. For the combination (60, —60'), for
example, the decrease of the data with increasing proton
momentum is described much better by the full calcula-
tion than by the smoothly increasing phase space. The
same is true to a lesser extent for the combination (20,—125').

For all of the angle combinations, the data show a
large increase for the largest proton momenta, which is
predicted by the full calculation. Although the phase
space also increases in this range, it actually drops right
at the end, and so the good agreement between the pre-
dictions and that data must be attributed to a genuine
physics effect.

The most significant differences between the full calcu-
lation and the phase space occur at the lowest proton mo-
menta, where the phase space is always decreasing while
the full calculation is generally rising. This rise must be
attributed to the increased importance of the quasifree
process, vr+n ~m. p2, with p, acting as a spectator at low
momenta. It is interesting to note that for the two angle
combinations (20', —60') and (20', —45') a similar situa-
tion occurs for large p, momenta. That is, the quasifree
process ~+n ~a p, with p2 acting as a spectator be-
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FIG. 7. Same as Fig. 6 for T =294 MeV.

ments. The solid lines in Figs. 6 and 7 represent the re-
sults of a full three-body Faddeev calculation from one of
us (H.G.). In general, there is remarkably good agree-
ment, considering that the calculations in fact constitute
predictions and have not in any way been scaled or ad-
justed to fit the data. The dotted lines in Figs. 6 and 7
represent the three-body phase space:
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comes important. The special kinematics for these two
angle combinations should be clear from inspection of
Fig. 4. It is evident from Figs. 6 and 7, however, that in

general the data rise even more quickly than the full cal-
culation in these momentum ranges. It is interesting to
speculate at this point whether the underprediction of the
data is caused by an underestimation of the strength of
the quasifree process, or whether it is caused by some in-
terference between the quasifree and higher-order contri-
butions. In order to shed some light on this question we
also show as the dashed line in Figs. 6 and 7 the results of
an impulse approximation, calculation, that is, the calcu-
lation with only the quasifree contribution, ignoring all
the higher-order terms. It is evident that for many angle
combinations, most notably (20', —125'), (45', —125'),
(60', —60'), and (125', —20'), there are significant
differences between the full calculation and the impulse
approximation, especially at larger proton momenta. In
these regions, the full calculation provides a better
description of the data, indicating the importance of
higher-order processes. At lower values of proton mo-
menta, however, closer to quasifree kinematics, there is
little difference between the full calculation and the im-

pulse approximation. It is thus still not evident why the
low momentum data are underpredicted. This may be
due to (i) the deuteron wave function used in the calcula-
tion (one may, for example, consider variations in the
inner part of the deuteron wave function like the ones
proposed by Certov, Mathelitsch, and Moravcski '), (ii)
neglecting higher-order contributions such as the residual
Nb, interaction proposed by Andrade, Ferreira, and
Dosch (arising, for example, from the exchange of a p
meson or from a direct n hb vertex), or (iii) effects of the
(a, 2m) reaction channel which is only partially included
in the present calculation through the m.-nucleon input.

The first two possibilities call for further theoretical in-
vestigation, while the last might possibly be addressed by
repeating the present experiment at a lower incident pion
energy, although it is evident from the present data that
there is no strong energy dependence in the measured re-
sults. Some notable differences are a sharper rise at 294
MeV than at 228 MeV at lower proton momenta for the
angle combinations (45', —20') and (60', —20'). The dip
at larger momenta for the angular combinations (20',
—125') and (60', —60') is much more pronounced at 228
MeV, and the similar dip for (45', —125') that is seen at
228 MeV is no longer apparent at 294 MeV. Finally, the
cross section for (125', —20') increases at 294 MeV, and
decreases at 228. These differences do not seem to be
well reproduced by the calculation. One interesting
difference in the calculations at the two energies lies in
the interference between the quasifree and higher-order
contributions. For the angle combinations (45', —45'),
for example, at lower proton momenta, the interference is
destructive at 228 MeV, and constructive at 294 MeV.

VI. SUMMARY AND OUTLOOK

0.5—

20' 45'
I

60'
I

—0.5-

0.5

I ~ I I
I

'
I

' I
I I ~ I

I '
I

—0.5

0.5

I ~ I . I

I '
I

'
I

—0.5
I ~ I ~ I

400
I ~ I

400 0

p, (MeV/c)

I

400

ly complete experiment at T„=228 and 294 MeV. The
two outgoing protons were detected in coincidence with
plastic scintillator detectors, and their momenta deter-
mined by time-of-flight. The data were compared with
predictions from the relativistic Faddeev calculation of
Garcilazo. In general, good agreement was found at both
incident pion energies. In the region of large proton mo-
menta, the full calculation provided a better description
of the data than the impulse approximation. At lower
proton momenta, closer to quasifree kinematics, the ex-
perimental values were much higher than the calcula-
tions. Although we have speculated on some possible
reasons for these discrepancies, more definite conclusions
must await further investigations.

There are a number of reasons why and in what way
this charge exchange reaction should be further investi-
gated. From the data presented in Figs. 6 and 7 one
recognizes a lower cutoff of the data near 200 MeV/c
proton momentum. This cutoff is essentially given by the
energy loss in the target. In order to extend the phase
space of the reaction to lower nucleon momenta one
would have to go to the charge symmetric reaction

d ~m nn. However, the advantage of a larger phase
space may be paid for by a lower counting rate due to
lower negative pion fluxes at the meson factories, and
lower detection efficiency for neutrons.

An important extension of the present experiment
would be the measurement of the analyzing power iT&

&
of

the triple differential cross section 0(8,8,p ) using a

vector polarized deuteron target. From our earlier stud-
ies of iT» in the md breakup, elastic scattering, and ab-
sorption reactions it is clear that this observable puts the
theory to a more severe test. Some typical predictions
from Garcilazo for iT„are shown in Fig. 8. Sizable
analyzing power is seen in some regions of phase space.

The m+d~m. pp reaction may also be interesting in
other respects. Since in the charge-exchange reaction
m+d ~~ pp and m. d ~m nn the dominant nucleon-

The triple differential cross section d o. /
dQ dO dp was measured for the ~+d~m pp reac-

tion as a function of proton momentum, in a kinematical-

FIG. 8. Predictions for the analyzing power iTll for some
proton-proton angle pairs. The solid line is for T„=294 MeV,
the dashed line for 228 MeV.
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nucleon S, final-state interaction is forbidden by the
Pauli principle, only the weak So final-state interaction
(see Ref. 5) and the pion-nucleon interactions enter, so
that these reactions may be very well suited to study the
quasi-two-body reactions a+d ~p 6+ and n. d ~n 6 in
order to isolate the effects of the residual short-range X-6
interaction.

The existence of dibaryon resonances is still an open
question (for a critical review see Ref. 23). There is gen-
eral consensus that the most reliable way to discover such
exotics would be to detect narrow structures in the exci-
tation function of invariant mass distributions. Recently,
a narrow enhancement in the pp invariant mass distribu-
tion (I & 5 MeV/c ) has been observed at 2.014 GeV/c
in the yd~~ pp reaction. The significance of this
enhancement is 4.7 standard deviations. Although the lo-

cation of this structure is close to the total (pprr ) mass,
and therefore some threshold effects cannot be ruled out,
the narrow width may be indicative of a dibaryon signal.
This result should be confirmed by an independent exper-
iment, e.g. , the study of the m+d ~m pp reaction in that
pp mass range.
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