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The charge-exchange break-up of polarised deuterons �dp → {pp}sn, where the final {pp}s diproton system
has a very low excitation energy and hence is mainly in the 1 S0 state, is a powerful tool to probe the
spin-flip terms in the proton–neutron charge-exchange scattering. Recent measurements with the ANKE
spectrometer at the COSY storage ring at 1.6, 1.8, and 2.27 GeV have extended these studies into the
pion-production regime in order to investigate the mechanism for the excitation of the �(1232) isobar
in the �dp → {pp}s X reaction. Values of the differential cross section and two deuteron tensor analysing
powers, Axx and A yy , have been extracted as functions of the momentum transfer to the diproton or the
invariant mass M X of the unobserved system X . The unpolarised cross section in the high M X region
is well described in a model that includes only direct excitation of the � isobar through undistorted
one pion exchange. However, the cross section is grossly underestimated for low M X , even when �

excitation in the projectile deuteron is included in the calculation. Furthermore, direct � production
through one pion exchange only reproduces the angular dependence of the difference between the two
tensor analysing powers.

© 2013 Elsevier B.V. All rights reserved.
It was pointed out many years ago that quasi-free (p,n) or
(n, p) reactions on the deuteron can, in suitable kinematic regions,
act as a spin filter that selects the spin-dependent contribution to
the neutron–proton elastic charge-exchange cross section [1]. The
comparison of this reaction with free backward elastic scattering
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on a nucleon target provides information on the neutron–proton
backward elastic scattering amplitudes. This field has been com-
prehensively surveyed in Ref. [2].

Theory suggests that even more detailed information on the
np charge-exchange amplitudes could be obtained by measuring
the charge-exchange break-up of tensor polarised deuterons, �dp →
{pp}s X [3]. By selecting two final protons with low excitation en-
ergy, typically E pp < 3 MeV, the emerging diproton is dominantly
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Fig. 1. The one-pion-exchange contribution to �(1232) production in the deuteron
charge-exchange break-up reaction. (a) The direct (D) term. (b) The exchange (E)
term.

in the 1 S0 state. The reaction then involves a spin flip from the ini-
tial spin triplet of the deuteron to the spin singlet of the S-wave
diproton. In the well-studied neutron case, X = n, the amplitude in
impulse approximation is proportional to that in np → pn, times a
form factor that reflects the overlap of the initial deuteron and fi-
nal diproton wave functions. This approach describes quantitatively
a range of measurements of the differential cross section, tensor
and vector analysing powers, and spin correlation coefficients in
the dp → {pp}sn reaction provided that the contamination of P -
and higher partial waves in the final pp system is taken into ac-
count [4].

The ANKE-COSY Collaboration has carried out a series of exper-
iments to deduce the energy dependence of the spin-dependent
np elastic amplitudes by identifying the neutron channel in the
�dp → {pp}sn reaction [5]. However, the same experimental data
clearly show the possibility of extending these studies into the
pion-production regime in order to investigate the excitation of the
�(1232) isobar.

It was first demonstrated at SATURNE that the �(1232) can in-
deed be produced in the �dp → {pp}s�

0 charge-exchange reaction
at a deuteron beam energy Td = 2.0 GeV [6–8]. In analogy to the
final neutron case, it is expected that the highly inelastic deuteron
charge-exchange measurements correspond to a spin transfer from
the initial neutron to final proton in the �np → �p�0 process with a
spectator proton. This would give valuable information on the spin
structure in the excitation of the � isobar.

Unlike the case of nucleon–nucleon elastic scattering, however,
there is no reliable amplitude analysis of the data on �(1232) pro-
duction in the N N → N� reaction. The one-pion-exchange (OPE)
model is quite successful in describing the unpolarised cross sec-
tion of the pp → �++n reaction as shown, for example, in Ref. [9].
The model contains direct (D) and exchange (E) terms which, when
applied to the dp → {pp}s Nπ reaction, correspond to the diagrams
in Figs. 1(a) and (b), respectively. It should be noted that in im-
pulse approximation the direct diagram contains the same triangle
loop as in the dp → {pp}sn reaction, i.e., the same d → {pp}s form
factors.

Measurements have been carried out at the COoler SYnchrotron
(COSY) [10] of the Forschungszentrum Jülich using transversely
polarised deuteron beams with energies Td = 1.2,1.6,1.8, and
2.27 GeV incident on an unpolarised hydrogen cluster-jet tar-
get [11]. Several configurations of the deuterium polarised ion
source were used. In order to carry out beam polarimetry mea-
surements, COSY was programmed to provide beam first at
1.2 GeV, where the analysing powers for several reactions are
precisely known [12]. Without additional injection, the deuterons
were then accelerated to one of the higher energies. Since there
are no depolarising resonances for deuterons in the COSY energy
range, the beam polarisations should be identical at 1.2 GeV and
the higher energy. This was checked at the 4% level by repeating
the measurement of the analysing powers after deceleration [13].

Two of the reactions observed are important for the present
discussion, namely the deuteron charge-exchange dp → {pp}s X
and the quasi-free dp → pspec dπ0, where the spectator proton,
pspec, has a momentum about half that of the beam. After record-
ing two charged particles, proton–proton and deuteron–proton
pairs were subsequently separated using the differences between
the arrival times of the two particles at the detector. Once the two
charged particles have been recognised, the missing-mass distribu-
tions allow the reactions to be identified. A detailed description of
the procedure for distinguishing different reactions, as well as the
description of the ANKE magnetic spectrometer [14], can be found
in Refs. [5,13]

In addition to displaying a well-separated neutron peak, the
experimental dp → {pp}s X missing-mass spectra also show a lot
of strength at higher M X that must be associated with pion pro-
duction. The analysis of these data for both the differential cross
section and deuteron tensor analysing powers is similar to that for
�dp → {pp}sn, whose results have already been reported in some
detail [5]. Greater emphasis in this Letter will therefore be given
to the results rather than the procedures.

Values of the absolute luminosity are required in order to ex-
tract normalised cross sections. In this experiment these were ob-
tained by measuring simultaneously the quasi-free np → dπ0 reac-
tion. The cross section for producing this final state is smaller than
that for pp → dπ+ by an isospin factor of two. There are extensive
measurements of the latter reaction and these have been included
in the amplitude analysis of the SAID group [15]. An additional
advantage of using quasi-free pion production for normalisation
is that the effect of the shadowing in the deuteron largely can-
cels out between the dp → {pp}s X and dp → pspec dπ0 reactions,
where pspec is a spectator proton. Furthermore, in both cases two
fast hadrons have to be detected so that there is less influence
from any acceptance uncertainties.

The count rates of the dp → pspec dπ0 reaction were corrected
for the track reconstruction and proportional chamber efficiencies
and the dead time of the data acquisition system. Monte Carlo sim-
ulations were performed at the three higher energies to take into
account the effects of the ANKE acceptance on the experimental
data. More details on the luminosity determination are to be found
in Ref. [5].

Monte Carlo simulations were performed at these three ener-
gies in order to evaluate the ANKE acceptance also for the dp →
{pp}s X reaction. Events were generated according to the simple
one-pion exchange mechanism of Fig. 1(a). By dividing the num-
bers of reconstructed events by the total, two-dimensional accep-
tance maps were obtained in θpp and M X . The maximum value of
the diproton polar angle θpp changes slightly with energy and M X ,
reaching 4.5◦ in the laboratory system. In order to avoid poten-
tially unsafe regions, where the acceptance drops very rapidly, the
cut θpp < 3◦ was applied at all energies, in both the simulation and
analysis. The strong S-wave final-state interaction (FSI) between
the two measured protons was taken into account according to
the Migdal–Watson approach [16,17], using the pp 1 S0 scattering
amplitude [18].

Since direct production of the � isobar necessarily involves rel-
atively high momentum transfers, a P -wave contribution in the pp
final state is non-negligible. This effect is clearly observed in the
comparison between the uncorrected experimental and simulated
E pp distributions for all events shown in Fig. 2. The S-wave term
falls well below the data for E pp > 1 MeV. Any FSI will be much
weaker in the P -waves, so that the weight for this contribution is
proportional to the square of the pp relative momentum, i.e., the
diproton excitation energy. By fitting the coefficients of the two
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Fig. 2. Experimental (red dots) and simulated E pp distributions, summed over all
three beam energies. The simulation of the S-wave contribution (magenta stars)
includes a Migdal–Watson factor [16,17]. The fitted value of the non-interacting
P -wave (green squares) corresponds to a total contribution of 15% over this E pp

range. The overall simulation is shown by blue triangles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this Letter.)

known shapes together, it was found that for all beam energies
the P -wave contribution is about 15% of the total event rate when
summed over the region 0 < E pp < 3 MeV.

The resulting dp → {pp}s X missing-mass cross sections are
shown in Fig. 3 for E pp < 3 MeV. In the mass range accessible
at COSY, single pion production is dominated by the formation
and decay of the �(1232) isobar. It is therefore reassuring that
the spectra at all three beam energies are maximal for M X ≈
1.2 GeV/c2. The evaluation of the isobar contribution to such spec-
tra must depend on a theoretical model, to which we now turn.

Expressions for the two-dimensional cross section for the direct
� production are given explicitly in Ref. [9]. The resulting one-
dimensional cross section can be written as:

dσ

dM X
= 1

128π3mK 2s

t2∫
t1

dt

kmax∫
0

k2 dk ρ(M X )|M f i|2, (1)

where M f i is the dp → {pp}s�
0 transition matrix element and

M X is the �0 invariant mass. Here m is the proton mass, K the
incident c.m. momentum, s the square of the c.m. energy, and k
the internal momentum in the final diproton. In the ANKE ex-
periment the maximum value kmax is fixed by the cut in the
excitation energy E pp = k2/m < 3 MeV. The integration over the
four-momentum transfer t in Eq. (1) corresponds to the interval in
the diproton polar angle in the laboratory system 0◦ < θlab < 3◦ .

The spectral function ρ(M X ) in Eq. (1), which accounts for the
finite width of the �-isobar, has the form [19]

ρ(M X ) = 1

π
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function. The width of the �-isobar is
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with the following parameters: M� = 1.232 GeV/c2, Γ0 = 0.115
GeV/c2, and κ = 0.180 GeV/c [20].
Fig. 3. Unpolarised differential cross section for the dp → {pp}s X reaction with
E pp < 3 MeV for M X > MN + Mπ at three deuteron beam energies. The data are
summed over the interval 0 < θlab < 3◦ in the diproton laboratory polar angle. Only
statistical errors are shown; the overall normalisation uncertainties are less than 7%.
The solid (red) curves correspond to the one-pion-exchange predictions for the di-
rect mechanism of Fig. 1(a). The dashed (blue) lines show the contribution of the
exchange mechanism (E) of Fig. 1(b). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this Letter.)

If we consider only the 1 S0 final pp state, the spin-average
square of the one-pion-exchange transition matrix element in im-
pulse approximation is

|M f i|2 = 1

6

[(M X − m)2 − t][(M X + m)2 − t]2

(t − m2
π )23M2

X

×
[
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mπ

f ∗
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8
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2

3
F 2
π (t)

√
Z
(
M2

X , t
)

F
(
t,k2)]2

q2,

(5)

where �q is the total three-momentum transfer. The d → {pp}s tran-
sition form factor F (t,k2), which includes the effects of the S-
and D-states in the deuteron [3], has been evaluated using the
CD Bonn N N interaction [21] for both the deuteron and the pp
S-wave scattering state. The π N N and π N� coupling constants
used are fπ = 1.0 and f ∗ = 2.15, respectively, and a form factor
Fπ (t) = (Λ2

π −m2
π )/(Λ2

π − t) has been introduced at both vertices.
The size of the cut-off parameter Λπ in the form factors affects

the absolute values of the cross section predictions shown in Fig. 3.
The value chosen here, Λπ = 0.5 GeV/c, gives a good description
of the magnitude of the cross section at high M X for all three
beam energies. Its value is less than the Λπ = 0.63 GeV/c found
from a one-pion-exchange fit to inclusive pp → �++n results [9],
but it agrees well with Λπ = 0.5 GeV/c obtained from exclusive
pp → pnπ+ data [20].

The simple direct one-pion-exchange model for the np → p�0

amplitude describes well the data in Fig. 3 at high M X , though
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it must be stressed that this calculation neglects the 15% P -state
contribution shown in Fig. 2. However, the approach underesti-
mates enormously the low mass results. This failure must be more
general than the specific implementation of the model because the
� is a p-wave pion–nucleon resonance. There can therefore be lit-
tle strength at low M X and this suggests that one should search
for other mechanisms that might dominate near the π N thresh-
old.

Exactly the same problem for the cross section in our angu-
lar domain was noted in the pioneering SATURNE experiment [6],
where one pion exchange was only successful at high M X . To in-
vestigate this further, the authors compared the small-angle hy-
drogen target data, p(d, pp)X , with quasi-free production in deu-
terium, d(d, pp)X . From this it is clear that the excess of events at
low M X is mainly to be associated with isospin I = 1

2 π N pairs
rather than the I = 3

2 of direct � production [8].
It is easy to exclude the culprit being s-wave N∗ resonance

contributions to direct production. To get a rough estimate of the
possible effects, the p-wave one-pion-exchange model predictions
were modified as:

(
dσ

dm

)
s
≈

(
dσ

dm

)
p
× 2σ(S11) + σ(S31)

σ (P33)
× p2

0

p2
, (6)

where σ(S11), σ(S31), and σ(P33) are the π N elastic cross sec-
tions in the three partial waves noted, and p0 and p are the
momenta of the final and intermediate pion, respectively. Such an
estimate indicates only a very tiny extra strength at low M X and
this would have to be increased by several orders of magnitude
in order to agree with the experimental data. One must therefore
seek an alternative explanation to direct isobar production to de-
scribe the data.

There are some similarities between the dp → {pp}s X reac-
tion and the inclusive dp → dX [22] or αp → αX [23] measure-
ments that were dedicated to the search for the excitation of the
N∗(1440) Roper resonance. Due to conservation laws, the isospin
of the unobserved state X in these cases must be I = 1

2 but this
does not necessarily correspond to an N∗ resonance. In fact the
largest strength in the data is seen at very low values of M X , with
only a small enhancement arising from the N∗(1440). The domi-
nant effect is believed to be associated with the excitation of the
�(1232) isobar inside the projectile deuteron or α-particle [24,
25]. Although the mechanism is driven by the �(1232), the pion
and nucleon that make up the state X are produced at different
vertices and so X is not required to be in a p-wave and to have
isospin I = 3

2 .
The exchange diagram E for the dp → {pp}s X reaction is shown

in Fig. 1(b). However, a preliminary investigation of this mech-
anism reported in Fig. 3 suggests that, although it can provide
strength at low M X , the overall magnitude is still far too small
to provide an adequate description of the data in this region [26].
The relative reduction compared to the dp → dX or αp → αX cal-
culations [24,25] arises primarily from the spin-flip that is inherent
in the d → {pp}s transition. We therefore turn to the measurement
of the tensor analysing powers for more information.

In the data analysis, we define the z-axis to lie along the beam
direction and the y-axis, which is along the upward normal to the
COSY plane, is also the stable spin axis. The x-axis is then de-
fined by x̂ = ŷ × ẑ. The three-momentum transfer can be usefully
split into longitudinal qz and transverse parts qt , so that in general
q = (qt cosφ,qt sin φ,qz), where we have introduced the azimuthal
angle φ with respect to the x-direction. The longitudinal compo-
nent of the momentum transfer may be written in terms of qt and
the missing mass M X .
When only the tensor polarisation is considered, the numbers
N(qt , M X , φ) of diprotons detected as a function of qt , M X , and φ

are given in terms of the beam polarisation P zz by1

N(qt, M X , φ)

N0(qt, M X )
= Cn

{
1 + 1

2
P zz

[
Axx(qt, M X ) sin2 φ

+ A yy(qt, M X ) cos2 φ
]}

. (7)

The value of Cn , the luminosity of the polarised relative to the un-
polarised beam, was determined through measurements of single
fast spectator protons [5]. Eq. (7) can be used at the calibration en-
ergy 1.2 GeV to determine the beam polarisation and at the higher
energies of 1.6, 1.8, and 2.27 GeV to extract the tensor analysing
powers of the �dp → {pp}sn and �dp → {pp}s X reactions. Details on
the count-rate calibration and the procedure for the beam polari-
sation determination are to be found in Ref. [13].

Due to limited statistics, it was not possible to measure Axx

and A yy as functions of two variables. Data were binned instead
in either M X or in qt , summing over the full range of the other
variable. Since the acceptance is also a function of two variables, in
such a procedure the acceptance will influence the measurements
of the analysing powers. In order to minimise such effects in the
analysis, the polarised and unpolarised data were weighted with
the inverse of the two-dimensional acceptance that was evaluated
for the extraction of the unpolarised cross section.

The possible existence of two mass regions, where different
mechanisms might dominate, is also reflected in the behaviour
of the tensor analysing power shown in Fig. 4. After summing
the data over the momentum transfer, the sum and difference of
the deuteron Cartesian tensor analysing powers Axx and A yy are
presented as functions of the missing mass M X . [These combina-
tions are proportional to the spherical tensor components T20 and
T22, respectively.] No significant changes in the results were found
when considering the stronger cut E pp < 2 MeV, which might re-
duce any dilution of the analysing power signals by the P -waves
apparent in Fig. 2.

It is interesting to note that the deviation of Axx + A yy from
zero is largest at M X ≈ 1.15 GeV/c2, which is precisely the region
where there is the biggest disagreement with the cross section
predictions of Fig. 3. Furthermore, the values of Axx + A yy seem
to be remarkably stable, showing a behaviour that is independent
of beam energy. Hence, whatever the mechanism is that drives the
reaction, it seems to be similar at all energies. The error bars on
Axx − A yy are larger since in this case, according to Eq. (7), the
slope in cos 2φ has to be extracted from the data. As a conse-
quence it is harder to draw as firm conclusions on the analysing
power differences.

The SPESIV spectrometer at SATURNE had high resolution but
very small angular acceptance. The Td = 2 GeV data were there-
fore taken at discrete values in the laboratory diproton produc-
tion angle, typically in steps of ≈ 2◦ . The limited acceptance also
meant that only a linear combination of Axx and A yy (the “po-
larisation response”) could be determined and it was only at the
larger angles that this approached a pure A yy measurement. The
ANKE data have been analysed in much finer angular bins but the
M X distribution in the � region of the cross section and polar-
isation response is quite similar to that measured at SATURNE at
θlab = 2.1◦ [6,8], which is in the middle of the ANKE angular range.

Although the direct � production model of Fig. 1(a) fails to de-
scribe the differential cross section data of Fig. 3 near the pion

1 The z subscript here refers conventionally to the axis in the source frame. In
the COSY frame this becomes the y-axis.
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Fig. 4. The sum and difference of the Cartesian tensor analysing powers for the
�dp → {pp}s X reaction with E pp < 3 MeV at three different beam energies. The data
are corrected for the detector acceptance and summed over the range 0◦ < θlab < 3◦
in diproton laboratory polar angle. Though the error bars are dominantly statistical,
they include also the uncertainties from the beam polarisation and relative lumi-
nosity Cn . In addition, there is an overall uncertainty of up to 4% due to the use of
the polarisation export technique [13].

production threshold, the situation is much more satisfactory at
high M X . To investigate this region further, the data have been
summed over the range 1.19 < M X < 1.35 GeV/c2 and the tensor
analysing powers Axx and A yy evaluated as functions of the trans-
verse momentum transfer qt . The results at the three energies are
shown in Fig. 5.

Within the experimental uncertainties, the values of both Axx

and A yy at fixed qt seem to be largely independent of the beam
energy. This is consistent with a similar feature found for the data
at fixed M X shown in Fig. 4. This suggests that there is a common
reaction mechanism at all three energies. Another important point
to note is that the signs of Axx and A yy are opposite to those mea-
sured in the �dp → {pp}sn reaction [5] though, unlike the neutron
channel case, they tend to be very small at qt ≈ 0.

Estimates for the �dp → {pp}s�
0 analysing powers can be eas-

ily made for the direct one-pion-exchange production amplitude of
Fig. 1(a). In the non-relativistic limit this gives

M f i ∼ qπ · �+ϕp F
(
t,k2)q · ε, (8)

where � is the vector-spinor of the �-isobar, qπ is the three-
momentum of the virtual pion in the �-isobar rest frame, ϕp is
the spinor of the initial proton, and ε represents the polarisation
vector of the deuteron.

It follows from the q · ε factor of Eq. (8) that only deuterons
with magnetic quantum number M = 0, when quantised along the
direction of the three-momentum transfer q, can lead to � pro-
duction in the one-pion-exchange model. Due to the �–p mass
difference, qz is non-zero in the forward direction and q then lies
along the beam direction, so that in this limit Axx = A yy = 1.
Fig. 5. Acceptance-corrected tensor analysing powers Axx and A yy of the �dp →
{pp}s X reaction with E pp < 3 MeV at three deuteron beam energies as a func-
tion of the transverse momentum transfer qt . Only high mass data (1.19 < M X <

1.35 GeV/c2) are considered. Note that in the forward direction, qt = 0 and Axx =
A yy . Though the error bars are dominantly statistical, they include also the uncer-
tainties from the beam polarisation and relative luminosity Cn . In addition, there is
an overall uncertainty of up to 4% due to the use of the polarisation export tech-
nique. The one-pion-exchange predictions are shown by the blue dashed line for
A yy and red solid for Axx . (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

For an arbitrary production angle, the tensor analysing powers
become

Axx = 1 − 3q2
t /q2 and A yy = 1. (9)

Since the longitudinal momentum transfer depends upon the mass
distribution of the �, Axx can only be estimated by integrating
numerically over the spectral shape. However, as can be seen from
Fig. 5, neither of the resulting predictions agrees even qualitatively
with the experimental data, which show very small analysing pow-
ers for qt ≈ 0. Nevertheless, if one looks instead at the combina-
tion Axx − A yy it seems the one-pion-exchange model does give
a plausible description of the data. In particular it predicts that
A yy > Axx for � production.

To illustrate this in greater detail, we show in Fig. 6 the sim-
ple average over the three beam energies of the experimental data
and the one-pion-exchange predictions for the spherical analysing
power T22 = (Axx − A yy)/2

√
3. Combining the energies in this way

to improve the statistics is reasonable because of the similarities
shown by the three sets of data in Fig. 5.

� production will also be studied in inverse kinematics with a
polarised proton beam incident on a polarised deuterium gas cell,
�p�d → {pp}s X [27], where the two slow protons will be detected
in silicon tracking telescopes [28]. This will allow the studies re-
ported here to be continued up to the maximum COSY proton
energy of T p ≈ 2.9 GeV. A particularly intriguing possibility is the
measurement in coincidence of a proton or π− constituent from
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Fig. 6. Spherical tensor analysing power T22 = (Axx − A yy)/2
√

3 for the �dp →
{pp}s X reaction with E pp < 3 MeV, averaged over the three beam energies studied.
Though the error bars are dominantly statistical, they include also the uncertain-
ties from the beam polarisation and relative luminosity Cn . In addition, there is an
overall uncertainty of up to 4% due to the use of the polarisation export technique.
When the same approach is applied to the predictions of the simple one-pion-
exchange model of Fig. 1(a), the good agreement shown by the curve is achieved.

the state X . This would give access to the tensor polarisation of X
which must, of course, vanish for an s-wave pion–nucleon system.
This would therefore provide another tool to separate the s- and
p-wave components of the system X .

In summary, we have measured the differential cross section
and two tensor analysing powers Axx and A yy in the highly in-
elastic deuteron charge-exchange �dp → {pp}s X reaction, where the
effective mass M X of the state X indicates that pion production is
involved. The high M X part of the cross section data at all three
beam energies studied is well reproduced by a simple one-pion-
exchange model. However, though this model fails to reproduce
the measured values of Axx and A yy , the description of A yy − Axx

as a function of qt shown in Fig. 6 is unexpectedly and perhaps
fortuitously good.

In addition to a possible direct �0(1232) peak, there is a sur-
prising amount of production in the s-wave π N region. Attempts
to explain this in terms of � excitation in the projectile deuteron
give much too low cross sections. Strength in this region could also
arise from higher-order diagrams involving a �N residual inter-
action [29], which have been neglected here. Although the other
observables that will be measured may cast more light on the
reaction mechanism, further theoretical work is needed in order
that these data may be reliably related to the �np → �p�0 reac-
tion.
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