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Abstract. The exclusive 2H(3He, t)2p reaction has been studied at 2 GeV for energy transfers up to
500 MeV and triton angles up to 3.4◦. The protons were measured in the large acceptance magnetic
detector DIOGENE, in coincidence with the forward tritons detected in a dedicated magnetic arm. The
energy transfer spectra extend well above the pion threshold. However, in the region of ∆ excitation, the
yield is less than 10% of the inclusive 2H(3He, t) cross-section, which indicates the small contribution
of the ∆N → NN process. The angular distributions of the two protons in their center of mass have
been analysed as a function of energy transfer and triton angle and a Legendre polynomial decomposition
has been achieved. These data have been compared to a model based on a coupled-channel approach for
describing the NN and N∆ systems.

PACS. 25.55.Kr Charge-exchange reactions – 14.20.Gk Baryon resonances with S = 0 – 24.10.Eq Coupled-
channel and distorted-wave models

1 Introduction

Excitation and decay of the ∆-resonance in nuclei have
been studied intensively at Laboratoire National Satur-
ne using the (3He, t) reaction at 2 GeV [1–7]. Other in-
clusive and exclusive charge exchange experiments and
some polarisation measurements have also been per-
formed at SATURNE, KEK, LAMPF, Gatchina or Dub-
na using (p, n) [8–11], (d, 2p) [12], (3He, t) [13],
(t, 3He) [14] and heavy-ion reactions [15,16]. These charge
exchange experiments have brought information on the
∆-N interaction complementary to the one extracted in
pion- or photon-induced experiments. Such reactions in-
volve indeed both a spin-longitudinal (pion-like) and a
spin-transverse (ρ-meson-like or photon-like) excitation
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and investigate the nuclear response in the space-like re-
gion (ω < q), while pion-induced reactions are purely lon-
gitudinal probes along the lines ω2−q2 = m2

π and photon-
induced reactions purely transverse probes along the line
ω = q.

Theoretical models have been developed to describe
the energy transfer spectra for the inclusive (3He, t) and
(p, n) reactions as well as for the different decay chan-
nels measured in the exclusive experiments [17–22]. In the
∆-hole model [21], the role of the spin-longitudinal and
spin-transverse excitations has been studied in detail.

On the one hand, the longitudinal component extrac-
ted from the 12C(p,n) polarisation measurements in the
∆ region [10] is fairly well reproduced by the model, and so
is the coherent pion production measured in the exclusive
experiments [5,21], which is mainly due to the longitudi-
nal excitation. In the ∆-hole model, the nuclear response
induced by this part of the interaction is found to be very
sensitive to the attractive spin-longitudinal ∆-hole corre-
lations, confirming earlier predictions [23,24].
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On the other hand, the transverse component is un-
derestimated by the model in the low-energy part of the
resonance and in the dip region lying between the quasi-
elastic peak and the ∆ bump. An excess of transverse
cross-section is also found in the quasi-elastic region for
the 12C(p, n) reaction [25], whereas a DWIA calculation
with a π + ρ + g′ residual interaction is able to repro-
duce the longitudinal response. The role of 2p-2h correla-
tions [26] and meson exchange currents [27] is advocated,
but this excess of cross-section in the transverse channel
is not yet quantitatively reproduced.

The deuterium target is a much simpler case where the
roles of the ∆-N interaction and meson-exchange currents
can be investigated alone and where more complete cal-
culations are practicable. A theoretical calculation of the
2H(p, n) reaction has been proposed by Ch. Mosbacher
and F. Osterfeld [28] and then extended to 2H(3He, t) [29].
Based on a coupled-channel approach to describe the in-
termediate ∆-N or NN system in a non-relativistic frame-
work, this model allows a calculation of the energy transfer
spectra in the quasi-elastic, dip and ∆ regions as well as
in the different exit channels (πd, πNN, NN). An overall
successful description of the total-energy transfer spectra
measured at LAMPF in the 2H(p, n) reaction [28] and
at SATURNE in the 2H(3He, t) reaction [29] is obtained
both in the quasi-elastic and ∆ regions. However, like in
the case of 12C, the model fails to describe the dip region
at the largest scattering angles and the low-energy side
of the resonance. From the comparison with the 2H(p,n)
polarisation measurements [30], the discrepancy in the dip
region could be again assigned to the transverse compo-
nent. This was interpreted by the authors as an effect of
two-body meson-exchange currents and related to the sig-
nificant effect of such processes in (e,e′) reactions [31]. On
the low-energy side of the resonance, the discrepancy is at-
tributed to ∆ excitation in the projectile. A long time ago,
E. Oset et al. developed a quite different model including
both excitation of the ∆-resonance in the projectile and
in the target [17,32] and were able to reproduce rather
well the 2H(3He, t) energy transfer spectrum at 0◦. The
contribution of ∆ excitation in the projectile was about
30% of the total and the contribution of target excitation
was much smaller than in the model by Mosbacher et al.

Exclusive 2H(3He, t)2p data can be useful in this con-
text. First, if a ∆ is excited in the projectile and a triton
is detected, the energy has to be carried by a pion, so this
process is not contributing in the 2H(3He, t)2p reaction.
In this reaction, the spin-longitudinal and spin-transverse
excitations are not separated. However, the angular distri-
butions of the protons might be sensitive to the spin struc-
ture of the excitation and the comparison to the coupled-
channel model may shed some light on the origin of the
discrepancy observed in the transverse channel. Above the
pion threshold, where the ∆-resonance dominates the in-
clusive cross-section, the 2H(3He, t)2p data are expected
to give direct information on the ∆N → NN transition.
This transition is of high interest for the understanding of
the behaviour of ∆’s in nuclear matter, since it is the dom-
inant decay channel at small energy transfers [5,6]. The

2H(3He, t)2p data can therefore serve as a testing bench
for calculations of the decay modes of the ∆-resonance in
nuclei. Previously, the p(d, pp)n reaction had been studied
at 1 GeV at Dubna in a bubble chamber experiment. A
contribution from the ∆-resonance had been clearly iden-
tified and its yield was found in agreement with calcu-
lations in the one-pion exchange approximation [33,34],
but the statistics was too low to study the proton angular
distributions in the ∆-resonance region.

In this paper, the data obtained for the 2H(3He, t)2p
reaction at 2 GeV measured at Laboratoire National Sat-
urne with the DIOGENE detector are presented and com-
pared with the predictions of the coupled-channel model.
Section 2 is devoted to the description of the experimental
conditions and sect. 3 to the details of the data analysis.
In sect. 4, we discuss the experimental results. The ingre-
dients of the model, its results and the comparison to the
data are presented in sect. 5.

2 Experimental conditions

2.1 Experimental set-up

The 2 GeV incident energy 3He beam was provided by the
MIMAS-SATURNE accelerators of the Laboratoire Na-
tional Saturne at Saclay. The experimental set-up (fig. 1)
consisted of a liquid-deuterium target and two main detec-
tion components: a large acceptance detector (DIOGENE)
located around the target, detecting pions and protons
produced in the reaction and a magnetic dipole (CHA-
LUT) analysing forward emitted tritons. The acquisition
system was triggered by the detection of a triton.

The liquid 2H target was a 20 cm long and 5.4 cm in
diameter cylinder with mylar walls, a titanium back win-
dow and a mylar front window, 120 µm, 28 µm and 120 µm
thick, respectively [35]. Pipes used to fill and empty the
target with liquid 2H were inserted in a 3 cm wide and
12 mm thick copper ring surrounding the target and cen-
tered 3 cm downstream from the back window. The target
center was located 20 cm upstream from the DIOGENE
center, in order to improve the acceptance at small angles.

DIOGENE was a pictorial drift chamber consisting of
a 80 cm long barrel housing 10 trapezoidal drift cham-
bers arranged around the beam pipe. The whole assembly
was put in a 1.0 T longitudinal magnetic field. A com-
plete description of the DIOGENE detector can be found
in ref. [36]. We concentrate here only on the main features.
In each drift chamber, 16 resistive anode wires parallel to
the beam axis were used to measure the drift times and the
charges collected at both ends of the wires. Particle iden-
tification and momentum vector reconstruction were then
achieved with the data analysis program RATRADI [36]
modified for extended targets [37]. A 2·105/s incident par-
ticle rate was chosen to limit space charge effects in the
drift cells.

The triton detection arm consisted of the magnetic
dipole analyser CHALUT operated at 1.9 T, and two iden-
tical four-layer drift chambers CH1 and CH2, followed
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Fig. 1. Experimental set-up.

by scintillator hodoscopes H1 and H2, respectively. The
H1 and H2 hodoscopes consisted of twelve scintillators,
2 mm and 10 mm thick, respectively. A coincidence be-
tween corresponding scintillators of each plane triggered
the electronics. This condition and the geometry of the
hodoscope were accurately tuned in order to select parti-
cles with p/Z larger than 3.1 GeV/c, which corresponded
for the (3He, t) reaction to energy transfers lower than
600 MeV. The rejection of low-momentum particles was
necessary due to the high number of deuterons coming
from the 3He beam break-up on the target, with a very
broad momentum distribution peaked at two thirds of the
beam momentum (i.e. 2.6 GeV/c). The 3He beam was di-
rected through a vacuum pipe to a beam dump located
at the farthest downstream end of the spectrometer. Two
helium bags were inserted between the magnet and the
first chamber and between the two chambers in order to
reduce multiple scattering.

2.2 Acceptance and resolutions

In order to ensure good resolution on the track reconstruc-
tion and good discrimination of pions and protons emitted
from any point of the target, the polar angle range was
restricted to the interval [20◦, 132◦]. The energy loss of
the protons in the target and carbon fiber beam pipe set
an angle-dependent energy threshold. It had a minimum
value of 29 MeV for particles emitted at 90◦ and reached
33 MeV at 130◦ and 52 MeV at 20◦.

Momentum resolution (FWHM) for the protons in the
DIOGENE detector was 20% on average; polar and az-
imuthal angles were measured with a precision of about
4.5◦. Multiple scattering in the gas was the main contri-
bution to the error on proton momenta and polar angles,
for proton momenta lower than 500 MeV/c. Above this
value, the uncertainty due to the determination of the
transverse (respectively, longitudinal) coordinates became
important for the determination of the errors on the mo-
mentum (respectively, polar angles), especially at forward
and backward angles where fewer wires were hit. Even-
tually, the error on the azimuthal angle was dominated
by the multiple scattering in the target and in the 2 mm
thick carbon fiber vacuum tube. The intersection point be-
tween the track and the beam axis was determined with
a 2 cm (FWHM) longitudinal accuracy. Due to the thick
copper rings around the backward part of the target, the
detection efficiency for protons produced in the first seven

centimeters of the target was very low. This part of the
target was therefore excluded in the analysis.

Tritons with kinetic energies above 1.45 GeV and an-
gles smaller than 3.4◦ were measured in the forward detec-
tion arm. The height of the first drift chamber CH1 in-
duced a cut in the vertical plane, which could be well
approximated by a sharp window [−14, +14 mrad]. In
the horizontal plane, the angular opening was about
[−10, +60 mrad] due to the entrance and exit windows
of the CHALUT magnet.

The incoming beam angular apertures, about 4.7 mrad
(FWHM) in both horizontal and vertical planes, were the
dominant contribution to the error on the triton angle.
The error on the triton energy was mainly due to the beam
extension in the horizontal plane (FWHM = 6 mm) and
amounted to 40 MeV at 0◦. An additional error roughly
proportional to the horizontal angle was due to the un-
certainty on the vertex position along the beam direction
and led to a total error of about 60 MeV at 3.4◦. When
a particle was detected in DIOGENE, however, the inter-
action point was defined with a precision along the beam
direction of about 2 cm (FWHM), which allowed to cor-
rect the triton energy with enough accuracy to keep the
40 MeV resolution up to 3.4◦.

The counting rate measured in the OB scintillator lo-
cated at the end of the beam line provided a normalisation
of the cross-sections with a precision of 25%. The cross-
sections were fully consistent in the whole angular range
with the inclusive measurements performed at SPES4 [29]
which were then used to get an absolute normalisation
with a 15% precision.

Due to the 3 µs wide acquisition gate, the probability
of recording a triton and one or two uncorrelated pro-
tons was about 30% on average, but most of these events
were rejected because of their unphysical drift times in the
DIOGENE cells, so that their contribution to the recon-
structed events is not more than a few percent on average.

3 Data analysis

The inclusive 2H(3He, t) reaction at 2 GeV consists of four
main partial channels:

3He +2 H → t + 2H+ π+ , (1)
→ t + 2p , (2)
→ t + 2p + π0 , (3)
→ t + p + n + π+ . (4)

Both π+ and protons were measured in the present ex-
periment. However, as this paper concerns mainly the
2H(3He, t)2p process, we will only consider events with
no pion emitted and compare their yield to the 2H(3He, t)
inclusive reaction.

3.1 Inclusive 2H(3He, t) process

Investigation of the inclusive 2H(3He, t) process is
achieved using events corresponding to a triton detected
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Fig. 2. Energy transfer spectra measured in the experiment:
without any condition on the particles detected in DIOGENE
(full circles), in the case of one proton detected and no pion
emitted (open circles), in the case of two protons detected and
no pion emitted (open triangles), in any of these two cases
(open squares).

in the forward detection arm, without any condition on
detection of particles in DIOGENE. The energy transfer
spectra obtained for these events are plotted as full circles
in fig. 2. The yields are corrected on an event by event
basis for the cut in the vertical angles of the tritons. This
correction factor varies from 1 for angles smaller than 0.6◦
degrees to 13 at 3.4◦. The uncertainty on this correction,
due to the resolution in the triton angle, is included in the
error bars.

Most of the deuterons coming from the 3He break-up
were rejected by the trigger, due to their low momenta, as
explained in sect. 2. Their momentum distribution extends
however up to 3.39 GeV/c, which is the kinematic limit
for the reaction 2H(3He, d)3He and corresponds to energy
transfers for the (3He, t) reaction of about 400 MeV. This
contribution can be subtracted using the spectrum of the
SPES4 inclusive measurements [29], where the deuterons
were rejected by a time-of-flight measurement. The con-
tribution amounts to 50% at 500 MeV; it then decreases
rapidly and cancels at 400 MeV. The subtraction of these
deuterons induces large error bars on the data points at
the highest energy transfers (fig. 2).

The contribution of the empty target, due mainly to
the titanium windows of the liquid target was about 1.5%
on average.

In [29], we had presented inclusive 2 GeV 2H(3He, t)
data at 0.25◦, 1.6◦, 2.7◦ and 4.0◦ obtained at SATURNE
with the high-resolution SPES4 spectrometer. We care-
fully checked that the present data were compatible with
the previous ones, when resolution effects and triton en-
ergy calibration precision were taken into account.

Fig. 3. The missing mass is plotted as a function of the energy
transfer when only one proton was detected in coincidence with
the triton.

3.2 Exclusive 2H(3He, t)2p process

3.2.1 Selection of the process

Using the kinematical constraints of the 2H(3He, t)2p re-
action, events with two protons (2p) or one proton (1p)
detected in the DIOGENE detector can both be used to
investigate the 2H(3He, t)2p reaction.

In the case of 1p events, the missing mass of the reac-
tion 2H(3He, t)p allows a separation between events com-
ing from reaction (2), where only one proton is missed by
the detector, and events coming from reactions (3) and (4),
where both one nucleon and one pion are missing. This is
illustrated in fig. 3, where the 1p events missing mass is
plotted as a function of the energy transfer. The events are
located in two distinct regions: the peak at missing masses
around the proton mass (reaction (2)) and the broad struc-
ture located at missing masses larger than the sum of the
nucleon and pion masses (reactions (3) and (4)). Due to
the pion emission threshold, only the first group of events
is present at small energy transfers. Its contribution de-
creases rapidly with increasing energy transfer and above
200 MeV, events with one pion emitted dominate. For the
present analysis, we kept only the first group of events, by
selecting missing masses between 800 and 1025 MeV/c2.
The lower limit allows the rejection of chance coincidences
between a triton and a proton.

When two protons p1 and p2 are detected in DIOGE-
NE, we calculate the missing masses MM1 and MM2 cor-
responding to the reactions 2H(3He, t)p1 and 2H(3He, t)p2

(fig. 4). The two quantities are very well correlated and
distributed around the proton mass as expected from re-
action (2). A very small contribution of events with one
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Fig. 4. When two protons are detected, the missing mass of the
reaction 2H(3He, t)pX calculated with one proton is plotted as
a function of the missing mass calculated with the other one.

pion missing, i.e. arising from reaction (3), can be ob-
served. It amounts to about 2% of the total 2p yield. To
reject this contribution and limit the chance coincidences,
we put gates both on these two missing masses and on the
one calculated for the reaction 2H(3He, t)2p.

The residual chance coincidence rate is of the same
order for the two types of events. It is very small for energy
transfers smaller than 250 MeV. Above this value, this
contribution becomes significant at small angles, it stays
however smaller than the error bars on each plot presented
in this paper.

For a small fraction of the 1p events fullfilling the
missing-masses constraints, the missing proton had mo-
mentum and angle above the detector cuts and, therefore,
should have been detected. By normalizing to the number
of events where the proton was detected, the inefficiency
of the proton detection could be calculated as a function
of angle and momentum. The inefficiency for proton de-
tection in this experiment was found to be less than 6%
in average, resulting from a 3% inefficiency for the central
part of the acceptance and higher values at forward and
backward angles. This inefficiency is most probably due
to the small dead zones between the neighboring sectors,
which affects the reconstruction of the tracks when few
wires are hit.

The contribution from the target windows was elimi-
nated by a cut on the interaction vertex. The correction
for the triton acceptance was made as explained above
(see subsect. 3.1).

3.2.2 Energy transfer spectra

The spectra obtained for the selected 1p and 2p events
and for their sum are plotted as open circles, open trian-

gles and open squares respectively, in fig. 2 . The error
bars include statistical errors, uncertainties in the triton
acceptance correction and errors in the selection of the
2H(3He, t) 2p process. At large energy transfers, the main
contribution to the errors is due to the rejection of events
with one pion emitted.

Due to the high-energy threshold of the DIOGENE de-
tector, 1p events are very useful to obtain information on
the lowest energy transfers. Above 100 MeV, the proba-
bility of detecting both emitted protons rapidly increases.
However, up to 250 MeV, 1p events are still useful to ex-
tend the range of center-of-mass angles accessible in the
experiment, which is important for the analysis of the an-
gular distributions as will be seen later.

3.2.3 Angular distributions in the 2p center of mass

In the 2H(3He, t)2p reaction, the two-proton center of
mass has a velocity:

β = q/(ω +Md)

where q and ω are, respectively, the momentum and en-
ergy transfers and Md is the deuteron mass.

We then define in this two-proton center-of-mass frame
the polar angle θ∗p of the proton with respect to the
q-direction. The corresponding angular distributions dσ

dΩ∗
p

measured for protons detected in our experiment are plot-
ted in fig. 5 for different energy transfer and triton angle
bins. When both protons are detected, we plot the angles
calculated from the measurements of each of them. The
two protons are emitted back to back in their center of
mass, that means with polar angles symmetric with re-
spect to 90◦. Due to resolution effects, the correlation is
however broadened and has a width of about 4◦ (FWHM).

When only one proton is detected, the angle calculated
for the missing proton is also plotted, in order to avoid
introducing a false asymmetry.

The errors on the data points are due to statistics,
correction for triton acceptance and identification of the
2H(3He, t)2p process. For the largest energy transfer bin
(ω = 300–350 MeV), only 2p events were considered since
the 1p events induce larger relative error bars (cf. fig. 2).

3.2.4 Acceptance corrections

As described in section 2.2, the experimental set-up pre-
sents a dead zone at forward and backward angles, as well
as an energy threshold which varies with the proton angle.
As these cuts apply in the laboratory system, the distor-
tions induced on the center-of-mass angular distributions
are heavily dependent on triton angle and energy transfer.

A Monte Carlo simulation of the 2H(3He, t)2p reac-
tion including the effects of resolution, acceptance and
efficiency of the experimental set-up (see subsect. 2.2) was
developed to quantify these experimental effects.

The protons were generated in the simulation with an
isotropic φ∗

p distribution, which is justified by the fact that
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Fig. 5. Measured angular distributions of the two protons in their center of mass. Each row corresponds to a given triton angle
bin and each column to a given energy transfer bin, as indicated. Acceptance corrected angular distributions will be shown in
fig. 10 below. The full line is the result of a fit by a linear combination of three simulated distributions resulting from Legendre
polynomials P0, P2 and P4 modified by experimental resolution and acceptance (see text). The contributions of P0 (dashed
line), P0 + P2 (dotted lines) and P0 + P4 (dash-dotted line) are also shown, when they are positive.

no anisotropy was found in the experimental φ∗
p distri-

butions in all the phase space regions where it could be
investigated.

In fig. 6, the efficiencies calculated with the simulations
and averaged over several energy transfer and triton angle
bins are plotted as a function of the proton angles. For
energy transfers of 40–50 MeV (first column of fig. 6), the
acceptance is significant only for triton angles larger than
about 2◦, where both the forward emitted protons are the
most energetic and the angle of the momentum transfer
is well above the angular cut of the detector so that they
fall inside the acceptance of the detector. At smaller triton
angles, the acceptance in this energy transfer bin is only
due to higher initial energy transfers shifted towards lower
values due to the resolution.

When increasing the energy transfer well above the
energy threshold for proton detection (2nd to 4th column
of fig. 6), the acceptance gets much higher. At triton angles
below 1◦, as the angle of the momentum vector points
into or close to the forward angular cuts of the detector,
protons emitted forwards or backwards with respect to q
have a small probability to be detected. At larger triton
angles, due to the angle of q, also central θ∗p are cut by
the acceptance. Full acceptance at 90◦ is achieved for the
largest triton angle bin only for energy transfers higher

than 150 MeV (4th column of fig. 6), where the angle of
the momentum vector is small enough. The acceptance is
then cut only at forward and backward angles, like in the
case of small triton angles, but in a less sharp way and in
a broader region.

3.2.5 Legendre polynomial decomposition of the proton
angular distributions

In order to obtain a quantitative and acceptance indepen-
dent description of the experimental angular distributions,
Legendre polynomial decomposition was applied. For this
purpose, we used the Monte Carlo simulation program of
the experimental set-up and generated three sets of events
where the angular distributions of the protons followed
three different positively defined combinations of the three
first Legendre polynomials:

P0(cos θ∗p) = 1

P0(cos θ∗p) + P2(cos θ∗p) = (1 + 3 cos2 θ∗p)/2

and

P0(cos θ∗p) + P4(cos θ∗p) = (35 cos4 θ∗p − 30 cos2 θ∗p + 11)/8 .
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Fig. 6. The average efficiency for the detection of one of the two protons emitted in the reaction 2H(3He, t)2p is plotted as a
function of cos θ∗

p for different bins in triton angle and energy transfer.

The distributions of protons obtained after the filter
of the detection are then used to fit the experimental data
and to extract the parameters A0, A2 and A4 of the de-
composition

d3σ

dΩtdωdΩ∗
p

(θt, ω, cos θ∗p) =
1
4π

2∑

i=0

A2i(θt, ω)P2i(cos θ∗p).

As the integral of P2i(cos θ∗p) over cos θ∗p is 2.0 for i = 0
and 0.0 for the other values of i, A0(θt, ω) = d2σ

dΩtdω (θt, ω)
measures the 2H(3He, t) cross-section, whereas the ratios
A2/A0 and A4/A0 give information on the shape of the
two-proton angular distributions in their center of mass.

For the lowest energy transfers (below 70 MeV), the
tritons have been generated with distributions given by
the calculation of [29] which has been shown to reproduce
the inclusive spectrum rather well. It is indeed necessary
to have a dependence of the cross-sections close to real-
ity, since the acceptance corrections vary quite rapidly as
a function of energy transfer. Above 70 MeV, the depen-
dence is smoother and the tritons have been generated
uniformly as a function of energy transfer and angle.

The fitting procedure is performed independently in 36
cells corresponding to different energy transfer and triton
angle windows: the triton angular range has been divided
into the three following bins [0◦-1◦], [1◦-2◦] and [2◦-3.4◦]
and the energy transfer range was cut into six 10 MeV
bins from 40 to 100 MeV and six 50 MeV bins from 100
to 400 MeV.

Some examples of the quality of the fits and of the
respective weights of the three Legendre polynomial com-

binations are shown in fig. 5, while the values of the pa-
rameters extracted from the analysis are plotted in fig. 7,
fig. 8 and fig. 9.

As already stressed, the A0 parameter stands for the
2H(3He, t)2p cross-section in the corresponding energy
transfer and triton angle range and is compared to the
inclusive cross-section in fig. 7.

Below the pion threshold, the 2H(3He, t)2p cross-sec-
tions extracted from the analysis of the angular distri-
butions are in good agreement with the inclusive cross-
sections (fig. 7), as it should be since no other channel is
open. This is a good check of the procedure and confirms
the validity of the parameters extracted at larger energy
transfers, all the more since the acceptance corrections are
smaller there.

Below 70 MeV, the acceptance correction factors are
very large (fig. 6) and vary rapidly with the energy trans-
fer. The extracted 2H(3He, t)2p cross-sections are there-
fore very sensitive to small uncertainties in the geometry
of the detection or triton energy calibration and can be
determined only within a factor up to 2. These values
are not shown in the picture for the sake of clarity, but
are still compatible with the inclusive 2H(3He, t) cross-
sections. For both inclusive and 2p channels, the values
obtained result from the convolution of the sharp initial
energy transfer dependence with the energy resolution of
the experimental set-up (about 40 MeV FWHM on aver-
age). This has an important effect on the width of the low
energy peak. Above 70 MeV, the distortion of the spectra
is small due to the quite smooth slope of the cross-section.
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Fig. 7. Acceptance corrected differential cross-sections ob-
tained for the 2H(3He, t)2p reaction (open circles) and in-
clusive 2H(3He, t) yields (full squares) are compared to the
predictions of the coupled-channel model (repectively full and
dashed lines).

The A2/A0 and A4/A0 parameters are displayed in
fig. 8 and fig. 9 as a function of energy transfer. To correct
for resolution effects, the distributions of initial energy
transfers have been calculated for each bin, using the sim-
ulation taking into account all experimental effects. The
energies and horizontal bars reported on the figure corre-
spond respectively to the mean values and rms of these
distributions.

The fit by a (A0 · P0 + A2 · P2 + A4 · P4) combination
gives a satisfactory result for each bin (see fig. 5). The
error bars in fig. 8 and fig. 9 take into account statistics,
fit accuracy and acceptance correction uncertainties. For
energy transfers lower than 70 MeV, information on the
A2/A0 and A4/A0 parameters could be obtained, despite
the high uncertainty on the acceptance corrections. How-
ever, a significant contribution of P6 Legendre polynomial
is not excluded, especially at large triton angles.

The acceptance correction factors deduced from the
simulation (fig. 6) have been used to correct the angular
distributions, as shown for some examples in fig. 10. Below

Fig. 8. Ratio of the A2 and A0 parameters obtained by the de-
composition of the two-proton angular distributions in Legen-
dre polynomials (open circles). The energy transfers and hori-
zontal bars correspond respectively to the mean values and rms
of the distributions of energy transfers over which the results
are averaged. The lines show the predictions of the coupled-
channel model: full calculation (full line), longitudinal interac-
tion only (dashed line) and transverse interaction only (dotted
line).

Fig. 9. Same as fig. 8 for the A4/A0 ratio.
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Fig. 10. Acceptance corrected angular distributions of the two protons in their center of mass are compared to the predictions
of the coupled-channel model (dashed line).

70 MeV, the errors on the acceptance factor are too large
to allow for such corrections.

A first analysis of the 2p angular distributions had
been performed previously for a restricted zone of the ac-
ceptance using a A0 · P0 + A2 · P2 fit [38]. The A0/A2

obtained this way had larger error bars but were compati-
ble with the present ones in the ∆-resonance region, where
the P4 contribution is small.

4 Experimental results

As already mentioned, the inclusive 2H(3He, t) experiment
has been studied at 2 GeV in the same angular range with
a much better energy resolution [29]. The present inclusive
data are however very helpful because they allow a direct
comparison to the 2H(3He, t)2p data in the same experi-
mental conditions. We will therefore present the features
of our inclusive data which are relevant for this compari-
son.

As in all charge exchange reactions in this energy
regime [39,16], the inclusive spectrum exhibits two well-
defined structures. The first one appears as a rather nar-
row peak at small energy transfers and corresponds to
quasi-elastic mechanisms involving only nucleonic degrees
of freedom. The second one is a broad bump showing up
above the pion threshold and corresponds to the excitation
of a nucleon into a ∆-resonance. The angular distributions
in the quasi-elastic and ∆-resonance regions have been
shown in ref. [29]. Here, we present the inclusive yields
after integration over three triton angle bins.

The dependence of the 2H(3He, t)2p cross-section as
a function of energy transfer has a very sharp slope at
low energy transfers, it then flattens, but no structure is
seen in the region of the ∆-resonance. In addition, the
comparison with the inclusive cross-section leads to the
important conclusion that the ∆ excited in the 2H(3He, t)
reaction has a weak branching ratio towards the ∆N → pp
process (fig. 7).

The shape of the 2p angular distributions in their cen-
ter of mass has a clear dependence on triton angle and
energy transfer (fig. 10). This evolution is seen more quan-
titatively in fig. 8 and fig. 9, where the A2/A0 and A4/A0

ratios extracted from the fit of the experimental angu-
lar distributions are presented, respectively (see subsub-
sect. 3.2.3).

These differential cross-sections result from the ex-
citation process (quasi-elastic process or excitation of a
∆-resonance) and from the NN → NN final-state interac-
tion or N∆ → NN transition.

In the following, we will compare the cross-sections and
the shapes of the angular distributions obtained from our
analysis with the theoretical model of ref. [28] in order to
extract information on the 2H(3He, t)2p transition process
and on the spin structure of the excitation.

5 Theory

In ref. [29], the high-precision 2 GeV 2H(3He, t) inclu-
sive data had been compared to theoretical predictions by
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Ch. Mosbacher et al. This calculation, first developed for
the (p, n) charge exchange reaction [28] , includes both
quasi-elastic and ∆ excitation processes.

As the model is also able to describe the different ex-
clusive channels following ∆ excitation, we compare its
predictions to the present 2H(3He, t)2p energy transfer
spectra and angular distributions.

5.1 Description of the model

The original model and the modifications applied to treat
the (3He, t) case have been described in ref. [28] and
ref. [29], respectively. For the sake of consistency, we recall
here only of the basic features of the model.

The model is based on a modification of the ∆-hole
model of Osterfeld et al. [18], for the 2-body deuterium
system, so that the correlated wave functions of the NN
or ∆N intermediate system are calculated by solving a
coupled equation system. The method allows to take into
account the ∆-N interaction and the NN final-state inter-
action to any order.

The quasi-elastic process and the ∆ excitation in deu-
terium are treated using the following effective parameter-
izations of the NN → NN and NN → ∆N transition ma-
trices for the interaction of the projectile nucleon i with
target nucleon j:

tNN,NN = (α(σi · q)(σj · q) + β(σi × q)(σj × q))τi · τj

and

tNN,N∆ = (γlo(σi ·q)(S†
j ·q)+ γtr(σi ×q)(S†

j ×q))τi ·T†
j ,

where σ and τ are, respectively, the spin and isospin
(1/2 → 1/2) transition operators and S and T those cor-
responding to the (1/2 → 3/2) transition.

Both transition matrices consist of a spin-longitudinal
and a spin-transverse component with weights depending
on the Mandelstam variables s and t. For the NN → NN
transition, the coefficients α and β are determined from
experimental pn → np scattering data [28] and their rel-
ative weight depends on the four-momentum transfer,
whereas γlo = γtr for the NN → N∆ transition, in agree-
ment with the experimental pN → n∆ data [40].

The ∆-N interaction potential and the ∆N → NN
transition potentials are constructed in a meson exchange
model [41] including π, ρ, ω and σ exchange. The Paris
potential is chosen for the N-N final-state interaction.

The total cross-section consists of four amplitudes cor-
responding to the different physical processes described in
fig. 11. Processes (a) and (b) both lead to a break-up of
the deuteron into a two-proton final state. (a) is the quasi-
elastic process, whereas (b) proceeds via excitation of a ∆.
In both processes (c) and (d), a pion is emitted but the
exit channels differ by the fact that in process (c) (coher-
ent process), the pn system is bound as in the entrance
channel, whereas it is not in process (d) (quasi-free ∆-
decay). We will in the following concentrate on the inclu-
sive and break-up processes and compare the theoretical
cross-sections to the experimental yields.
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Fig. 11. Feynman diagrams for the reaction mechanisms in-
cluded in the model of ref. [28]. They represent: (a) quasi-
elastic scattering, (b) ∆N → NN process, (c) coherent pion
production, (d) quasi-free ∆-decay. The hatched areas indicate
the intermediate ∆N and NN final-state interaction.

Fig. 12. Predictions of the coupled-channel model for the
2H(3He, t) as a function of energy transfer at four triton an-
gles for the full interaction (solid line) and for the longitudinal
(dashed lines) and transverse (dotted lines) interactions.

5.2 Theoretical results

5.2.1 2H(3He, t) and 2H(3He, t)2p differential
cross-sections

In fig. 12 and fig. 13, theoretical cross-sections for the
2H(3He, t) and 2H(3He, t)2p reactions are presented at
four different angles.
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Fig. 13. Predictions of the coupled-channel model for the
2H(3He, t) (thick full line) and 2H(3He, t)2p yields (thin full
line) as a function of energy transfer at four triton angles. The
calculation of the 2H(3He, t)2p yield is shown for the longitu-
dinal (dashed lines) and transverse (dotted lines) parts of the
interaction separately.

In contrast to the inclusive reaction, the 2H(3He, t)2p
cross-section presents no clear bump in the region of the
∆-resonance. At small angles, only a shoulder can be seen
in the spectrum. At large angles, the quasi-elastic peak
and the cross-section in the dip region are reduced and the
presence of a structure in the 2H(3He, t)2p cross-section
in the region of the ∆ appears more clearly, although the
branching ratio at the peak position stays of the order of
10% independently of the triton angle.

In order to appreciate the contribution of the
∆-resonance to the theoretical 2H(3He, t)2p cross-section,
the result of the full calculation is compared in fig. 14
to a calculation with the ∆N → NN transition potential
turned off. The effect of this transition potential is very
large. It is responsible not only for the small shoulder or
bump that appears in the region of the resonance peak,
but also for most of the 2p yield below the pion emission
threshold. This feature is due to a strong interference be-
tween the quasi-elastic process and ∆ excitation followed
by ∆N → NN process, which washes out completely the
resonance bump. This bump appears clearly only at the
largest angles, where the quasi-elastic process is reduced
and the interference is smaller.

In order to study the effect of the spin structure
of the interaction on the relative weights of the quasi-
elastic process and ∆ excitation, the calculations have
been performed for the longitudinal and transverse in-
teractions separately. The corresponding 2H(3He, t) and
2H(3He, t)2p cross-sections are plotted in fig. 12 and
fig. 13.

Fig. 14. Energy transfer spectrum obtained at 0.25◦ with the
coupled-channel model for the full calculation (full line) and
for the calculation with no ∆N → NN transition (dashed line).

For the inclusive 2H(3He, t), the relative weights of
longitudinal and transverse cross-sections result, on the
one hand, from the combined effects of the spin structure
of the transition matrices and (3He, t) form factors and,
on the other hand, from the effect of the NN and ∆N
interactions.

In the effective parameterization of the NN → NN
transition matrix used in the model (subsect. 5.1), the
transverse amplitude decreases smoothly as a function
of momentum transfer. The longitudinal amplitude keeps
smaller values and decreases very rapidly up to four-
momentum transfers of about 150 MeV/c and then grows
again smoothly. For the excitation of the ∆-resonance,
the longitudinal and transverse components have an equal
weight in the transition matrix, which, due to the two
transverse degrees of freedom, favours the transverse
cross-section by a factor 2. These features of the tran-
sition matrices are responsible for the overall evolution
with the angle of both contributions and for the dom-
inance of the transverse contribution. In particular, the
very small longitudinal cross-section in the quasi-elastic
peak around 2◦ is clearly related to the vanishing of the
longitudinal amplitude in this range of momentum trans-
fers precisely. A striking feature of these spectra is also
the dominance of the transverse contribution in the dip
region due to the higher interference between the quasi-
elastic process and the ∆ excitation for this part of the in-
teraction. As a consequence, the predominantly transverse
interference has a strong contribution up to energy trans-
fers of about 250 MeV, washing out the resonant bump.
The ∆ structure is much more apparent in the longitudi-
nal cross-section, where this interference is much smaller.

The (3He, t) form-factor plays also an important role,
since it reduces the cross-section when the momentum
transfer increases. Due to the spin structure of 3He and
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t nuclei, this decrease is sharper for the transverse inter-
action [19], which results in an enhancement of the lon-
gitudinal yield with respect to the transverse one at the
largest momentum transfers.

The ∆-N interaction enhances and shifts the ∆ bump
towards low energy transfers as shown in ref. [29]. It has
however been shown in the case of the 2H(p, n), where
there are no form factors effects, that the longitudinal and
transverse spectra are modified in the same manner by the
∆-N interaction, so that there is no effect on the ratio of
the transverse and longitudinal contributions [42]. It has
also been checked experimentally for the 2H(p, n) reac-
tion, that there is no shift between the positions of the
∆-resonance in the longitudinal and transverse channels
[30,28]. In this respect, the reaction on deuterium is quite
different from the reaction on a heavier nucleus. In the
case of the excitation of a ∆-resonance in a carbon or
lead nucleus, the residual ∆-hole interaction has indeed
a large attractive effect on the longitudinal component of
the interaction and a very small effect on the transverse
contribution.

5.2.2 Angular distributions

The values of A2/A0 and A4/A0 ratios resulting from the
fit of the theoretical angular distributions of the 2 pro-
tons in their center of mass are plotted as full lines in
figs. 8 and 9 for the average angles of the experimental
bins. As the quality of the fitting procedure was only
checked for energy transfers larger than 100 MeV, pa-
rameters obtained below this value are not shown. The
theoretical angular distributions are rather flat or slightly
forward peaked (small positive A2/A0 and A4/A0 ratios),
except at the largest triton angles and smallest energy
transfers, where the ratios are rather high, corresponding
to very forward-peaked angular distributions with a quite
flat minimum, as seen in fig. 10.

This trend results from a combination of the two very
different behaviours of the angular distributions induced
by a longitudinal or a transverse interaction. For the two
first angular bins, at energy transfers of 100 MeV, the
calculated A2/A0 ratio is indeed negative for the trans-
verse interaction, which means that the angular distribu-
tion has a maximum around 90◦, whereas the longitudi-
nal interaction gives high positive values, corresponding
to a minimum at 90◦. As a function of energy transfer,
the anisotropy becomes smaller and the A2/A0 values ob-
tained for both interactions converge at 400 MeV towards
a same value of about 0.2. The calculated A4/A0 ratios
keep small absolute values for both interactions at least
below 300 MeV.

For the third angular bin, the trend is quite different at
lower energy transfers: the transverse component (which
dominates by a very large factor here) has positive A2/A0

and A4/A0 values (very forward-peaked angular distribu-
tions with a flat minimum), while the longitudinal one has
a smaller A2/A0 ratio and a large negative A4/A0 ratio
leading to a maximum in the angular distribution between
0◦ and 45◦.

At small energy transfers, where the cross-section is
due to the interference between the NN → NN transitions
and NN → ∆N transitions followed by ∆N → NN, the an-
gular distributions are very sensitive to the spin structure
of the interaction.

At larger energy transfers, where this interference de-
creases and the excitation of the ∆-resonance becomes
dominant, the difference between the shapes of the angu-
lar distributions induced by longitudinal and transverse
interactions gets smaller, which indicates that the spin
structure of the ∆N → NN transition matrix at the tar-
get excitation vertex has only a small influence on the
proton angular distributions.

5.3 Discussion of pion and photoabsorption reactions
on deuterium

Angular distributions of protons measured in π+d → pp
or γd → pn reactions in the region of excitation of the
∆-resonance are complementary to 2H(3He, t)2p, since
they allow for a study of the ∆N → NN transition with,
respectively, purely longitudinal and purely transverse
probes.

In the case of the π+d → pp reaction (or pp → π+d),
the angular distribution of the two protons in the center
of mass has been measured for a great number of inci-
dent pion or proton energies [43] and a 1+3 cos2 θ∗p shape
(A2/A0 = 1, A4 = 0) has been obtained. This result is ex-
plained mainly by the dominance of the π+d (1P2) → ∆N
(5S2) → pp (1D2) partial wave [44], but also the ∆-N in-
teraction plays a role in the magnitude and in the shape
of this differential cross-section, as was shown in different
approaches [45–49].

The present coupled-channel calculation was also used
to calculate observables measured in π+d → pp and
pp → π+d reactions. The usual πNN and πN∆ couplings
were used, s-wave scattering was included and the ∆-N
interaction was the same as the one used for the (3He, t)
calculation [42,50]. The analysing power in the pp → π+d
reaction was correctly predicted by the model and found
to be especially sensitive to the parameters of the ∆-N
interaction. This result could therefore be considered as a
strong test of this ingredient of the model.

The π+d → pp differential cross-sections were also
well reproduced over a large energy transfer range. In
particular, center-of-mass proton angular distributions
with A2/A0 close to 1 were predicted at the resonance.
The model gives however much lower A2/A0 values (less
forward-peaked angular distributions) for the longitudinal
part of the interaction induced by the (3He, t) probe at
the highest energy transfers, where the ∆-resonance dom-
inates (fig. 8). This could be due to the higher momentum
transfers involved in the (3He, t) reaction which might lead
to higher ∆-N partial waves than the 5S2 which dominates
in the case of pion-induced reactions. Another difference is
the presence of distortions in the (3He, t) reaction. These
distortions are calculated in the model in the eikonal ap-
proximation and have probably a significant effect on the
dσ

dΩ∗
p
differential cross-sections.
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In photoabsorption reactions on deuterium, angular
distributions of the protons have also been measured. Due
to the discernability of the emitted proton and neutron,
the angular distribution has no symmetry around 90◦ and
has also contributions from odd order Legendre polyno-
mials, (P1, P3, . . . ) [51]. The proton angular distribution
is rather flat with a maximum around 70◦, which corre-
sponds to small positive A1/A0 and negative A2/A0 val-
ues. The shape of the angular distribution of the protons
is therefore quite different from the one found for pion-
induced reactions. One could think that this difference is
due to the different spin structure of the operators at the
excitation vertex. However, the processes involved are also
very different, since in the case of photon-induced reac-
tions, besides ∆ excitation, non-resonant processes like the
Born term and meson exchange currents are important.

The exact shape of the proton angular distributions in
γd → pp reactions could only recently be reproduced by
theory by including in addition to the NN and N∆ dy-
namics full meson retardation in potentials and exchange
currents [52].

In the (3He, t) reaction, meson exchange processes
might also be present. For the 2H(p, n)2p experiment at
800 MeV, which differs from the previous one by the form
factor only, the importance of some diagrams arising from
meson exchange currents have been calculated in [53]. The
interaction with a pion in flight in the transverse channel
(Kroll-Ruderman term) is expected to be the largest. In
the dip region, that is the region between the quasi-elastic
peak and the ∆-resonance, the predicted contribution is
of the same order as the ∆ excitation. At the resonance
peak, it should however not exceed a few percent. Such ef-
fects are therefore not expected to perceptibly modify the
shape of the angular distributions in the (3He, t) reaction
above 250 MeV.

5.4 Comparison to 2H(3He, t) and 2H(3He, t)2p data

To allow for a direct comparison to the data, the theoreti-
cal differential cross-sections for the inclusive and 2p chan-
nels have been injected as weights in the simulation includ-
ing resolution effects. Results are compared with data in
fig. 7. The distortion of the theoretical curves is mainly
due to the triton energy resolution (40 MeV FWHM) and
to the beam angular emittance (0.3◦ FWHM). The latter
effect is less important as the data are anyway presented
by bins of 1 or 1.4 degrees. The distortion is small in the
region of the ∆-resonance, where the peak is broad and
where the cross-section decreases more smoothly with an-
gle.

As expected from the studies of the high-resolution
2H(3He, t) data of ref. [29], the inclusive cross-section is
quite well reproduced by the calculation.

The disagreement on the low-energy side of the
∆-resonance is increasing with angle. It has been discussed
in detail in [29] and ascribed to ∆ excitation in the pro-
jectile, which is not included in the model.

The importance of this process in the 2H(3He, t)2p
reaction has been stressed and calculated by E. Oset et

al. [17,32], a long time ago. In the process discussed, as a
triton has to be found in the exit channel, the energy of
the ∆-resonance excited in the projectile has to be carried
away by a pion. The 2H(3He, t)2p channel is therefore
free from the projectile excitation contribution, as well as
from non-resonant pion production which might also have
a small contribution to the inclusive yield near the pion
threshold.

At energy transfers of about 150-250 MeV, where
the model underestimates the inclusive cross-section, the
exclusive 2H(3He, t)2p cross-section is well reproduced,
which might confirm the contribution of projectile excita-
tion to the inclusive spectrum.

The model gives a reasonable description of the bran-
ching ratio of the 2H(3He, t) reaction towards the 2p
channel (fig. 7). The small value observed is in fact not
surprising, considering that the π+d → pp cross-section
and γd → pn are only about 5% and 12%, respectively,
of the corresponding total cross-sections at the resonance
peak [44,54].

The calculation overestimates the 2p cross-section at
large energy transfers and large angles. In the first an-
gular bin, the disagreement is smaller than 30% except
for the point obtained for the largest energy transfers and
a renormalisation of the theoretical curve by 20% could
give a good description of the data. For the larger triton
angles, the overestimate gets larger in the region of the
∆-resonance peak. As the excitation of the ∆-resonance
in the inclusive process is rather well described, it indi-
cates an overestimate of the decay towards the 2p exit
channel in the model.

The smooth trend of the theoretical A2/A0 ratio
(fig. 8) is not in agreement with the values of the pa-
rameters extracted from the data which show a clear en-
hancement at the largest energy transfers. Although the
agreement for the A4/A0 ratio (fig. 9) is better, the model
fails in most of the cases in reproducing either the yield
or the shape of the angular distributions of the protons,
as illustrated in fig. 10

For energy transfers around 250 MeV, a reduction
of the transverse cross-section would lead to a better
agreement with the data both for the cross-section and
for the A2/A0 ratio. However, there is no way to account
for the large A2/A0 values at large energy transfers, since
the values obtained in the model are too low for both
interactions.

The relative weights of the longitudinal and transverse
operators for the NN → NN and NN → N∆ transitions
are fixed in the model in agreement with existing data
for the n(p, n)p or p(p, n)∆++ transitions (see sub-
sect. 5.1). For the NN → ∆N transition, the operator
consists however in principle of 16 linearly independent
terms [55,56]. The three components of the σ operator
at the projectile vertex are indeed coupled not only to the
corresponding spin-longitudinal or spin-transverse compo-
nents of the SN→∆ operators, but also to tensor terms. In
addition, non-spin-flip terms are present. The values of
all the terms contributing to the NN → N∆ transition at
0◦ have been calculated in [56] by fitting simultaneously
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the available observables of the pp → n∆++ reaction and
significant tensor terms have been found. Now, the form
γlo(σ · q)(S† · q) + γtr(σ × q)(S† × q) for the NN → ∆N
transition matrix which is taken for the sake of simplic-
ity allows for a satisfactory agreement of the p(p, n) spin
observables, with γlo = γtr. However, with such an interac-
tion, the angular distributions of the pions resulting from
the decay of the ∆-resonance in the reactions pp → n∆++

and 3He+p → t∆++ could not be reproduced [57]. This
has been attributed by the author to tensor terms in the
excitation of the ∆ at the target vertex.

The angular distributions of pions in the ∆ frame could
indeed be more sensitive to the form of the operator of the
N → ∆ transition than the (p, n) spin observables which
measure only the weights of the (σ ·q) and (σ ×q) terms
related to the NN vertex.

The influence of such tensor terms in the N→ ∆ transi-
tion on the cross-sections and proton angular distributions
in the reaction 2H(3He, t)2p is not known. Nevertheless,
as the interaction of ref. [56] seems to provide a better
description of the bulk of existing data, especially those
linked with the ∆ de-excitation vertex, a calculation of
the 2H(3He, t)2p cross-sections and proton angular distri-
butions with this interaction should be very interesting.

The disagreement between the present calculation and
data might also have other sources. By modifying the mo-
mentum transfer direction, the projectile distortions have
probably a sizeable effect on the proton angular distribu-
tions. The eikonal approximation used in the calculation
might not be sufficient to deal with these distortions. An-
other important ingredient of the calculation is the ∆-N
interaction and the ∆N → NN transition potential. As
explained in sect. 3, the parameters have been validated
by a comparison of the coupled-channel calculations to
the existing pp → dπ+ data. The kinematics are however
different in the case of (3He, t) and it could be worth inves-
tigating the sensitivity of the cross-sections and angular
distributions to the interaction.

6 Conclusion

Data obtained in the 2H(3He, t)2p reaction at 2 GeV have
been presented. A careful study of the acceptance correc-
tions and resolution effects has been necessary in order
to analyse the data. The energy transfer spectra extend
well above the pion threshold, but the cross-section of the
2H(3He, t)2p reaction in the region of the ∆-resonance is
less than 10% of the inclusive cross-section. This indicates
the small branching ratio of the ∆N → NN process with
respect to the other ∆-decay channels.

The distribution of the proton angles measured with
respect to the momentum transfer direction in the two-
proton center of mass has been analysed as a function
of energy transfer and triton angle. The evolution of the
shapes of the angular distributions has been studied by
means of a Legendre polynomials combination fit. These
results are complementary to the ones obtained in pion
and photoabsorption on deuterium and offer a good basis
to test models.

The data have been compared to predictions of a
coupled-channel model including NN and ∆N interme-
diate states for the description of the 2H(3He, t) and
2H(3He, t)2p reactions. This model reproduces the gross
features of the 2H(3He, t)2p energy transfer spectra.

Up to energy transfers of about 250 MeV, the yield
of the 2H(3He, t)2p reaction is mainly due to spin-trans-
verse excitation, where a strong interference between the
quasi-elastic process and ∆ excitation arises and smears
out the resonant structure of the ∆-resonance. In this re-
gion, the cross-section is well reproduced, in contrast with
the inclusive 2H(3He, t) data or with the transverse com-
ponent in the 2H(p, n) reaction [28]. This last result in-
dicates a small contribution of meson exchange currents
and confirms the interpretation of the observed excess of
cross-section by projectile excitation.

The model overestimates the cross-section at energy
transfers larger than 250 MeV, which indicates that the
theoretical branching ratio of the ∆-resonance towards
∆N → NN seems to be too large in this energy trans-
fer range. A study of the sensitivity of the branching ratio
to this parameter might be interesting to understand the
origin of this deviation.

In addition, the anisotropies of the angular distribu-
tions are not well reproduced by the model. The shapes of
the theoretical angular distributions are very sensitive to
the spin structure (longitudinal or transverse) of the exci-
tation, especially below 300 MeV and the simple form used
for the transition operator at the N → ∆ vertex might not
be adequate. A comparison with a model including a more
general interaction as [56] would be most helpful to clarify
this point. Measurements of proton angular distributions
for longitudinal and transverse channels separately in the
2H(p, n)2p reaction could bring valuable additional infor-
mation to this discussion and help to disentangle effects in
the proton angular distributions related to the excitation
vertex and to the ∆-N interaction and ∆N → NN process.
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