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Abstract. The inclusive 2H(3He,t) reaction has been studied at 2 GeV for energy transfers up to 500 MeV
and scattering angles from 0.250 up to 40. Data are well reproduced by a model based on a coupled-channel
approach for describing the NN and N∆ systems. The effect of final state interaction is important in the
low energy part of the spectra. In the delta region, the cross-section is very sensitive to the effects of ∆-N
interaction and ∆N→ NN process. The latter has also a large influence well below the pion threshold. The
calculation underestimates the experimental cross-section between the quasi-elastic and the delta peaks;
this is possibly due to projectile excitation or purely mesonic exchange currents.

PACS. 25.55.Kr 2H-,3He- and 4He-induced charge exchange reactions – 14.20.Gk Baryon resonances with
S=0 – 24.10.Eq Coupled channel and distorted wave models

1 Introduction

The (3He,t) reaction at 2 GeV studied at Laboratoire Na-
tional Saturne in both inclusive [1–3] and exclusive [4,5]
experiments on carbon and heavier nuclei has proven to
be a very useful tool to investigate the ∆-N interaction
[6,7]. In all charge exchange reactions [8–11], the excita-
tion of the ∆ resonance involves both a spin longitudinal
(pion-like) and a spin transverse (ρ-meson-like or photon-
like) coupling, like in pion and photon induced reactions
respectively. However, in the case of charge exchange ex-
periments, nuclear response functions are explored in the
space-like region (ω <q) that cannot be reached in pion
or photon induced experiments.

Microscopic ∆-hole models developed for charge ex-
change reactions suggest that the response of nuclei to the
spin-isospin excitation induced by charge exchange probes
is especially sensitive to the spin longitudinal component
of the ∆-N interaction, which is strong and attractive at
the relevant momentum transfers. This results in a shift of
the response towards lower energy transfers, in agreement
with the observed peak positions of the ∆ resonance in the
12C(p,n),12C(3He,t) and 208Pb(3He,t) reactions [12,13]. In
addition, the calculations of exit channels are in qualita-
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tive agreement with the results of exclusive experiments
[14–17]. However, these models are not able to reproduce
the whole cross-section in the region of excitation of the ∆
resonance and underestimate very much the yield in the
so-called dip region lying between the quasi-elastic and
the ∆ peaks.

A recent analysis within the ∆-hole model of the (p,n)
polarisation observables in the ∆ region [11] has shown
that the underestimate of the cross-section is mainly con-
centrated in the transverse component of the cross-section,
the longitudinal contribution being fairly well reproduced
by the model. This last result, together with the succesful
description of coherent pion production data within the
∆-hole model [15], support the conclusion of attractive
∆-hole correlations in the spin longitudinal channel.

In the quasi-elastic region, a similar result has been
obtained [18]. A DWIA calculation with a residual inter-
action based on a π + ρ + g’ model is able to reproduce
the longitudinal response while the transverse response is
underestimated by more than a factor 2.

This excess of experimental cross-section in the trans-
verse channel is of high interest. Roles of 2p-2h correla-
tions and meson-exchange currents are invoked to explain
this effect, but more theoretical work is needed to confirm
these hypotheses.
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Experimental data on the 2H nucleus can be helpful
for understanding the roles of the ∆-N interaction and
meson-exchange currents alone. In addition, deuterium is
a two-body system with a well-known wave function and
the analysis is therefore simpler than for heavier nuclei.
Very recently, Ch. Mosbacher and F. Osterfeld [19] pro-
posed a theoretical calculation of the 2H(p,n) reaction
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 trans-
fer spectra in the quasi-elastic, dip and ∆ regions as well
as in the different exit channels (πd,πNN,NN) and has
been compared to the LAMPF 2H(p,n) [19] data covering
the whole energy transfer range up to 500 MeV and to the
2H(p,n) data measured in the dip and delta regions [20].
An overall successful description of the total energy trans-
fer spectra is obtained in the quasi-elastic and ∆ regions.
As in the case of 12C, the model fails however to describe
the dip region and the low energy side of the resonance
and this discrepancy again arises from the transverse com-
ponent. This is interpreted by the authors as an effect of
two-body meson-exchange currents and put together with
the significant effect of such processes in (e,e’) reactions
[21].

On the other hand, a small contribution from excita-
tion of a ∆ resonance in the projectile is also expected on
the low energy side of the ∆ and the exact size of this
contribution is a subject of investigation [22].

Previous studies of the (3He,t) reaction have proven
that it behaves at a given four-momentum transfer exactly
like the (p,n) reaction except for the (3He,t) form factor
which produces a much steeper decrease of the cross-sec-
tion as a function of momentum transfer [2].

No data on spin-observables have been obtained for
the 2H(3He,t) experiment. However, in addition to inclu-
sive spectra, decay channels have been measured at La-
boratoire National Saturne and can possibly bring some
constraints on effects of meson exchange currents and pro-
jectile excitation, since the former only contributes to the
2p and the latter to the πNN or πd exit channels. It is
therefore of high interest to also analyse the 2H(3He,t)
reaction in the framework of [19].

We focus in this paper on the inclusive 2H(3He,t)
data at 2 GeV. After a short description of the experi-
mental set-up (Sect. 2) , we give our experimental results
(Sect. 3), we present the main ingredients of the model
(Sect. 4), compare calculations with experimental data
(Sect. 5) and give our conclusions (Sect. 6).

2 Experimental set-up

The (3He,t) experiment has been performed using a 2 GeV
3He beam delivered by the synchrotron of the Laboratoire
National Saturne at Saclay. Outgoing tritons were momen-
tum analysed with the Spes4 spectrometer, a D5Q6S2 in-
strument 35m long from target to focal plane [23]. The
maximum rigidity of this spectrometer was 4 GeV/c and
its momentum acceptance was ∆p/p∼ 7.10−2. Angular

acceptance resulted from the combination of the beam
emittance of 0.30 (FWHM) in the horizontal plane and
1.30 (FWHM) in the vertical plane and of the spectrome-
ter front collimator aperture angles of ±0.150 in the hor-
izontal plane and ±0.30 in the vertical plane. As detailed
characteristics of the Spes4 spectrometer and its detection
system have been given in [23] and [24], we will present
only their main features.

The focal plane was equipped with two drift chambers
1m apart in order to ray-trace scattered particles. These
1m wide and 0.2m high chambers consisted of three planes
each, two of them with vertical wires and one with wires
at 450. The cell size was 5 cm for each plane and the anode
wires were arranged in doublets in order to solve the left-
right ambiguity. A position resolution of .5 mm (FWHM)
was obtained.

The overall resolution on the triton momentum was
about 10−3 (i.e. 3 MeV at 2 GeV) and was dominated by
beam spot size on target. An overall efficiency of about
95% was obtained for the measurement of the tritons.

To cover the quasi-elastic and ∆ peaks, tritons with
energies between 1.5 and 2 GeV were detected. The whole
spectrum was obtained by means of four field settings of
the spectrometer. The 70-100 MeV wide overlap regions
were in satisfactory agreement.

The data taking was triggered by a coincidence sig-
nal between two scintillator hodoscopes situated 16 me-
ters apart. Due to the small momentum acceptance of the
spectrometer, only tritons reached the detectors, except
at the lowest magnetic fields, where a small deuteron con-
tribution was rejected using a time of flight measurement
between the two hodoscope planes.

The 2H(3He,t) reaction has been studied at 0.250, 1.60,
2.70 and 4.00. The SPES4 spectrometer is not movable
and the different scattering angles were achieved with a
beam swinger device aimed at changing the angle of the
beam impinging on the target. For each measurement, the
scattering angle was deduced from the positions of the
beam on two insertable wire chambers located in the tar-
get area. The residual angular off-set was obtained with
a precision of 0.070 (rms) by measuring the cross-section
of the Gamow-Teller peak in the reaction 12C(3He,t)12Ngs

for several angular settings of the spectrometer, both right
and left of the beam direction.

The cross-sections on 2H have been obtained by sub-
traction of the yields obtained on CD2 and C targets.
Beam intensities of about 109-1010 particles/s and target
thicknesses of 200 mg/cm2 were used. The average contri-
bution from the carbon nuclei to the CD2 target is about
30 to 45 % depending on the angle. The discrete states
of the 12C nucleus that show up as narrow peaks in the
CD2 spectrum at the smallest angles allow to check the
validity of the subtraction with good precision.

As described in [25], the cross-section absolute normal-
isation was obtained using the known elastic cross-section
of 3He on protons. Due to the uncertainties in these cross-
sections and in target thicknesses this overall absolute nor-
malisation was determined within 15%.
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3 Experimental results

The whole energy transfer distributions obtained in our
experiment at four different angles of the spectrometer
are displayed on Fig. 1 on a logarithmic scale. Two struc-
tures show up very clearly: a quite narrow peak at low en-
ergy transfers corresponding to quasi-elastic mechanisms
involving only nucleonic degrees of freedom and a broad
bump, above the pion threshold, corresponding to the ex-
citation of a nucleon into a ∆ resonance. Figs. 2 and 4
show more precisely these two peaks on a linear scale.
We have arbitrarily set the dividing line between the two
contributions at an energy transfer of 140 MeV, and the
respective yields have been integrated and are plotted on
Figs. 3 and 5. For each measurement, the distributions of
scattering angles accepted by the set-up have been calcu-
lated, taking into account beam emittance and collimator
aperture. The angles and the horizontal bars reported on
the figures correspond respectively to the mean values and
the rms of these distributions. The angle mean values are
0.400, 1.700, 2.760 and 4.00 when the spectrometer is set
at 0.250, 1.60, 2.70 and 40 respectively. The rms angular
acceptance is about 0.170 for the four settings.

The integrated cross-section of the low energy peak
decreases by a factor 11 between 0.250 and 40 as can be
seen from the figures 1 to 5 but the most impressive effects

Fig. 1. Energy transfer spectra (full dots) at 4 angles on a
logarithmic scale compared to the calculation described in sec-
tion 4 (full line). The calculations have been folded with the
experimental energy resolution and angular acceptance

Fig. 2. Energy transfer spectra in the low-energy region (full
dots) compared to the full calculation (full line) and to the cal-
culation without FSI (dashed line). The calculations have been
folded with the experimental energy resolution and angular ac-
ceptance. The upper and lower arrows indicate respectively the
energy transfers for kinematics on a 2 proton pair with zero
relative momentum and quasi-free kinematics on a nucleon at
rest. These values are calculated for the mean angles accepted
by the set-up(see text)

are the shift of the peak position and the increase of its
width as the angle gets larger. The ∆ excitation cross-
section has a smoother behaviour as a function of angle
since the cross-section only decreases by a factor 7 from
0.250 to 40 and the width stays about constant. However,
the position of the maximum shifts by about 45 MeV from
0.250 to 40 .

The presence of these two structures and their different
behaviour as a function of angle is a very general feature
of all charge exchange reactions [26,9]. For the smallest
angles in heavy target nuclei, the low energy peak is due
mainly to spin-isospin excitations leading to the ground
state, excited states or giant resonances of the resulting
(Z+1,N-1) nucleus [25,27]. Quasi-elastic processes corre-
sponding to reactions on a quasi-free nucleon are quenched
by Pauli blocking for the smallest momentum transfers but
dominate the spectra at larger angles.

For (3He,t) on a deuterium nucleus, final state inter-
action(FSI) will modify the spectrum in the quasi-elastic
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Fig. 3. Angular distribution of the quasi-elastic peak (open
circles) compared to the theoretical prediction. The abscissa
and the horizontal bar of each data point take into account
angular acceptance effects

region. In particular, there is a strong effect of the 1S0

quasi-bound state for the smallest relative momenta be-
tween the 2 protons, ( i.e. the smallest momentum trans-
fers). A sizeable effect of this final state interaction in the
2H(p,n)pp reaction at 800 MeV and 1 GeV has been pre-
viously found [28–31], so that we can expect this effect to
contribute also in the case of the (3He,t) reaction. As an
indication, energy transfers calculated in quasi-free kine-
matics and with kinematics corresponding to 2 protons
with no relative energy have been indicated on Fig. 2.
The energy transfer regions, where the quasi-free and the
quasi-bound 1S0 final state are expected to contribute,
separate when the angle increases.

It was shown in [3] that the ∆ excitation cross-section
in nuclei was following a universal trend as a function of
angle. This is also the case for the 2H target as shown on
Fig. 5, where the angular distribution on 2H is compared
to the ones measured on 1H and 12C [3]. It shows that
the shape of the angular distribution is mainly dominated
by (3He,t) form factor effects, whereas the position of the
maximum of the ∆ resonance depends on the target (see
Fig. 6) and is thus sensitive to the presence of other target
nucleons.

The ∆ peak appears about 25 MeV lower on the 2H
target than on 1H at 0.250. For 12C and heavier nuclei,
the universal 70 MeV shift towards lower energy with re-
spect to the 1H target has been stressed for a long time.
It has been shown that the residual ∆-N interaction was

Fig. 4. Energy transfer spectra in the ∆ region (full dots)
compared to the complete calculation (full line) and to the
spectator approximation calculation, i.e. without ∆-N inter-
action nor ∆N → NN process (dotted line). The calculations
have been folded with the experimental energy resolution and
angular acceptance

responsible for a 25-30 MeV shift [13,12], the other half
being due to more conventionnal effects, such as the ab-
sorption of the ∆ resonance (∆N→NN) and the combined
effects of Fermi broadening and of the steep (3He,t) form
factor. In this respect, the specific interest of the deu-
terium nucleus is to allow a direct study of the effect of
the ∆-N interaction, the Fermi motion effects being ex-
actly treated. These suitable properties of the deuterium
nucleus have been well exploited in the theoretical inter-
pretation of pion and photon induced reactions [32–38]
and in the recent calculation of the 2H(p,n) reaction by
Ch. Mosbacher and F. Osterfeld, which we will adapt to
describe the (3He,t) experiment.

4 Theoretical framework

The model of [19] is most suitable to describe our data,
since it allows a description of the charge-exchange reac-
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Fig. 5. Angular distribution of the ∆ peak for the 2H(3He,t)
reaction compared to the results of [3] on 1H and 12C targets.
The abscissa and the horizontal bar of each data point take into
account angular acceptance effects. The theoretical predictions
for the 2H and 1H nuclei are shown as full and dashed line
respectively

Fig. 6. Energy transfer spectra in the ∆ region for the
2H(3He,t) reaction compared to the results of ref [3] on 1H
and 12C nuclei. The calculations have been folded with the
experimental energy resolution and angular acceptance

tion in the full energy transfer range covered by our ex-
periment, that means including both quasi–elastic and ∆
excitation processes.

The scattering mechanisms considered in the model
are represented by the diagrams of Fig. 7. The theoret-
ical framework is based on a coupled channel formalism
which allows one to include both the intermediate ∆N
interaction and the NN final state interaction in infinite
order. The corresponding interaction potentials are con-
structed in a meson exchange model [39] where π, ρ, ω
and σ exchange are taken into account. The ∆ resonance is
treated thereby as a quasi–particle with a given mass and
an intrinsic energy–dependent width. Evaluation of matrix
elements involves the propagation of correlated two par-
ticle systems, the wave functions of which are calculated
in configuration space using the source function formalism
and the Lanczos method. For a more detailed explanation,
please see [19,15].

Inputs of the model are the meson and baryon masses,
coupling constants, and form factor cutoffs as given in [19]
(Table I). All of them are fixed by the 2H(p, n) data and
by other sources (such as pion absorption on the deuteron,
and NN scattering, e.g.). Furthermore, effective parame-
terizations of NN→NN and NN→N∆ transition ma-
trices are used in order to describe the quasielastic and
the ∆ excitation in the deuteron caused by projectile.

With respect to the (p, n) reaction, the transition ma-
trices for the (3He,t) reaction are modified in two aspects.
First, a (3He,t) transition form factor has to be applied
because of the spatial extension of the projectile–ejectile
system. In the present work, we use the form factor of Des-
grolard et al. [40], which is based on a three–body Fadeev
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Fig. 7. Feynman diagrams for the reaction mechanisms in-
cluded in the model of [19]. They represent: (a) quasi–elastic
scattering, (b) ∆-N→ NN process, (c) coherent pion produc-
tion, (d) quasi-free ∆ decay. The shaded areas indicate the
intermediate ∆N and NN final state interaction
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Fig. 8. Comparison of the calculation (full line) with the ex-
perimental data in 1H(3He,t) reaction at 2 GeV. The calcula-
tions have been folded with the experimental energy resolution
and angular acceptance

calculation. Second, an additional vertex factor Z(s∆, t)
was introduced in order to account for off–shell corrections
in the case of the ∆ excitation. Here, we follow the argu-
ments of Dmitriev et al. and adopt their specific choice for
the Z(s∆, t) vertex factor, see (12) in [41].

With the two modifications mentioned, we achieve a
very good description of the 1H(3He,t)∆++ charge ex-
change reaction at 2 GeV. The quality of the fit is demon-
strated in Fig. 8, where experimental 1H(3He,t) data are
compared to the theoretical cross sections. Obviously, the
energy transfer and scattering angle dependence can be
both reproduced correctly. As compared to the parameter-
ization given in [15], the different (3He,t) transition form
factor and the additional vertex factor Z(s∆, t) clearly
improve the description at non–zero scattering angles and
for low energy transfers, respectively. At the same time,
the model preserves full consistency with the (p, n) charge
exchange reaction data on the proton as well as on the
deuteron target.

5 Discussion

Results of the full calculation described in Sect. 4 are com-
pared to our 2H(3He,t) experimental results on Figs. 1 to
5. An overall good agreement is observed for the whole
spectrum at the four angles. Both the quasi-elastic and
the ∆ peak cross-sections are satisfactorily described in
shape and magnitude. For the low-energy peak, the very
fast evolution of the cross-section with angle is well repro-
duced by the calculation.

To achieve a consistent comparison with the experi-
mental energy transfer spectra, the calculation has been
folded with a gaussian (σ=1.3 MeV) to account for the
experimental energy resolution. This is necessary in the
quasi-elastic region for the smallest angles where the the-
oretical peak is very narrow.

Concerning the effect of angular resolution, we weigh-
ted the theoretical angular distribution by the angular
transmission of the set-up in order to take into account
both collimator aperture and beam emittance in the the-
oretical spectrum and make the comparison as fair as pos-
sible.

A limitation of our experiment arises from the fact that
the exact angle of the measurement is known to an overall
offset of ±0.070 (rms). Since the peak position and width
vary as the square of the scattering angle and the slope of
the cross-section also increases with angle, the sensitivity
of the energy transfer spectra to this offset is the largest
at 40. The biggest effect that can be expected at this angle
is a shift of the low energy side and of the peak position of
the spectrum by about ± 2 MeV, together with a rescaling
of the maximum cross-section of about ±10%. The high
energy side of the spectrum is insensitive to such variations
of angle. Such small effects don’t hinder the comparison
of the theory to the experiment.

On Fig. 2, we clearly see the important role played by
the final state interaction in the model. With respect to
the calculation in the spectator approximation, the yield
is concentrated at smaller energy transfers. For the largest
angles, a shoulder is visible in the theoretical curve at an
energy transfer corresponding to small relative momenta
of the 2 protons, due to the interaction in the 1S0 partial
wave. The inclusion of 2p final state interaction improves
the agreement with experiment at 0.250, 1.60 and 40. At
2.70, the curve without FSI provides a better description
of the data, which is not understood so far.

On Figs. 4 and 5, we focus on the ∆ region. The
description of the data is good especially at the small-
est angles. The importance of ∆-N interaction and of
the ∆N → NN transition potential is also illustrated on
Figs. 5 and 9. The calculation in the spectator approxima-
tion, that means neglecting these interactions, underesti-
mates the cross-section and peaks at too high an energy
transfer.

The effect of ∆-N interaction has been studied in great
detail by Ch. Mosbacher and F. Osterfeld, in the calcula-
tion of the 2H(p,n) reaction at 800 MeV covering the same
four-momentum transfer regions [19]. They have shown
that the shift of the spectrum towards low energy transfers
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Fig. 9. Energy transfer spectra (full dots) at 0.250 compared
to the complete calculation (full line) and to the calculations
without ∆-N interaction (dotted line) and in the spectator ap-
proximation i.e. without ∆-N interaction nor ∆N → NN pro-
cess (dashed line)

induced by ∆-N interaction is mainly due to its spin lon-
gitudinal part which arises from the pion exchange. This
attraction results mainly from the interference between
direct and exchange terms. The ρ meson exchange tensor
part partly cancels this attraction, but the final result is
still a shift of the spectrum towards lower energy transfers.

It is clearly seen on Fig. 9 that the ∆N → NN transi-
tion is responsible for a large fraction of the cross-section
in the so-called dip region lying between the quasi-elastic
and the ∆ peaks, but it contributes also to the enhance-
ment and shift of the cross-section in the ∆ resonance
region.

The cross-section in the dip region and on the low en-
ergy side of the resonance is well reproduced at 0.250 but
an increasing underestimate by the model is observed as
the angle increases. This effect was even worse in the case
of the (p,n) reaction and was shown to be due to the trans-
verse contribution of the cross-section, the longitudinal
one being well reproduced.

As mentioned in [19], the origin of this deviation may
be due to purely mesonic exchange currents, which are
not included in the present model. The contribution of
these processes in the spin transverse channel has been
estimated in the case of the 2H(p,n) reaction at 800 MeV
and was found to contribute significantly in the dip region
[42,22].

However, we also observe a small discrepancy on the
low energy side of the ∆ peak at the higher angles in
the case of the reaction on the proton and the question
arises whether this could be due either to ∆ excitation in

the projectile or to non-resonant pion production, none of
which was included in the present calculation. Both con-
tributions are expected mainly on the low energy side of
the resonance and projectile excitation is expected to be
the more important [43,22]. Our simulations of the projec-
tile excitation process show a significantly broader angular
distribution than in the case of target excitation. These
two qualitative arguments favour the interpretation of the
residual discrepancy in terms of projectile excitation. Fur-
thermore, the fact that this discrepancy is slightly worse
in the case of 2H than in the case of 1H goes also in the
right direction. It has indeed been stressed for a long time
that the relative weight of the projectile excitation was
expected to be enhanced by a factor 3 in the deuterium
nucleus with respect to the proton, due to isospin coeffi-
cients [43]. However, our analysis shows that the contri-
bution of the projectile excitation to the energy transfer
spectrum is quite small and that it is not responsible for
the shift observed from 1H to 2H nuclei.

6 Conclusion

We have presented data obtained in the 2H(3He,t) reac-
tion at 2 GeV at 0.250,1.60,2.70 and 40 for energy transfers
ranging from the quasi-elastic region up to the ∆ reso-
nance region.

The analysis is performed in the framework of a model
derived from [19] and based on a coupled channel approach
to describe the NN and ∆-N systems. This model has been
used to calculate the 2H(p,n) reaction at 800 MeV. Taking
advantage of the detailed study of the 1H(3He,t) reaction,
we use in this work a slightly different parametrisation of
the ∆ resonance [41] excitation process and introduce the
(3He,t) form factor of [40].

The model reproduces very well the quasi elastic and
∆ peaks. The FSI between the 2 protons is shown to mod-
ify significantly the spectrum in the low energy region at
the smallest angles. In the ∆ region, both the ∆N → NN
transition and the ∆−N residual interaction increase and
shift the cross-section towards lower energy transfers. The
effect of the ∆N → NN transition well below the ∆ res-
onance is also clearly demonstrated. The whole spectrum
is very well reproduced for the smallest angle. However,
at large angles, an increasing underestimate of the cross-
section in the dip region and on the low energy side of the
resonance is observed. These small deviations from the
model have to be put together with the excess of cross-
section observed in the transverse channel in the 2H(p,n)
reaction and can possibly be ascribed to projectile excita-
tion or meson exchange currents which are not included
in the model.

We plan to extend this work to the analysis of the
exclusive 2H(3He,t) measurements studied at 2 GeV at
Laboratoire National Saturne. Measurements of the decay
channels offer a chance to confront the model in a more
selective way and possibly to understand the deviations
observed in the dip region and on the low energy side of
the resonance.
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