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Recent measurements of the pd — *Hen reaction at four beam ener-
gies: 930, 965, 1037 and 1100 MeV have shown that the total cross section
is nearly constant throughout the whole energy region, despite the CM an-
gular distributions becoming more anisotropic with increasing energy. The
data join smoothly onto the results of near-threshold measurements, which
are dominated by the s-wave 1 *He final state interaction. At all the ener-
gies the differential cross section is maximal for cosf, ~ +0.5. The data
are used to develop a Monte Carlo description of the pd — 3Hen reac-
tion based on a two-step model proposed by Kilian and Nann. With one
free parameter the model qualitatively reproduces the excitation function
in the energy range of this experiment but fails to reproduce the angular
distributions.
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1. Introduction

The results of the measurements of the pd — 3Hen cross section near
threshold [1, 2] were surprising in that they showed an amplitude which
decreased rapidly over an energy range of only a few MeV. Despite the dra-
matic fall, the Center-of-Momentum (CM) differential cross section remained
rather isotropic. These features indicate a large n3He s-wave scattering
length, which might be associated with an 13He quasi-bound state [3].

The striking features of the pd — 3Hen reaction initiated a lot of theo-
retical activity but the satisfactory understanding has not been reached yet.
In 1988, Laget and Lecolley presented a microscopic calculation in which
they used an elementary 7N — 1N amplitude, parameterized in terms of
several N* resonances [4]. In the calculation they included three-body mech-
anisms allowing the large momentum transfer, needed to produce 7, to be
shared between all three nucleons. This feature turned out to be very im-
portant since the two-body mechanisms were shown to underestimate the
cross section by almost two orders of magnitude. The model was able to
reproduce the high energy part (above ~1400 MeV) of the experimental ex-
citation function for 6, = 180°. However, the low energy part was missed
by more than an order of magnitude.

Kilian and Nann [5] have noticed that the 1 production cross section
might be enhanced if the reaction proceeds as a sequence of two steps, pp —
dnt and 7Tn — pn, followed by fusion of p and d into *He. They have also
argued that close to threshold the intermediate particles: n, d and 7" are
nearly on the mass shell and, in addition, the deuteron produced in the first
step and the proton produced in the second step have similar velocities so
they can easily fuse into *He. The last feature is usually referred to as “magic
kinematics”. In the Kilian and Nann approach both steps are simulated with
a Monte Carlo (MC) program using particles obtained in the first step as
input for the second step.

A quantum-mechanical implementation of these ideas predicts a cross
section which is only about a factor of two lower than the experimental
data [6].

The cross section of the reaction was recently been measured at a beam
energy of 980 MeV [7| and found to be much larger than that observed
near threshold. Taken together with the available higher energy data, this
led the authors to suggest that the excitation function of the pd — 3Hen
reaction might be described in a model that only included the Si1(1535)
baryon resonance and phase space. In support of this, they argued that
the effects of the n3He final state interaction were restricted to the near-
threshold region. The authors also suggested that the classical two-step
model failed to reproduce their experimental data.
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The much higher statistics measurements of the pd — 3Hen reaction
carried out at the CELSIUS storage ring in Uppsala at four beam energies:
930, 965, 1037 and 1100 MeV, have shown that the CM 7 angular distribu-
tions are becoming highly anisotropic with increasing energy [8]. However,
the distributions are not forward peaked as in the case of the pd — *He 7°
reaction [9]. Since the pd — 3Hen? reaction is well described in terms of
empirical pn — dr° amplitudes [10], the difference in the 7 and n angular
distributions may be taken as another indication that two-body mechanisms
are suppressed in the pd — 3Hen reaction.

In this contribution we shall briefly review the results of the Uppsala
experiment and present a two-step MC model developed to describe the
experimental data.

2. Experiment

The Uppsala experiment was performed at the CELSIUS storage ring of
The Svedberg Laboratory, using the WASA /PROMICE experimental set-
up. The detector system, described in detail in Ref. [11], is shown schemat-
ically in Fig. 1. The Forward Detector (FD), which comprises four sets of
plastic scintillation detectors and a tracker, provides reliable detection from
4.5° to 20°. The first set of scintillators after the forward exit window of the
scattering chamber, labeled FWC, consists of four 3 mm thick segments and
is used in the trigger to reduce background from interactions of the beam
halo with the forward part of the beam pipe. The next set (FTH) comprises
three 5 mm thick layers. The first two layers are each divided into 24 spiral
segments, whereas the third is made of 48 sector-like segments. The third
set (FRH) contains four 11 cm thick layers, which are divided into 24 sectors
and placed so that one FRH sector overlaps with two sectors of the third
plane of the FTH. The FRH is followed by a veto hodoscope (FVH) contain-
ing 12 horizontal bars. In order to increase the amount of light collected,
the FVH modules are read out by two photomultiplier (PM) tubes placed
at both ends.

The Central Detector (CD) includes two arrays of Csl crystals designed
to measure both charged particles and photons emitted with angles between
30° to 90°. These arrays are preceded by thin plastic scintillator detectors,
used as veto counters in the case of photon detection and as AFE counters
for charged particles.

Since a correct energy measurement is crucial in this experiment, a spe-
cial calibration procedure was developed in order to determine the response
of the detector modules with sufficient accuracy. The method, involving
measuring protons elastically scattered by a proton target in an energy range
from 48 to 300 MeV, is described in Ref. [12]. It is also necessary to have
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Fig. 1. Schematic representation of the PROMICE-WASA experiment.

good control of the gain stability to obtain a good energy resolution. For
this purpose pulses from a light source were distributed to all detectors using
optical fibers [13]. The stability of the light source was in turn checked with
pd elastic scattering measured simultaneously with the *He production.

With various adjustments, described in detail in Ref. [8], an excellent
missing mass resolution was achieved over the totality of the data at the four
energies, as demonstrated in Fig. 2. The prominent n peak has a FWHM that
changes with beam energy, from 3.4 MeV/c? at 930 MeV to 8.4 MeV /c? at
1100 MeV. Such narrow widths show not only good 3He energy determination
but also prove that any gain drift of the measuring electronics was properly
corrected for. It is also worth noting that at all energies the background to
the left and right of the peak can be joined smoothly.

In order to obtain distributions in the n CM angle with respect to the
proton beam direction, 6, the whole range of cos 6, was divided into 20
bins and a missing mass distribution constructed for each of them. For
the low-statistics samples, where both the *He and photons were detected
in coincidence, only 10 bins were used. The 1 content was determined by
fitting a polynomial function to regions outside of the peak and subtracting
the resulting background.

The angular distributions have to be corrected for detector acceptance
and this was done using a systematic Monte Carlo simulation of the detector
response based on the GEANT3 program [14].

The differential cross sections have been normalized to both proton-
deuteron elastic scattering and quasi-elastic proton-proton scattering. These
were measured in parallel to the pd — 3Hen reaction by using a high-
resolution silicon detector, placed at ~ 75°, in coincidence with the FD (see
Fig. 1). The pd — pd data were compared to the pd elastic cross section,

— = 394 exp(—29.72|t| + 30.93t%) [mb/(GeV /c)?], (1)
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Fig.2. Missing mass distributions of the pd — *He X reaction summed over an-
gles and presented in 1 MeV/c? bins at our four energies. The curves represent
polynomial fits to the regions outside of the 7 peak.

where ¢ is the square of the four-momentum transfer. The parameters have
been obtained by fitting existing elastic scattering data by Wilkenmann
et al. [15] in an energy range close to the present experiment. The normal-
ization of our quasi-elastic scattering data was adjusted to agree with the
experimental results of Sai et al. [16]. The two methods gave luminosities
which did not differ by more than a few percent.

The acceptance-corrected distributions in cos#, are shown in Fig. 3.
The full circles represent data where only the 3He was detected, while the
empty circles correspond to events where the 3He and the two photons from
the n decay were detected in coincidence. The good overlap between the
two sets supports the correctness of the detector acceptance evaluation. In
addition to the errors shown, there is an overall systematic uncertainty,
which arises dominantly from the luminosity normalization (10%) but with
minor contributions from the estimation of 3He losses (< 5%) and detector
description (< 5%). It is interesting to note that all the differential cross
sections reported in this paper are maximal for cos 6, ~ 0.5.

The points in the backward direction (full squares) have been taken from
an interpolation of the systematic measurement of the excitation function at
SPESIV at this angle [17]. The solid lines represent phenomenological fits
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Fig.3. Acceptance-corrected distributions in cosf, obtained at our four beam en-
ergies. The full and empty circles represent data taken with only *He detected and
with He and two photons detected, respectively. The points in the backward di-
rection (full squares) come from an interpolation of the Saclay SPESIV results [17].
The solid lines represent third order polynomial fits in cosé,. The open squares
shown on the 930 and 965 MeV graphs and the open diamonds on the 1037 and
1100 graphs were taken from the SPESIV results at 950 and 1050 MeV, respec-
tively [17]. The triangles on the 965 MeV graph are the GEM points [7] scaled by
an empirical factor of 0.71.

to the experimental data with a third-order polynomial

dd% = a(1 + bcos Oy + ccos? O, + dcos® 0,) . (2)
n

The values of x? are very similar whether or not the backward SPESIV
values are included in the fit, showing that our results are consistent with
theirs. In order to constrain the fit better in the large angle region, the
curves shown in Fig. 3 and the parameters listed in Table I, correspond to
including the Saclay 180° results in the minimization. The errors on the
parameters are purely statistical. The SPESIV group [17] also took data
at a few angles close to 180°, although not at quite the same energies as
ours. These points have been added to the most appropriate graphs. Also
shown are data taken by the GEM collaboration at 980 MeV [7]. To compare
the shape of their angular distribution with our results, these points have
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been reduced by an empirical overall factor of 0.71. Even considering one
high point at small angles, the differential distribution scaled in this way is
compatible with our 965 MeV data.

TABLE 1

Parameters obtained by fitting the n angular distributions with the formula of
Eq. (2).

T,

P a b c d X2
(MeV) | (nb/sr)

930 286+0.7 0.33+0.07 -036+0.11 -—-0.10£0.15 0.35
965 419+£0.7 0.81+£0.05 -0.64+0.07 -0.56=+0.09 1.27
1037 | 39.1+08 1.10+£0.06 —-048+0.07 -0.65+0.10 0.75
1100 | 38.6+1.1 1.20£0.09 -0.61£0.09 —-0.87+0.14 0.85

The fits to the angular distributions presented in Fig. 4 have been used
to obtain the total cross sections, oo, given in Table IT with their statistical
errors.

TABLE II

Total pd — >Hen cross sections obtained in this work. The errors quoted are
purely statistical.

T, (MeV) | oot (nb)

930 316 £ 16
965 413+ 15
1037 412 £ 16
1100 386 £ 20

The comparison between the total cross sections measured here and those
obtained in previous works is shown in Fig. 4. To display fully the very accu-
rate experiments carried out close to threshold, it is useful to eliminate the
phase space factor from the data by defining an average amplitude squared:

Pp Ttot
f]2 =222, (3)
byn am

where p, and p, are the CM momenta of the initial proton and final 7.
The steep fall in the amplitude over the first few MeV in excess energy is
the sign of a very large n*He scattering length, which might be associated
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Fig.4. Average amplitude squared of the pd — ®He7 reaction as a function of the
CM 7 momentum. Empty and full triangles represent the SPESII results [2] and
those of this work, respectively. The GEM point [7] is shown as an open circle.
The solid curve, taken from Ref. [18], follows from a combined s-wave optical
model fit to near-threshold pd — *Hen and dd — ‘Hen data. The deviations
of our points from the fit leave space for p and higher wave contributions. The
resonance parameterization of Ref. [7] (dotted curve) does not describe well the
near-threshold data [2] nor the results of this work.

with a quasi-bound n-nuclear state [3]. A combined optical model fit was
made in Ref. [18] to the near-threshold pd — 3Hen and dd — *Hen data,
assuming that the energy dependence is the result of an s-wave final state
interaction. This prediction, which has here merely been extended in p,), is
meant to describe final s-waves in the n3He system. The curve passes close
to our 930 MeV point but diverges further from the higher ones. This is as
expected, since the anisotropy of our angular distributions shown in Fig. 3
means that there are significant contributions from higher partial waves in
addition to the s-wave.

3. Two-step model of the pd — 3Hen reaction

In the two-step model of Kilian and Nann [5], the pd — *Hen reaction
is assumed to proceed as a sequence of two processes, pp — dn and 7T n —
pn, followed by fusion of the d from the first step and the p from the second
step to form the 3He. In addition, the particles produced in the first step
are assumed to be on or close to their mass shells.
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In this work we require the proton from the second step (see the diagram
of Fig. 5) to be off-shell since it is not possible to form a 3*He nucleus from an
on-shell proton and deuteron. The fusion is simulated using the spectator
model with the deuteron being the spectator. This is easier to see if the
graph of Fig. 5 is looked at from right to left: the *He splits into on-shell d’
and off-shell p*. The spectator model is based on two assumptions [21]:

e the spectator particle (d') influences the interaction only in terms of
the associated Fermi motion,

e the matrix element for the quasi-free reaction on a bound target par-
ticle (p*) is identical to that for the free reaction at the same energy.

We thus assume, that the p* interacts with the n in the same way as an
on-shell proton.

The spectator model is also used in the simulation of the pp — drnt
reaction. In this case the neutron from the initial deuteron is on-shell and
acts as a spectator. Consequently, just as in the Kilian and Nann model,
the three particles produced in the first step, i.e. d, 7+ and the spectator
neutron are on the mass shell. In the second step the m+n interaction leads
to formation of one of the N* resonances, which then decays into an on-shell
n and off-shell proton p* in such a way that p* and d’ can fuse into *He.

*He

Fig.5. Schematic representation of the two-step mechanism of the pd — 3Hen
reaction.

The resulting probability of the pd — *Hen reaction is then taken to be
equal to

pn 1
wy = | M'/?>He(q')l2p—77 Zdo (" n — pn)/d2 do(pp — dr")/d0 | Wa(q))?.
D
(4)
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W,(q) represents the S-state deuteron wave function, here taken from the
Paris model [22]. The parameter ¢ is the nucleon momentum in the deuteron
rest frame. The *He wave function, Wsy.(q'), has been taken from Ref. [24].
The parameter ¢ is equal to the d momentum in the *He rest frame. The
differential cross section do(pp — dr™)/df2 is obtained by linear interpo-
lation over a two-dimensional matrix of data on the pp — dn™ reaction
extracted with the SAID program [23]. The quantity d represents the dis-
tance between the pion production vertex and the spectator neutron and it
has been taken to be equal to ii/q. Note that, due to the large momentum
transfer, the pion production region is small compared to the internucleon
distance in the deuteron (= f/q from the uncertainty principle).

The 7w+n — np cross section is poorly known so a parameterization of the
results of work of Batini¢ et al. [25] on the multiresonance coupled channel
model of the 7~p — nn reaction has been used. For energies, W, below the
p + n mass, do(m~p — nn)/dS? has been replaced with |M(W)|?|p,|/|Px|,
where |M (W)|? was approximated by the Breit-Wigner form

AWRT?
(Wh = W2)" + War(w)>

with Wr=1.544 GeV and I'p—0.203 GeV, as taken from the work of
Krusche [26]. The S1; resonance width I'(W) is strongly energy dependent
because the resonance is located very close to the n-production threshold.
The parameter A=0.314 mb has been adjusted to provide a continuous tran-
sition between the two regions (see Fig. 6).

The weight (4) leads to the excitation function shown in Fig. 7. In order
to fit the Uppsala experimental points, the MC distribution had to be divided
by a factor of 3.6, though this is not unexpected given the crudeness of the
estimate for d. As one can see, the MC curve roughly follows the Uppsala
data. However, the amplitude squared decreases for small energies and at
threshold is about a factor of three lower than at 965 MeV, in disagreement
with the experiment. It should be noted that this result is in agreement with
the quantum-mechanical treatment of Féldt and Wilkin [6], where it has
been shown that the rapid increase of the amplitude squared near threshold
is to be attributed to the nHe final state interaction. Similar results have
also been obtained by Khemchandani et al. [27]. They have shown that
near threshold the two-step model gives a matrix element squared which is
constant and the experimentally observed increase is again attributed to the
n3He final state interaction.

While the model describes qualitatively the shape of the excitation func-
tion in the Uppsala energy range, it fails completely to reproduce the angular
distributions. This is shown in Fig. 8, where the experimental angular distri-
butions are compared to the simulated ones. As one can see the simulation

|M(W)|* = (5)
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Fig.6. Experimental excitation function of the 7~ p — nn reaction (circles) taken
from Ref. [28] compared to the parameterization of the results of Ref. [25] (dashed
line). Solid line is the total cross section with the phase space factor removed
(0totPr/Pn) and the dotted line represents its extension to the energies below the
n + 1 mass, as calculated using Eq. (5). This shows a typical cusp structure of a
type which is well known at the n threshold.

0.0 0.5 1.0 1.5 2.0
-1
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Fig. 7. Excitation function for the pd —3 Hen reaction obtained in the MC simula-
tion with the weight given by the expression (4) (dashed curve). The experimental
points and solid curve are the same as in Fig. 4.

is not even able to reproduce the sign of the slope. It is worth noting that a
similar result at a lower energy has been obtained in Ref. [27]; the calculated
n-production is larger in the backward hemisphere.
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Fig.8. Angular distributions obtained in the MC simulation of the pd — *Hen
reaction compared to the experimental data. Solid lines represent unconstrained
distributions. The distributions presented with dotted lines have been obtained for
the pion-neutron relative cut-off angle changing from about 100° at 930 MeV to
~70° at 1100 MeV. At each energy, both constrained and unconstrained distribu-
tions, were normalized to the total cross section corresponding to that energy. The
resulting normalization factors are indicated in the panels. The experimental data
are the same as in Fig. 3.

The fact that the two-step model gives nearly the right total cross section
while getting the angular distribution wrong suggests that it is missing some-
thing. While the basic concept that the reaction proceeds as a sequence of
two processes seems to be well established, the correctness of the assumption
on the reaction of the second step, i.e. 7™n — pn, proceeding as on a free
target is not so obvious. To make it more clear a hypothetical arrangement
of nucleons before and after the pp collision is presented in Fig. 9.

As shown in the figure, the spectator neutron is practically inside of the
newly produced deuteron, d’', so the chance that they interact is high. In
addition, the large momentum transfer needed to produce a 7 (~ /M Mp=
0.36 GeV /c at threshold) requires the initial protons to approach each other
closely. As a consequence, the distance between nucleons in the newly formed
d' is much shorter than the one corresponding to the average in a physical
deuteron. But the d’ must eventually assume the normal deuteron state
so the nucleons have to move outward, which leads to a further increase
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pp ‘,"’

\“\\d,

Fig.9. Schematic representation of the quasi-free pp — dnt reaction on a deuteron
target. The upper part represents the incoming proton and the initial deuteron (d)
just before the collision. The neutron (n) in the initial deuteron is a spectator. The
lower part shows positions of particles just after the collision with the spectator
neutron within the newly created deuteron (d').

of the interaction rate with the spectator neutron. The chances for the
spectator neutron not to interact with the d’ increase when the nucleons in
the initial deuteron move outward. This is a consequence of the fact that in
such a case the spectator is escaping from the volume occupied by the d'.
Combined with the observation, that 7™ is produced in close vicinity of the
participating proton in the initial deuteron (Ar = 0.55 fm), this imposes
a correlation between the directions of p; and ¢; the probability for the
7Tn — np reaction to take place is enhanced when the 7™ an n are moving
in similar directions.

In order to test if such a correlation exists the n angular distributions
have been obtained with various cuts imposed on the relative 77 — n angle,
O:n- A nearly perfect match between the experimental and simulated distri-
butions for events with 6, not exceeding about 100° at 930 MeV and ~70°
at 1100 MeV indicates (dotted line in Fig. 8), that the correlation really
exists. This in turn suggests that losses of the spectator neutrons due to
interactions with deuterons may be important.
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4. Conclusions

We have measured the differential cross section of the pd — 3Hen
reaction in a transition region where higher partial waves are starting to
emerge. The distributions become strongly anisotropic with increasing en-
ergy, although not peaking in the forward direction. Comparison with the
pd — 3Her®, where the 70 angular distributions strongly peak in the for-
ward direction [9], suggests that the two reactions are driven by different
mechanisms.

The two-step MC model developed in this work describes the shape of
the excitation function of the pd — 3Hen reaction in the energy range of
our experiment but misses the absolute value by a factor of ~ 3.6. The
experimentally observed enhancement of the cross section near threshold is
not reproduced if the 3Hen final state interaction is not included into the
model.

The CM angular distributions of 7 predicted by the model are peaked
in the backward direction so that they do not agree with the experiment.
However, the shape of the angular distributions may be changed to match
the experimental ones by imposing a condition on the relative pion-neutron
angle. This observation suggests that 7™ n — pn reaction is affected by the
presence of deuterons from the first step.
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