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The reaction pd — *He 1 has been studied with the SPES2 spectrometer, for proton energies between
0.2 MeV and 11 MeV above threshold. The total cross section rises from 0.25 to 0.40 ub in this
region. The observed energy dependence can be attributed to the strong final state interaction. The
angular distribution is nearly isotropic, consistent with S-wave production. A measurement of the
pd — *He n*n~ cross section in the threshold region is also presented. The set-up, which is capable
of producing 10° tagged n/s with only a few percent background, is used to investigate rare n decays.

PACS numbers: 13.75-n. 14.40.Aq, 25.40.\e

I. INTRODUCTION

Earlier measurements at the Laboratoire National Sat-
urne, at Saclay, have revealed a surprisingly large cross
section for the pd — 3He ) reaction. around 0° in the lab-
oratory, near threshold [1]. A three-body mechanism has
been proposed [2,3] in which the rescattering of an inter-
mediate pion allows the sharing of the high momentum
transferred. The N* (1535) resonance, which strongly
couples to the N7 system, should also play an important
role.

The pd — 3He 7 reaction is of interest as a source of n.
tagged by the recoil 3He. Near threshold the ?He particles
are emitted in a narrow forward cone and the tagging can
be done with high efficiency in a magnetic spectrometer.
Such a source of tagged n is indeed of considerable in-
terest, since the 7 decay modes could be studied with a
precision similar to those of the other light pseudoscalar
mesons 7 and K. In most previous experiments the 75

mesons were produced through the #~p — nn reaction
with low intensity and high physical background.

As the central part of the new tagged 7 facility, the
SPES2 spectrometer was installed at the Saturne II syn-
chrotron. The pd — 3He 1) cross section was measured at
eight different proton energies from 0.2 to 11 MeV above
threshold. Only the 3He particles were detected, with
the spectrometer positioned at 0° (see Fig. 1). Prelimi-
nary results have been presented at various conferences
[4]. The results of the complete analysis, including the
angular distributions, are discussed here.

In a next step a double-arm pion detection system has
been added and the reaction pd — 3He n*#x~ was stud-
led. The aim was to investigate the p contribution and a
possible threshold effect at the opening of the  channel.



II. THE EXPERIMENTAL METHOD

The proton beam. with a momentuimn dispersion of
1< 1071 (FWHM) and an intensity around 101" particles
per burst of 400 ms, every 1.2 5. was focused on the lig-
uid deuterium target to a spot of 2 x 2 mm®”. The beam
divergence was 3 mrad both vertically and horizontally.
The beam intensity was monitored 1 m upstream of the
LDs target with two plastic scintillation telescopes view-
ing a thin polypropylene target at +£40°. Two monitor
targets (& pum and 20 pm thick) were selected depend-
ing on the beam intensity. The monitors were calibrated
with an accuracy of +5% by irradiating a '*C target for
a known period of time, and measuring the "' activity
formed via the (p. pn) reaction [3].

FIG. 1. Top view of the experimental set-up. LD2 is the
liquid deuterium target, MT is a thin polypropylene monitor
target, ML and MR are two telescopes of scintillators. C is a
retractable '*C target used for absolute normalization. Q is
a quadrupole magnet, D1 and D2 are dipole magnets, F rep-
resents the focal surface of the spectrometer, MWPC are two
multiwire proportional chambers, hodoscope A and counter
B are plastic scintillators.

The liquid deuterium target assembly consisted of two
identical rectangular cells (70 mm x 25 mm), 7 mm
thick, one filled and the other one empty. The cells were
mounted one above the other and could be moved up
and down. They were wrapped in 10 layers of 3 um thick
aluminized mylar for thermal insulation. The windows
were made of 50 pm thick mylar and the energy loss in
the target was 0.37 MeV /cm for the incident protons and
5.0 MeV /cm for the outgoing 3He.

The recoiling 3He, emitted in forward direction, were
analyzed in the SPES2 spectrometer [6], which consists
of a vertically focusing quadrupole and two dipoles. The
distance between the target and the quadrupole was 60
cm (114 cm in the case of the pd — 3He 77~ reaction
study). The spectrometer vacuum was separated from
the vacuum region around the target by a 10 pm thick

mylar foil and maintained up to the exit window of the
second dipole. When the spectrometer was adjusted to
direct the e particles to the focal plane. the proton
beam passed between the two dipoles and left the spec-
trometer through a special window until it reached the
beam dump.

The detection system consisted of two multiwire pro-
portional chambers with two wire planes each, followed
by two lavers of plastic scintillation counters. "A™ and
“B” in Fig. 1. The wire chambers are square. each plane
having 256 wires with 2 mm spacing. Since the spa-
tial distribution of the particles reaching the chambers is
much wider horizontally than vertically. the wires were
oriented at £45° in order to distribute the flux over a
larger number of wires. The wire chambers were filled
with a gas mixture of 75% argon and 25% isobutane (no
freon was used) and read out with PCOS III electronics.
Thanks to the large energy loss of the 3He particles, the
chambers could be operated at low gain to make them
insensitive to protons and pions.

The A array of 8 plastic scintillators (8 x 10 x 0.4 cm?
each) was separated from the single B scintillator (120 x
20 x 1 cm®) by 150 cm, corresponding to a flight time of
~ 10.7 ns for 3He particles and =~ 13.6 ns for deuterons.
Scintillator B was viewed by a photomultiplier at each
end to reduce the position dependence of the light col-
lection. The discriminator thresholds were set above the
signal amplitudes of pions. protons and most deuterons
reaching the scintillators. The time delay between cross-
mgs in A and B was measured with a resolution of typi-
cally 1.0 ns (FWHM).

SPES2 was set to accept forward angles up to 3° hor-
izontally and 6° vertically and momenta/charge of 650
MeV/c + 10%. The trigger for data readout was a sim-
ple coincidence between A and B counters. Still at 2 MeV
above threshold. for example. the trigger rate was only
twice the rate of reconstructed pd — 3He n events.

IIT. ANALYSIS AND RESULTS

The proton energy above threshold, AT, is given by:
AT, = T, - Thresh, (1)

with T, the proton kinetic energy and Tthresh — gg1 37
MeV its value at threshold. For the smalf values of AT,.
studied in the present work, the following approximations
may be used (AT, in MeV, f in degrees):

mar

PHe —PHe _ (038 /AT, (2)
PHe

0557 = 0.99 /AT, (3)
6797 = 5.05 \/AT,, (4)

where Pie. pfi" and pje* are the mean, minimum and
maximum values of the 3He momentum, respectively.



whereas 07" and g,*" are the maximuin values for the
SHe and 5 laboratory angles. A systematic expansion of
kinematical variables near threshold can be found in {7].

At each beam energy the analysis involved the fol-
lowing steps: ?He selection and momentim determina-
tion, extraction of AT, from the 3He momentum distri-
bution. and determination of the total cross section and
the forward-backward asymmetry.

A. "He selection and momentum determination

The 3He particles were selected by cuts on energy loss
and time of flight as shown in Fig. 2. The cuts are large
enough not to lose 3He particles. Small contaminations
by other particles are properly taken into account in the
background subtraction discussed below. Since the geo-
metric acceptance of the chambers is larger than that of
the "A” hodoscope. the reconstruction efficiency is given
by the number of reconstructed tracks divided by the
number of events that satisfy the 3He selection. The effi-
ciency for the reconstruction of the 3He trajectories was
74 to 78 %. The inefficiency was mostly due to non-
adjacent. but nearby hit wires that resulted in ambiguous
tracks.
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FIG. 2. Distribution of the energy loss in A counters vs
time of flight from A to B. The box shown was used to select
the 3He particles.

The 3He emission angles 5 and 8, at the target and
the normalized momentum dg.. defined as
PHe ~ PHe

PHe ’

(51-15 =

were caleulated from the measured trajectories, using the
SPES? transfer matrix elements 0.315 %, cm for the in-
verse momentum dispersion, -2.35 and -0.131 for the in-
verse horizontal and vertical magnifications. respectively.
and df, [dyg,. = 13.0 mrad/cm. where yg, is the vertical
coordinate at the focal plane. The resolution for 8, (1.3°
FWHM) is poorer than the one for 8, (0.5° FWHM)
as a consequence of the smaller magnification. The mo-
mentum resolution of 0.3% FWHM is dominated by the
spread 1 energy loss in the target.

Typical spectra of dy.. 85 and 6, are shown in Fig. 3.
As mentioned above, the widths of these distributions
varies in proportion to \/AT,. At AT, =2 MeV and for
the software cuts indicated in Fig. 3d, the background
amounts to 10 %. Half of it originates in beam interac-
tions in the target windows, as studied with the empty
target cell. At larger values of AT, the larger phase space
results in increased background.
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FIG. 3. *He spectra. at AT, = 2 MeV, for (a) 6x.. (b) 8.
(c) 8.. and spectra with cuts (d) dg. with | s |< 40 mrad
and | 6, |< 40 mrad, (e) 8, with | §x. |< 3.8, (f) 4, with
| e |< 3.8. The background in (d) is 10 %.

The background distribution for . was measured at
1 MeV below threshold, and subtracted from the full
dHe spectra after normalization in the region outside the
pd — 3Hen peak (Fig. 4). This procedure. in which
the background shape is assumed not to change near
threshold, is believed to be valid since the below thresh-
old spectrum perfectlv matches the above threshold ones
outside the central bump. The resulting dy. distribu-
tions were used to determine AT}. the total cross section
and forward-backward asymmetry.
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FIG. 4. dy. spectra at three different beam energies. (a)
AT, = 1 MeV, with | 8, 1< 36 mrad. (b) AT, = 2 MeV.
with | 85 |[< 40 mrad and (c) AT, = i1 MeV, with | 8, |< 84
mrad; in grey is the below threshold spectrum normalized to
match the region outside the *He peak for the above thresh-
old spectra. (d)-(f) show the corresponding spectra after
background subtraction.

B. Determination of AT,

AT, was obtained by fitting the *He momentum spec-
tra with a Monte-Carlo simulation, minimizing:

rMC rerpya
NMC _ NEm)

xE:Z(—"——Ug——. (6)

where i is the i'th momentum bin, NM and N/ are
the contents of the i'th momentum bin. for the Monte-
Carlo simulation and for the experiment respectively.
The GEANT based simulation took into account the
beam dispersion in momentum, the loss of energy and
the straggling in momentum and angle for both incident
protons and emitted 3He. The spectrometer response was
described by a first order transfer matrix.

The 1% uncertainty in the momentum dispersion of
SPES2 gave a systematic error in AT, of 0.02 x AT,.
which was added in quadrature to the statistical error.

For the lowest energy point, the cross section cannot
be assumed to be constant within the small beam en-
ergy dispersion, as is implicit in Eq. (6); a cross section
proportional to the 7 momentum in the c.m. was then
assumed to determine AT,. Moreover, for the lowest
energy point, most of the beam slowed down to below
threshold energy and could not undergo the pd — 3He
reaction; AT, was -0.1 MeV in the middle of the tar-
get. Therefore corrections for effective energy and target

thickness were applied. The effective energy distribution
of protous producing iy 1s given by:

{
- T TV p AT 12 f0 2 o
[),,(.l[p) = / T —r il /20 dr. (7
Jo

with

AT,
dT/da™

o~

= min{Learyer. {2

and 7' the mean value of T, and o7 = 0.23 £ 0.08 MeV".

Figure 5 shows the resulting D, (AT,) distribution.
which corresponds to an effective value of AT, = (0.22 +
0.07) MeV. The error is mainly given by the uncertainty
in o1 and not so much by details of the beam shape: for
a parabolic shape with the same o1 value. AT, changes
by less than 3%.
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FIG. 5. AT, distributions for incident protons {unshaded)
and for protons producing n (in grey). for the lowest energy
run.

C. Total cross section and forward-backward
asymmetry

The measured total cross-sections are presented in Ta-
ble I and Fig. 6. The errors include statistical errors and
a systematic error of 2 % which reflects the uncertainty
in background subtraction and beam monitoring. The
reconstructed vertical position spectra at planes A and
B showed that there was no loss of acceptance. For the
lowest energy run, an effective target thickness was cal-
culated as mentioned above. Also here the main error
source 1s the uncertainty in o7, which leads to asym-
metric error bars. A global normalization error of £7%
arises from +5% uncertainties in both the beam intensity
and the target thickness. Losses of 3He particles, due to
nuclear reactions along their path, were neglected.
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FIG. 6. Total cross section for pd — “He n as a function of

AT,. The error bars do not include the global normalization
error.

Figure 4 shows that the dy. spectra are flat at all mea-
sured beam energies, which reflects an isotropic angular
distribution in the c.m. system. A forward-backward
asymmetry A., is defined as:

dU' Ttot

a0~ 4

[1+ Acm cos ] (9)
The asvmmetry 4., was determined by minimizing the
\? in Eq. (6). with respect to A.,. As a consistency
check 4., was also determined for restricted regions of
due. The resulting 4., values. shown in Fig. 7, are con-
sistent with zero to within 5 % at all energies.

TABLE [. Total cross section for pd ~» “He i as a function
of AT,. Errors are discussed in the text. They do not include
the 7% overall normalization error.

AT, (MeV)] Orot {ub)
0.22 +0.07 0.225 +0.04
-0.02
0.93 +0.03 0.351 +0.012
1.99 +0.04 0.409 +0.011
3.32 +0.07 0.424 +0.012
4.90 +0.11 0.429 +0.015
6.90 +0.15 0.431 +0.015
8.80 +0.20 0.404 +0.018
11.02 +0.26 0.404 +0.018
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FIG. 7. Forward-backward asymmetry 4., for the

pd — °Hen cross section. The empty square data points
were obtained from the full 8. spectra, the solid circle data
points from the éz. spectra after removing the edges. A 2%
systematic error, introduced for possible variation of detec-
tion efficiency along the focal surface, has been added to the
statistical error in quadrature.

IV. DISCUSSION OF THE REACTION pd — °Hen

The angular dependence of the cross section for the
reaction pd — 3Hen differs strongly from the one for
pd — 3He n°. In the latter, large asymmetries were
observed close to threshold, which have been attributed
to the P-wave component interfering with the S-wave [8].
An isotropic distribution, as observed for the pd — 3He
reaction, is characteristic for pure S-wave production.

Also the energy dependence of the total cross section
near threshold differs strongly in these two reactions.
The total cross section for the pd — 3He n° reaction in-
creases rapidly from threshold to at least 30 MeV above
threshold [8], whereas for pd — 3Hen, the total cross
section rises sharply, within 2 MeV, and then remains
almost constant, at least up to 11 MeV. To explain this
behavior Wilkin [9] suggested a mechanism in which the
energy dependence of the cross section for pd — 3Hen
results from the strong final state interaction. The n°He
interaction originates from the strong nN S-wave inter-
action dominated by the N*(1535) resonance. For the
pp — ppn reaction also, the cross section, near threshold.
seems to be accounted for by the final state interaction
involving the N~(1535) resonance [10].

Taking out kinematic factors, an amplitude f is defined
with:
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where p, and p, are the proton and n momenta in the
e system. Whereas | f 1% drops rapidly for increasing
py inthe case of pd — 3He yy (Fig. &), it remains almost
constant for pd — 3He 7 [8].
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FIG. 8. The square of the pd — *Hen amplitude defined
by Eq. (10), as a function of the 1 momentum in the c.m.
Both curves were calculated with Eq. (11). The solid curve
is a fit obtained with the scattering length of Egs. (12) and
(13); the dashed curve is the prediction of Ref. [9] with the
scattering length of Eq. (14).

In the case of a strong final state interaction, in an S-

wave, f can be approximated in our himited energy range
near threshold by [11]:

f= /B

1 —ipya’

(1)

where fg is a normalization factor and a is the n°He
scattering length. A fit to our data gives:

| Re(a) | = 3.8 £0.6 fm, (12)

Im(a)=1.6+1.1fm, (13)
compared to:

a=(-2.3+12.6) fm, {14)

obtained through a rough calculation using a n*He optical
potential [9]. The agreement of this simple model with
the data is quite remarkable. As mentioned in Ref. {9],
the values of Re{a) and Im(a) found by fitting the data
are largely correlated, but this does not affect the conclu-
sion regarding a large n°He scattering length. In recent
calculations [12] a two-step model was applied, where a
pion emitted in the NN — dr reaction, produces an 7
via the # N — n/N reaction on the second nucleon. Again
the conclusion is that the energy dependence of the cross
section is dominated by the final state interaction.

V. THE REACTION pd — i zt=~

The reaction pd — 3He 7tr~ was studied with the
setup built for the measurement of the n — utu~
branching ratio [13]. The aim was to search for a thresh-
old effect at the opening of the n channel. as has heen
observed in other reactions [14]. and to estimate the p
background below the 7 signal (see Fig. 3). The p mass
i~ 770 MeV/e? and its width is 150 MeV/c?. so there
could be a contribution in the region around the y mass.
In some decay channels the p contribution is strougly en-
hanced relative to the n contribution. A search for the
CP violating n — =T =~ decay, for instance, would suffer
considerably from p background.

ATp =-1.7 MeV ATp = +1.6 MeV
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FIG. 9. (a) Coplanarity (angle between the {.X, #*) and the
(X.77) planes) spectrum, at AT, = —1.7 MeV, showing the
cut used to select pd = *He n* 7~ events; (b) missing mass
spectrum for the pd — *He X reaction, with the coplanarity
cuts in (a); (c) opening angle spectrum (measured minus
calculated) with both coplanarity and Mx cuts. (d)-(f) are
the corresponding spectra at AT, = 1.6 MeV.

The experimental set-up is described in detail in Ref.
[13]. The pions were detected with two plastic scintilla-
tion detectors, positioned at angles £63° corresponding
to = 90° in the center of mass. Each detector consisted of
a horizontal and vertical hodoscope which gave the emis-
sion angles. The absorbers mentioned in Ref. [13] had



been removed. The measurements were cdone at eight in-
cident energies from AT, = —=5.26 to AT, = 1.65 MeV.
Events were recorded in which a 3He particle in SPES2
was detected in coincidence with signals in both pion de-
tectors. Above the 5 threshold. the beam energy was
deduced from the 3He momentum spectrum (Eq. (2)).
At lower energies the beam momentum was scaled to the
main magnetic field of the accelerator. For each event the
missing mass My for the pd — 3He X reaction was cal-
culated from the 3He kinematic variables and AT,. Then
a 2.2 MeV/c? wide band of missing mass. 0.4 MeV/c?
below the maximum missing mass (Fig. 9) was selected
(Mpar —2.6 < My < My — 0.4). This choice of miss-
ing mass band was such that the reaction pd — 3He X
occurred close to threshold. This ensured that there was
no cut in phase space since the 3He were then emitted in a
narrow cone. The 2.2 MeV/c” width of the strip was cho-
sen because it is roughly the width of the n missing mass
peak at its base. The central value of My varies from
542.9 MeV/c? to 548.4 MeV/c? in the above mentioned
energy range.

The next step in the analysis was the reduction of
the background coming from pd — 3He ntr~ 7% pd —
3He m* 7+, and from the target cell windows. Since
one considers a small band of missing mass My, one
can use the kinematical properties of pd — 3He X fol-
lowed by the "decay” of the object X into #¥7m~. As
discussed in more detail in Ref. [13], there are two con-
straints on the 7t 7~ decay angles: coplanarity of the
X, 7+ and =~ trajectories, and the angular correlation
between the two pions. After applying these constraints
(Fig. 9) and subtracting the background, the cross sec-
tion for pd — 3He m*n~ was determined for the chosen
values of Mx, taking into account the limited acceptance
of the hodoscope detectors (2.9 %, almost constant over
the whole energy range). and assuming that the pions
have an isotropic distribution in their center of mass.

The results shown in Fig. 10 indicate a smooth varia-
tion of the cross section with energy and/or missing mass
My . No threshold effect is seen at the opening of the 5
channel. For AT, = 1.5 MeV, the standard energy for
the use of SPES?2 as a tagged 7 facility, the 3Hex* 7~ pro-
duction rate (with AMx = 2.2 MeV/c?) would be 1.3%
of the n production, if the reaction were isotropic. If the
two pions originate from a p, then the non-isotropic ¢c.m.
angular dependence could result in a 2-pion contribution
that is larger than 1.3%. The amplitudes for producing a
p in m=0 and m==1 spin states are indeed independent
at threshold [15]. The p decay contribution is therefore
not necessarily isotropic in the center of mass of the pion
pair but is of the form asin® 8 + bcos®#, where a and b
are positive. Since the measurement was done at 90° in
the center of mass, the result is sensitive to the a fac.or
only.
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FIG. 10. Cross section for pd — *He =tx~ near the
pd — *He n threshold. as a function of both the incident en-
ergy and the missing mass Mx (invariant mass of the two
pions).

V1. CONCLUSION

The present measurement of the pd — 3Hen reac-
tion for proton energies up to 11 MeV above threshold,
shows that in this kinematic region the n mesons are pro-
duced in an S-wave. The reaction differs strongly from
the pd — 3He n° reaction where the P-wave component
contributes significantly close to threshold. The energy
dependence can be explained by the strong final state in-
teraction. The large n3He scattering length, assuming a
negative value for its real part as indicated by a calcu-
lation using an optical potential. suggests the possibility
of an 5 bound nucleus.

The pd — 3He 7 reaction near threshold is well suited
to produce 7 mesons. With a 7 mm thick LD, target, the
optimum energy region for high intensity and low back-
ground is AT, ~ 1 — 2 MeV. The maximum 5 yield in
that case is 10~8 7 per incident proton, or 105 /s at the
Saturne II synchrotron. For a thicker target the beam
energy has to be increased to compensate for the larger
energy loss. For a 70 mm target, for example, the op-
timal energy would be AT, = 4 MeV. The increase in
background in the larger region of phase space is roughly
compensated by the smaller contamination by beam in-
teractions in the target windows. A rate of 10°n/s would
be obtained, with no substantial change in background
level.

The Saturne tagged 7 facility allows the study of rare
decay modes of the n meson with a sensitivity several
orders of magnitude higher than achieved previously. So
far the branching ratios for n = p*p~ [13] and n —
¥ [16] have been measured. In these measurements the



capabilities of the 7 facility have not been fully explonted
vet. due to rate limitations in the detection systems for
the 1 decay products.
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