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Abstract. The dd — *Hen reaction has been investigated near threshold using the ANKE facility at
COSY-Jiilich. Both total and differential cross-sections have been measured at two excess energies, (Q =
2.6 MeV and 7.7 MeV, with a subthreshold measurement being undertaken at Q = —2.6 MeV to study the
physical background. While consistent with isotropy at the lower energy, the angular distribution reveals
a pronounced anisotropy at the higher one, indicating the presence of higher partial waves. Options for
the decomposition into partial amplitudes and their consequences for the determination of the s-wave na

scattering length are discussed.

PACS. 13.60.Le Meson production — 25.10.4s Nuclear reactions involving few-nucleons systems — 25.45.-z

2H-induced reactions — 11.80.Et Partial-wave analysis

1 Introduction

Interest in the physics of the n-meson underwent a revival
in the 1980s when it was discovered that the n-nucleus in-
teraction is so strong and attractive that the existence of
n-nucleus quasi-bound states was hypothesised [1-3]. The
original predictions of such states concerned heavier nu-
clei (A > 11) but direct searches for them in the cases of
lithium, carbon, oxygen and aluminium proved inconclu-
sive [4,5]. More recent theoretical approaches, using more
attractive n-nucleus interactions, gave positive predictions
for much lighter nuclei, e.g. the helium isotopes [6-10].
Data on the pd — 3Hen and dd — *Hen reactions ob-
tained at the SATURNE accelerator [11-14] and other lab-
oratories [15-17] have been interpreted by some authors as
suggesting that the n*He, and perhaps even the n3He, sys-
tems could support bound states [14,18]. Attempts have
also been made to photoproduce the latter [19], though
the analysis is not completely unambiguous [20].

It is important to stress that n-nucleus bound states
should first occur in the s-wave. Thus, any calculation
exploiting information extracted just from total cross-
sections relies on the implicit assumption of purely s-wave
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production in the proximity of the reaction threshold. The
verification of this assumption requires the measurement
of angular distributions and polarisation observables as
well as of total cross-sections. Differential cross-sections
do exist for pd — 3Hen close to threshold [12,15-17],
and these indicate the onset of higher partial waves at
Q ~ 15 MeV. For the dd — *Hen process, data on the
total cross-section are restricted to small excess energies
(Q < 9 MeV) and no data whatsoever are available on
differential cross-sections.

2 Experiment

The experiment [21], aiming at the determination of total
cross-sections and angular distributions for dd — “Hen
close to threshold, was performed at the Institut fiir Kern-
physik of the Forschungszentrum Jiilich. The measure-
ment was carried out at the ANKE facility [22], located
at an internal target position of the COSY synchrotron,
for three beam momenta, 2.328 GeV /¢, 2.343 GeV/c and
2.358 GeV/c. The first of these lies below the reaction
threshold and was undertaken to study the shape of the
physics background. The other two correspond to excess
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Fig. 1. Layout of the forward detection system of ANKE used
in the experiment. Several trajectories of a-particles originat-
ing from the dd — %Her reaction are depicted.
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Fig. 2. Typical shapes of the AE;-p (left) and Tj1-p (right)
cuts applied in the selection of the *He particles.

energies of 2.6 MeV and 7.7 MeV, respectively!. With
around 5 x 10'° deuterons circulating in the COSY ring
and a Dy cluster jet target [24], a luminosity of about
4 x 103% s~1em ™2 was achieved.

The measurement assumed the detection of *He par-
ticles and reconstruction of their momenta, followed by
a missing-mass analysis of the remaining reaction prod-
ucts. The detection system was based on three magnets
D1-D3 forming a chicane in the COSY ring (full setup is
presented e.g. in fig. 2 of [22]), with the target position lo-
cated between D1 and the spectrometer magnet D2. In the
layout used in the experiment (see fig. 1), only the forward
detection system located between the D2 and D3 magnets
was exploited. This comprised two multiwire drift cham-
bers (MWDCs) for track reconstruction and three layers
of the scintillation hodoscope allowing time-of-flight and
energy loss determinations.

Simulations showed that the ANKE acceptance is
nearly 100% up to @ ~ 6.6 MeV and full coverage in
polar angle is assured up to @ ~ 90 MeV. The angu-
lar resolution (in the c.m.s.) for the a-particles stemming
from dd — *Hen was determined to be not worse than
19° for the lower energy (@) and 11° for the higher
one (Q2). Moreover, the resolution in the transverse-
momentum component was about four times better than
that of the longitudinal component. Thus, the investiga-

! The translation between excess energies and the corre-
sponding beam momenta has been done assuming an n mass
of m,, = 547.3 MeV/c* [23].
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Fig. 3. Inclusive momentum distribution of *He particles mea-
sured at excess energy Q1.
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Fig. 4. Distributions of transverse momenta of identi-
fied a-particles obtained for nominal beam momenta of
2.345 GeV/c (left, solid line) and 2.360 GeV/c (right, solid
line) for events with mx > 0.54 GeV/c®. On top of them the
phase-space-scaled subthreshold data are drawn with dotted
lines. The difference, corresponding to events just with n pro-
duction, is represented by filled histograms. Vertical lines indi-
cate pem calculated from the nominal beam momenta and that
deduced from the presented spectra.

tion of the transverse-momentum spectrum provides di-
rect information on the excess energy.

The application of a dedicated energy-loss-based trig-
ger was necessary in order to obtain satisfactory back-
ground suppression for the data acquisition system. Since
all scintillation counters were read out from both sides,
this required special integrating modules, allowing sum-
mation and integration of two analogue signals. The dis-
crimination threshold was set below the AE-p band of the
3He. Additionally, a sample of data was collected with a
minimum-bias trigger.

There was strong contamination in the raw data from
protons resulting from deuteron break-up since these have
rigidities very close to those of the *He particles of interest.
In order to ensure a clean selection of *He events, it was
necessary to apply cuts on all AFE;-p spectra (i = 1,2, 3)
and Tj1-p (j = 2, 3) with the reference time being given by
the signal from the first hodoscope layer. The cut shapes
were determined by dividing the three-dimensional spec-
tra into slices and fitting the contents with Gaussians.
The cut widths were taken to be at least three stan-
dard deviations and, in case of ambiguities (in the region
of the break-up background), the width was interpolated
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Fig. 5. Missing-mass distributions for the dd — *He X reaction in bins of c.m.s. angle at excess energies Q1 (upper panels) and
Q2 (lower panels). The scaled background, shown by the grey lines, is subtracted from the data to leave the desired 7 peaks.

between neighbouring regions with lower background con-
tent. Typical shapes of the cuts applied are shown in fig. 2.
The overall suppression factor from minimum-bias trigger
to software *He selection amounted to about 10°. The final
momentum spectrum depicted in fig. 3 exhibits a three-
peak structure, similar to those reported in ref. [25]. This
is a reflection of the well-known ABC effect [26], which
leads to kinematic enhancements of the two-pion mass
spectrum at both small masses (the outer peaks) and at
maximum mass (the central peak) [27].

The solid lines in fig. 4 represent data obtained above
threshold at @1 and 2, while the dotted lines indicate the
background. For both of the energies studied, the back-
ground measured at )y was scaled according to the avail-
able phase space and luminosity ratio [28], the latter being
determined from the ratio of the histogram sums outside
of the n peak region. The filled histograms result from
subtraction of the background spectra and should thus
represent pure 7 signals.

The analysis of the transverse-momentum spectra
shown in fig. 4 provides information on the c.m.s. momen-
tum of the outgoing particles, and thus the excess energy
which does not rely on knowing the mass of the n-meson
precisely. The simulations show that the final c.m.s. mo-
mentum can be determined from the middle of the steeper
edge of the transverse-momentum distributions. In the left
panel of fig. 4, the middle of the edge occurs at 50 MeV /¢

rather than at 55 MeV/c, as calculated from the nominal
beam momentum using the GEM value of m,, [23]. This
difference, which depends upon the assumed value of m,,,
indicates that the real beam momentum in the ()1 case
was about 2 MeV/c lower than the nominal value, which
is within the precision of the absolute COSY settings. The
relative beam momenta are, however, known with an or-
der of magnitude better precision so that the shift found
at (1 was assumed to be valid also at the other two ener-
gies. The spectra on the right of fig. 4 do not contradict
this hypothesis.

The deduced values of the c.m.s. momenta and the
corresponding excess energies are

Qo = (—2.6 £ 0.6)MeV,
Q1 = (2.6 £0.6) MeV,
Q2 = (7.7+0.8) MeV.

Pem,1 = (50 £ 5) MeV/c,
Pem,2 = (86 £4) MeV/c,

Acceptance and resolution corrections were deter-
mined through GEANT simulations [29], taking into ac-
count the influence of physics processes (small angle scat-
tering, energy loss, etc.) as well as the setup features (ge-
ometry, extended target, finite position resolution of the
MWDCs, etc.). The acceptance A(mx,cos0c,) was ex-
pressed in terms of the missing mass and the cosine of the
c.m.s. polar angle. As starting values, we used data on in-
clusive “He production in dd collisions [25] but, to ensure
good statistics also in the cells that were poorly populated
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in the event generator, this was supplemented with a sam-
ple of uniformly distributed events. For the total event dis-
tribution this introduces only a small change, but it helps
significantly in the reduction of the final statistical un-
certainty. For the above-threshold energies, separate sam-
ples of isotropically produced 7 events were generated, but
these were only used to correct the angular distributions.

To find the angular distributions of the *He from the
dd — *Hen reaction, events were divided into angular
bins and missing-mass spectra were considered separately
for each bin, the scaled background events being treated
in the same way. For the lower energy above threshold,
the statistics allowed a division into ten angular bins of
equal width in cosf.y,. For the higher energy, where the
statistics and missing-mass resolution were several times
worse, the data were divided into five intervals. In the
results, shown in fig. 5, the background is corrected us-
ing the dd — *He X simulation. The resulting subtracted
spectra should represent pure 7 signals (filled histograms
in fig. 5) though influenced by acceptance and resolution.
The effects of these were unfolded using information from
the simulation of dd — *Hen events.

The total luminosities were estimated by comparing
data with the inclusive differential dd — *He X results of
ref. [25], which have an absolute uncertainty of about 15%.
The central bump in the three-peak structure of the *He
momentum distribution was parameterised by a Gaussian
with parameters depending on the polar angle and beam
momentum. The integrated luminosities for the three ex-
cess energies were

Lo = (316 £ 34a¢)nb ',
Ly = (1566 & 21 gpar) nb ™+,
Ly= (299450 )nb !,

As checks on the luminosity, values were also deter-
mined from yields of the dd — 3Hen reaction compared
with the published data of ref. [30], the event selection and
acceptance correction being performed in a way similar to
that described for *He. The numbers obtained from this
analysis (317nb~1, 1425nb~! and 255nb~! at the three
energies) are consistent with those determined from the
dd — “He X data within the overall uncertainties. How-
ever, the latter reaction is preferable for our purposes since
it involves the detection of *He particles with momenta
similar to those arising from dd — *Her. By normalis-
ing to the dd — “He X process, uncertainties originating
from the detection setup efficiency cancel completely and
those in the acceptance at least partially.

3 Results

The analysis of the experimental data presented in the
previous section yielded the following total cross-sections:

o1 = (13.1 £ 0.7 gar & 1.84yt) 1b,

0y = (16.4 + 1.0 £ 2.1 4yt) 1b . (3.1)
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Fig. 6. Experimental angular distributions of the dd — Hep
reaction at the two excess energies. The error bars attached to
the points are statistical, while the systematic ones are drawn
as histograms.
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Fig. 7. Fits of a constant and a second-order polynomial to the
experimental dd — *Hen angular distributions where the an-
gular dependent systematic errors have been added in quadra-
ture. At @1 there is no evidence for any non-isotropy, whereas
at Q2 the Pol2(cos ) fit describes the data much better.

Table 1. Results of constant and quadratic fits to the experi-
mental angular distributions.

Fit of Pol0(cos )

Co x2/n.d,f.
@1 1.044+0.06 5.6/9 = 0.63
Q2 1.33+0.09 16.1/4=4.03

Fit of Pol2(cos0)

Co CQ Xz/n.d.f.
@1 1.05+0.10 -0.02+0.18 5.6/8=0.70
Q2 169+0.13 -0.70+0.16 2.7/3=0.91

The systematic errors quoted here have been estimated
by varying the conditions of the analysis within their un-
certainties and do not include the 15% uncertainty in the
luminosity, which does not affect the relative size of the
cross-section at the two energies.

Of the corresponding angular distributions depicted
in fig. 6, the one obtained at excess energy (), appears
isotropic, whereas that at Q2 reveals a strong angular de-
pendence. Due to the identical nature of the deuterons in
the initial state, the cross-section must be symmetric in
cos @ and our results are consistent with this within the
error bars.

In order to quantify the results, both angular distri-
butions were each fitted with two functions: a constant
Pol0(cosf) = Cp and a symmetric second-order poly-
nomial Pol2(cosf) = Cy (14 Cycos? ). For fitting pur-
poses, statistical and angular dependent systematic errors
were added in quadrature. The resulting fitted curves are
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superimposed on the experimental data in fig. 7, while the
values of the parameters are collected in table 1. From this
procedure it is clear that at the higher energy there is a
significant negative value for Co.

4 Comparison to World data

The results of this work should be compared with the ex-
isting World data on the dd — *Hen total cross-sections.
However, whereas the near-threshold data of ref. [13] were
taken with an unpolarised beam, the values quoted in
ref. [14] were obtained with a polarised deuteron beam
of helicity m = =£1. At threshold, where the n“He sys-
tem is in the s-wave, this gives the only non-vanishing
cross-section. The group indeed observed no signal of
dd — “Hen for a beam polarisation m = 0 at Dy =
48 MeV /¢, a region where we also find an isotropic differ-
ential cross-section. Unfortunately, there is no record in
the publication of such an absence at higher energies [14].
The evaluation of the unpolarised total cross-section from
the polarised data depends on the partial-waves compo-
sition assumed and cannot be performed in a completely
model-independent way, as long as no additional polarised
data is available.

4.1 Comparison of total cross-section

In the analysis of the SPESIII experiment [14], it was
assumed that only s-waves were significant. In this case
the unpolarised total cross-section was taken to be %
of the m = =1 cross-section that was actually mea-
sured in the experiment. However, the angular distribu-
tion shown in fig. 6 is clear evidence of the influence of
higher partial waves at the excess energy Q2. Now it is
shown in the appendix that, to order p%7 there are only
three partial-wave amplitudes that contribute to the unpo-
larised cross-section and the alignment. These correspond
to final n s-waves (Ayp), p-waves (C), and d-waves (Asz).
The anisotropy could be due to s-d interference or be a
pure p-wave effect and these two possibilities give rise to
a different relation between the m = +1 and the unpo-
larised cross-section. This can be seen from the expres-
sions in eq. (4.1), derived in the appendix, where we have
chosen a convenient normalisation for which

do ) , ) )
(df?)m—il =5 {|Ao| + 2Re(Aj Az) p; P(cos 6)

Loz 22 3
+§|C| p;,sin” 0+ O(p;) |,

do P .
(dﬂ)m—o = ;" [|C\2p3] sin? 0 + O(p,?;)} . (4.1)

We have fit our data, to the order we keep, first by
assuming the s + p scenario (A2 = 0) and determining
the |C|? factor. This factor was then applied to calculate
o(m = 0) at the momenta of two last SPESIII points [14].
These unmeasured contributions were then added to the
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Fig. 8. World data on the unpolarised dd — *He total cross-
section. Our results (squares) are compared to the measure-
ments of refs. [13] and [14], the latter being corrected for the
unmeasured m = 0 cross-section, as described in the text. In
the upper panel, uncertainties in the correction procedure lead
to larger error bars being assigned to the data of ref. [14].

two SPESIII points to calculate the full unpolarised cross-
section. For the s+ d hypothesis (C' = 0) there is no such
contribution and ¢(unpolarised) = 20(m = +1), as cal-
culated in the original paper. Figure 8 presents the World
data set and the difference between the two approaches to
the SATURNE data represents the systematic uncertainty
due to the unmeasured m = 0 cross-section.

It is seen from the figure that our results are, within
errors, consistent with the SATURNE data independent of
the assumption that we make regarding the partial-wave
composition.

4.2 Consequences for partial amplitudes

The rapid variation of the average production amplitude
with momentum close to threshold is the signal for a
strong 1« final-state interaction. It is common in such
a case to parameterise the s-wave amplitude in terms of
the complex scattering length a,, [31];

fB

-5
1 —ipyama

fo= (4.2)

where fp is assumed to change little with momentum.
To use the scattering length ansatz one has first to
project out the contribution from the final s-wave (|Ag|?
in eq. (4.1)). Now the angular distribution alone does not
provide sufficient information to do this. One can, as dis-
cussed in sect.4.1 and shown in fig. 8, consider special cases
where one of the terms vanishes to see what effect it would
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panel: s- and d-wave contributions. The curves represent fits
using the s-wave scattering length formula of eq. (4.2).

have on the s-wave cross-section and hence on the extrac-
tion of the scattering length from the data. The results
of this investigation of the (s + p)-wave and (s + d)-wave
hypotheses are displayed in fig. 9.

It is not possible from a single distribution such as
that in fig. 9 to determine two real parameters; the error
bars become strongly correlated. The authors of ref. [14]
did a combined optical-model fit to all the near-threshold
pd — 3Hen and dd — “Hen data, assuming that only
s-wave production occurs, and this resulted in a value
anoa = (—2.2 4+ 1.1¢) fm. In this analysis the real part of
ayne was fixed mainly by the n3He data and so the scat-
tering length fits of fig. 9 have been carried out by vary-
ing just Im(ayqa). This resulted in a,o = (—2.2 + 2.37) fm
and (—2.2 + 0.74) fm, respectively for the s+ p and s+ d
assumptions. One can only attempt to separate these so-
lutions by having measurements with a polarised beam,
where eq. (A.8) allows |C]? to be extracted directly, e.g.,
from to5.

5 Conclusions

By measuring the angular distribution of the dd — *Hen
reaction at two different energies, we have shown that
higher partial waves affect the differential cross-section at
lower values of the excess energy than for the correspond-
ing pd — 3Hen reaction. The total cross-sections link well
with the results of previous measurements, though there
is some ambiguity at the higher energies where the earlier
data were taken with a polarised deuteron beam of helicity

The European Physical Journal A

m = £1. The uncertainty in the origin of the higher par-
tial waves is reflected in the estimation of the 7 « scatter-
ing length from the data. Fixing the position of the pole in
the 1 « scattering amplitude, which determines whether or
not there is a quasi-bound state, requires an even more ex-
tensive data set, including especially more measurements
with a polarised deuteron beam [32], as well as data from
below the na threshold analogous to the studies for the
nHe system described in ref. [19].

The only theoretical model designed to describe the
dd — *Hen reaction in a two-step approach has only been
evaluated in the s-wave limit [33]. It would be helpful to
extend such calculations to higher waves to provide an
indication as to which of these first becomes significant.

Correspondence with Nicole Willis on the data of ref. [14] is
gratefully acknowledged, as is the help of J. Smyrski in set-
ting up the MWDCs. This work was carried out within the
framework of the ANKE Collaboration [34] and supported by
the Forschungszentrum Jiilich and the European Community
- Access to Research Infrastructure action of the Improving
Human Potential Programme.

Appendix A. The dd — an amplitudes

In order to be able to isolate the s-wave amplitude from
data on the production of pseudoscalar mesons in reac-
tions such as dd — an or dd — an®, one has to make mea-
surements of deuteron analysing powers as well as of the
differential cross-section. The resulting analysis requires
an understanding of the relationship between the ampli-
tude structure and the observables, which is summarised
in this appendix.

Due to the identical nature of the incident deuterons,
only three independent scalar amplitudes are necessary to
describe the spin dependence of the reaction. If we let the
incident-deuteron c.m.s. momentum be p and that of the
71 be py,, then one choice for the structure of the transition
matrix M is?

M = A(e; X €) - p+ Bler X €) - [p X (P, x p)] (pn - D)
+C [(€1-p)e2-(p, x P) + (&2~ Per-(p, x P)], (A1)

where the €; are the polarisation vectors of the two
deuterons. Note that M, which is a pseudoscalar due
to the 7 parity, is invariant under the transformation
€] — €, p — —p, as required by the Bose symmetry.
The scalar amplitudes A, B, and C are functions of pn27
p?, and (p, p)? = p%p2 cos? @, where @ is the production
angle of the n-meson.

Following the usual convention of letting p lie along
the z-direction and p,, to be in the zz plane, the transition

2 Parity conservation together with the Bose symmetry pro-
hibits the appearance of a term (€1 - €2) and a structure such
as (e1-Pp)e2-(p, X P) — (€2 - P)e1-(p, X P) can be rewritten
as a linear combination of the first two terms in eq. (A.1) (cf.
eq. (B.7) in ref. [35]).
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matrix reduces to

M = Alerzery — €1y€22] + Bp?, sin @ cos 0 [e1y€2. — €1.€2y]
(A.2)

—Cpysing [e1.€9y + €1y€22] .

If we assume that deuteron-2 is unpolarised, the re-
maining polarisation information is contained within the
density matrix:

Z=> MM.

m2

(A.3)

Using the explicit form of eq. (A.2), and working in
the spherical basis, the unpolarised intensity (I) and the
vector (t1;) and tensor (t9;) analysing powers are obtained
by taking the trace of Z with the unit matrix, and the
vector and tensor projection operators §2; and (25; [36].
This leads to the expressions

2
— 2 (AP + BP9}
1

sin? 0 cos? 0 + \C|2p727 sin”0) ,

Tty = 33 (2|A]? - |B|2pf7 sin? @ cos? 0
~|C|?p? sin? 0 — 6 Re{ B*C}p? sin? O cos 0) ,
1
Ity = 7 Re {A*(Bpycos + C)} p,sinb,
1 2.2 . 2
Tty = W | Bpy, cos 0 — C|*p;, sin” 0,

1
Tity; = 7 Im {A*(Bp;, cos0 + C)} p, sin 6,

It1p=0. (A.4)

The term proportional to C' is the only one that
changes sign under p,, — —p, and thus represents odd
na partial waves; the other amplitudes correspond to
even waves. Of these, the sole term that survives at
threshold, and which therefore contains the na s-wave,
is proportional to A so that the tensor analysing power
ta0 = +1//2 at threshold and the inspection of eq. (A.4)
shows this to be true more generally at § = 0.

For simplicity of presentation, we have adopted a nota-
tion in eq. (4.1) whereby the unpolarised differential cross-
section is related to the amplitudes by

do  p,
— == A5
- p (A.5)
The azimuthally symmetric differential cross-sections
for the defined initial polarisation used in eq. (4.1) depend
only then on ¢y and the unpolarised cross-section through

(35),..,= (=) (i)
(38), ., = (= 2) (32)

Since for our experimental data we are interested in
describing the first deviations from an s-wave behaviour,
we shall only keep terms that contribute to the observ-
ables up to order p%. Though to this order B and C can

(A.6)
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be taken as constant at their threshold values, there can
be an angular dependence in the A amplitude which, to
this order, may be written as the truncated Legendre ex-
pansion:

A= Ao+ Ay p% Py(cosb) . (A.7)

To order pfl therefore,

2 *
I= 3 (|40l + 2P Re{ A5 A2} Py(cos0)
—F|C\2 2 sin®0)
Itz = 3\[ (2140/? +4P,7R€{A0A2}P2 cosf)
—|C)? pn sin 0),
1
Ity = ——=pysinf [Re{AgB}p, cos + Re{A;C}],

\/3

Ttoy = Cl*p
22 2\/—||

1
—= pysin® [Im{AjB}p, cos + Im{A;C}],
V3
Ith = 07

2 sin? 0,

Tty =
(A.8)

where the s-wave amplitude Ay will have an additional
py-dependence arising from the no final-state interaction.

Thus, measurements of the angular distributions of the
unpolarised cross-section, tog, and ity;, would allow one to
extract the values of |Ag|?, Re(AjAs), |C|?, Im(A;B), and
Im(AyC). This would then lead to two twofold ambigui-
ties that could only be resolved by the measurement of
to1. To this order in the momentum expansion, the tq9
information is not independent, though it would provide
some check on the systematics arising, for example, from
the background subtraction and/or on the convergence of
the momentum expansion.
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