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Investigation of the dd — “Hen reaction has been a part of the experimental programme at
the ANKE facility of COSY-Jiilich. In a first stage measurements were made at two excess
energies: 2.6 MeV, 7.7 MeV as well as one energy below threshold for physical background
studies. The experimental technique and the results are presented. The total cross sections ob-
tained link well with the existing data, though there is some ambiguity at the higher energies,
where some earlier data were taken with a polarised beam. Measured angular distributions
indicate the onset of higher partial waves at only 7.7 MeV above threshold.

PACS: 13.60.Le, 25.10.+s, 25.45.-z, 11.80.Et

1 Introduction

The physics of the n meson revived when it was discovered, that the n—nucleus interaction is rela-
tively strong and attractive. In the mid-eighties of last century the hypothesis of n—nucleus quasi—
bound states was proposed [1-3]. The original predictions concerned heavier nuclei (A > 11),
but experimental searches for such states were unsuccessful [4,5]. More recently different the-
oretical approaches resulted in positive predictions for much lighter nuclei, e.g. helium iso-
topes [6-10]. Indeed, data on the pd — 3Hen and dd — *He reactions obtained at the SAT-
URNE accelerator [11-14] as well as in other laboratories [15-17] made some authors claim
that already n—helium systems are bound [14, 18]. Attempts have also been made to produce the
n-3He bound state via the photoproduction reaction [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,
an analysis aiming at the extraction of the 7-nucleus s—wave scattering length requires precise
information on angular distributions, in particular on the contribution of the s—wave amplitude
to the total cross section. For the pd — 3He 1 reaction, though some differential cross sections
for higher () values (QQ > 21 MeV) are available, there are still some inconsistencies between
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Fig. 1. Two-step model adopted for the reaction dd — *Hen. In fact the calculation comprises eight
similar diagrams corresponding to interchanges of neutron and proton, *He and triton and 7° and 7.

various data sets on the total cross section close to threshold [21]. Angular distributions for the
n—*He system have never been measured and the existing data on the total cross section [13, 14]
cover the energy range only up to @) = 9 MeV.

The question of the 7—meson production mechanism also remains ambiguous. Simple models
where one or more nucleons remain spectators undershoot the cross section due to the very
large momentum transfer [22]. A contribution is required where all nucleons are involved in the
reaction mechanism. The so—called two—step model has been originally proposed to describe the
pd — 3Hen process [23]. An extension of this scenario for the dd — *He case, depicted in
Fig. 1, together with quantum mechanical calculation of the reaction amplitude was presented
in Ref. [24]. This model, however, has only been evaluated in the s—wave limit. Extension to
higher partial waves is desirable in order to investigate which of these first becomes significant.

2 Experiment with ANKE at COSY

The experiment [25, 26], aiming at the determination of total cross sections and angular dis-
tributions for dd — “He close to threshold, was performed in the Institut fiir Kernphysik of
the Forschungszentrum Jiilich. The measurement was carried out with the use of ANKE — an
installation located at the internal target position at the COSY synchrotron [27] at three beam
momenta 2.328 GeV/c, 2.343 GeV/c and 2.358 GeV/c. The first of these was a subthreshold
measurement undertaken to study the shape of the physical background, considered to be mostly
27 production.

The principle of the measurement was the detection of the *He particles, with the 7 being
identified through the missing mass technique. At the heart of ANKE are three magnets D1-
D3, forming a chicane in the COSY ring, with the one in the middle (D2) being used as a
spectrometer. The target is located between D1 and D2. Although ANKE is a rather complex
facility, in our measurement only detectors from the forward system were used. These were
multiwire drift chambers for track reconstruction and three layers of the scintillation hodoscope
allowing time—of—flight and energy—loss determinations. Fig. 2 shows the layout of the detection
system.

High count rates from the break—up reactions necessitated the application of a dedicated
energy—loss—based trigger, which assured satisfactory background suppression for the data ac-
quisition system. The discrimination threshold was set below the A E—p band of the 3He.

ANKE provides full acceptance for the dd — “Hen process up to Q ~ 6.6 MeV and, with
appropriate acceptance corrections, measurement of angular distributions is possible even up to
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Fig. 2. The floor view of the ANKE forward detection system used in the experiment. Several trajectories
of -particles originating from the dd — *He 7 reaction are depicted.
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Fig. 3. Missing mass (left) and transverse momentum (right) distributions. Solid line represents the data
collected at ) = 2.6 MeV, dotted line the subthreshold data scaled kinematically to the same energy. Filled
histograms, resulting from subtraction of background from signal, correspond to the pure 7 production.

@ =~ 90 MeV. The angular resolution (in cms) determined in the simulations was not worse than
19° for the lower energy and 11° for the higher.

Event selection was accomplished by means of a set of two—dimensional cuts: three AE-
p and two TOF—p. The overall suppression factor from minimum bias trigger to software *He
selection amounted to about 10°. The final momentum spectrum exhibited a three-peak structure,
similar to those reported in Ref. [28]. In the collected sample of events with 4He detection, the
signal of 1 production was identified as a peak in the missing mass spectra, see left panel of Fig.3.
It is also well seen in the transverse momentum distribution (Fig.3, right). As the resolution in
the transverse momentum component is about four times better than that of the longitudinal
component, the investigation of the transverse momentum spectrum provides direct information
on the excess energy.
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Fig. 4. Experimental angular distributions of the dd — “He 1 reaction at the two investigated excess ener-
gies. The error bars attached to the points are statistical, while the systematic ones are drawn as histograms.
Lines represent the results of constant and quadratic fits.

3 Results and conclusions

To find the angular distributions of the “He from the dd — *He 7 reaction, missing mass spectra
were considered separately for each angular bin for both signal and scaled background events.
For the lower energy above threshold, the statistics allowed a division into ten angular bins of
equal width in cos#. For the higher energy, where the statistics and missing mass resolution
were worse, the data were divided into five bins. The resulting subtracted spectra, representing
pure 7 signals, were integrated to give the angular distributions. Absolute normalisation was de-
termined by comparing the observed yields for two processes: dd — *He X and dd — 3Hen
with the data of Refs. [28,29]. The two results are consistent within the overall uncertainties.
However, the dd — *He X reaction is preferable for our purposes since it involves the detection
of *He particle with momenta similar to those arising from dd — “Her. Uncertainties origi-
nating from the detection setup efficiency cancel completely and those in the acceptance at least
partially. The angular distributions obtained are shown in Fig. 4 together with the fit results.
At the lower energy the distribution is isotropic, while at the higher it reveals strong anisotropy,
which can be described by a(1 — bcos? #), with a = 1.69 & 0.13 nb/sr and b = —0.70 & 0.16
(odd powers of cos 6 vanish due to having two identical bosons in the entrance channel). The
total cross sections at the two energies amount to:

o1 = (13.140.7 g & 1.84y) 1b,
oy = (16.4+ 104 & 2.14y) nb. (1

The systematic errors quoted here have been estimated by varying the conditions of the analysis
within their uncertainties 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.

In Fig. 5 we compare our results with the existing world data on the dd — “He 1) total cross
section. Of the existing measurements, only one [13] was performed with an unpolarised beam,
as in the ANKE experiment. The other [14] exploited a polarised deuteron beam of helicity
m = 1. Close to threshold, where the 7—*He system is in the s—wave, this gives the only
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Fig. 5. World data on the unpolarised dd — “*He ) cross section. Our results (squares) are compared to the
data of Refs. [13] (open circles) and [14] (full circles), the latter being taken with the polarised beam.

non-vanishing cross section. Under the assumption of a pure s—wave production the unpolarised
cross section equals to 2/3 of o(m = +1), as calculated in the original paper of Willis ez al. [14].
The group observed no 7 signal for a beam polarisation m = 0 at p,, = 48 MeV/c, which
is in line with the isotropic angular distribution found in our experiment at the lower energy,
corresponding to p,, = 50 MeV/c. Unfortunately, there is no record in the publication of such
an absence at higher energies. The evaluation of the unpolarised cross section depends on the
partial wave composition assumed and cannot be performed in a completely model-independent
way, as long as no additional polarised data are available.

The knowledge of the partial wave composition of the reaction amplitude is also crucial in
approaches aiming at the determination of the 7—*He s—wave scattering length. For energies
@ > 4 MeV the “threshold proximity” argument is no longer valid and a proper partial wave
analysis is required in order to extract the s—wave reaction amplitude [25].

4 Outlook

The experiment presented here has been continued in a second beam time with measurements
at excess energies of 22 MeV and 43 MeV. Due to the wider opening angle of the “*He cone,
the small-acceptance multiwire drift chambers were replaced by a larger set of proportional
chambers. The data are currently under analysis.

In autumn 2003 another dd — *Hen experiment was proposed by the GEM collabora-
tion [30]. Its main goal is a measurement of the tensor and vector analysing powers t29 and
t11 along with the differential cross sections for several excess energies, starting at 22 MeV.
Such data will provide deeper insight into the structure of the dd — “*Hen reaction amplitude
and will contribute to further studies of the reaction mechanism.
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