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1. Introduction

The advent of cooled beams from accelerators like the Indiana Cooler,
the CELSIUS ring in Uppsala and COSY in Jiilich has revitalized the inves-
tigation of light meson production close to threshold. In this contribution
we will focus on the experimental program of the GEM detector system
presently assembled at COSY. We will discuss first the details of the GEM
detector system. It will be shown that this system is ideally suited for the
study of reactions in which light mesons are produced not too f ar above
threshold. Of special interest is the p + d —3He+meson reaction following
the pioneering work performed at SATURNE in Saclay [1, 2, 3]. In contrast
to all previous we will make use of a 4x-detector. In addition the unbound
states of the nucleons in the final state are presently also of interest.

The formation of pionic atoms in low-lying states in heavier nuclei is a
long standing problem. Already in 1954 Deser et al. [4] pointed out that
even the knowledge of the algebraic sign of the level shift in pionic 1s states
of light nuclei would be of value. With shift we denote in the following
the shift of the level due to the strong interaction when compared to the
pure Coulomb interaction. Only half a year later Briickner [5] introduced
an additional broadening of such levels due to strong absorption. At the
same time Kisslinger [6] determined an optical model from the scattering of
pions on 12C. These three quantities, level width, shift and optical potential,
are still the main ingredients in the study of pionic atoms, although, the
theory of pion-nucleus interactions is nowadays much more elaborate. A
more complete description can by found in Refs {7, 8].

On the experimental side we are still dealing with only two observables
for each level with given principal and angular momentum quantum num-
bers: the width and the shift of the level. The 1s state is in this respect of
special interest. Because in this state the overlap between the pion density
and the nuclear density is maximal, the observables of this state should be
most sensitive to the short-range strong interaction. The classical method of
pionic atom formation by 7 ~-absorption was recently extended up to 27Al
and 28Si [9]. These measurements yielded an improved parameterization of
the optical potential. This improved parameterization predicts a saturation
of the widths. As an example the width I'(1s) for 4°Ca is predicted to be
82 keV and 94 keV for the standard and the improved parameterization,
respectively. These numbers are 474 keV and 63 keV for 298Pb.

Pionic atoms in the 1s state for nuclei heavier than 3He are bound only
via the Coulomb force while the strong interaction is repulsive. On the
contrary the existence of strongly bound 7 mesic atoms was predicted [10]
if the N*(1535) plays a dominant role.
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2. The GEM detector

The GEM detector is a hybrid system consisting of GErmanium wall
plus Magnetic spectrometer. The spectrometer is a remodeled version of
the previous BIG KARL spectrometer. In order to allow for ray tracing in
the x- and y-direction its previous two entrance quadrupole magnets were
replaced by three high field quadrupole magnets. These magnets have a
larger opening than the previous ones giving a larger acceptance of the
spectrometer. The first dipole magnet has a new side yoke. It allows now,
together with a window in a new vacuum chamber, for exits of the primary
beam. This works if the Bp-values of the primary beam and the particles to
be measured differ by factors of two to three and the spectrometer is at zero
degrees (see Fig. 1). In addition to BIG KARL II a stack of position-sensitive
germanium detectors will be used (see Fig. 2), the germanium wall which
will enlarge the spatial acceptance of the magnetic spectrometer. These two
detector elements together cover an solid angle of 560 mrad. They will allow
direction measurement and energy measurement each to better than 103
as we will discuss below.
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Fig. 1. View of the target area with the remodeled magnetic spectrometer BIG
KARL II. Indicated are the new three entrance gquadrupole magnets and the two
dipole magnets. - The first dipole has exits for the primary beam. The two limiting
cases of factors two and three with respect to the detected particles are indicated.
The primary beam is dumped in a shielded piece of iron of 1 m?® volume.

To allow for precise emission angle measurements the small beam spot
of COSY (0.6 mm in diameter or less) together with a small emittance is



1558 H. MACENER

Fig. 2. Perspective view of the Ge-wall. The first detector has 200 Archimedes’
spirals on the front side and 200 on the rear side but with opposite orientation (quirl
detector). Thus 40000 pixels are defined. The following diodes have pie structures
with 32 slices each. All diodes are transition detectors. Right: Enlarged view of
the quirl. Out of the 200 spirals only 50 are shown for clarity. The definition of a
pixel as crossing between two spirals is indicated. ‘

essential. In order to not spoil these advantages thin targets are necessary.
For solid targets this is not a problem. In the case of liquid deuterium
we will make use of a 2 mm thin target with extremely thin walls [11].
The distance from target to Ge-Wall is optimized with respect to energy
and solid angle acceptances and will be 60 mm (see Fig. [3]). The hole
in the middle of the Ge-Wall serves as an exit for the primary beam. 3He-
particles scattered into this region will be measured by BIG KARL II, which
detects the outgoing particles within +28 mrad with respect to the forward
direction with similar resolution. The particle trajectories going into that
angular range will be measured with two sets of multi-wire drift chambers
in the focal plane. These detectors will be followed by a plastic trigger
hodoscope which will also allow for time of flight measurements to reduce
background. Use of a 4r detector around the target to detect additional
decay products is foreseen.

3. Bremsstrahlung

When a 470 MeV proton interacts with deuterium several processes will
occur with cross sections compiled in Fig. 4. The strongest channel is frag-
mentation, followed by elastic scattering. Then pion production takes place
on a millibarn level for the many-body final states and a few tens of ubarns
for the two-body final states. The pure electromagnetic bremsstrahlung pro-
cess takes place only on a 500 nb level. It is, therefore, evident that this is the
most complicated process to be measured. To examine the bremsstrahlung
process the detector has to allow a precise measurement of the invariant
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T

Fig. 3. Side view of the Ge-Wall.

mass of the unobserved particle to distinguish between the v and the =
from the kinematically not too different 3He+#° channel, which is 20 times
more frequent {13]. In order to distinguish between processes, Cameron et
al. [14] employed an additional photon detector. However, these authors
point out that normalization problems exist in bremsstrahlung measure-
ments when they compare their results with previous data.

The kinematics of the reaction is shown in the top part of Fig. 5 as
a polar diagram, i.e. the kinematical loci are plotted as function of the
momenta parallel to the beam axis and the momenta perpendicular to it.
In addition the acceptances of the two detector components are also shown.
A A-E detector of 800 um thickness was assumed. A projectile momentum
of 900 MeV /c is the limiting momentum for GEM acting as a 47 detector.
At the momentum of 600 MeV/c, which is just below the #° threshold, a
part of the events will not reach the E;- detector.

High precision absolute data will allow to perform serious tests of the
principle of detailed balance by comparison with data from the inverse re-
action, photofission of 3He. The additional measurement of the analyzing
power will allow investigation of small amplitudes.
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Fig. 4. Cross sections for the indicated reaction channels ordered according to
decreasing probability. The data are from Dollhopf et al. and Carrol et al. In
addition we have assumed isospin symmetry.

4. Pion production

The next most likely reaction channels shown in Fig. 4 are pion pro-
duction associated by fusion into 4 = 3 systems. The kinematics of both
processes is also shown in Fig. 5. It is evident that GEM is a 47 detec-
tion device for energies from threshold up to 500 MeV corresponding to
7 = Phax/Mx = 1.6. Why is this energy regime of interest? First of all
because of the poverty of cross section measurements. In Fig. 6 we show the
excitation function of 3He+#? measurements. The values close to threshold
were given by Pickar et al. [15], the other data were obtained by fitting Leg-
endre polynomial L; to the data do(6)/dQ2 = Zf:g piLi(0) and o = 4=p,.
The data shown are transformed assuming isospin symmetry and time re-
versal invariance and are from Refs [12, 16-20]. We have taken only such
data into account which span large angular ranges and consist at least of
five data points. There is obviously a gap between 0.2 < 5 < 0.8 where no
data exist. In the region above n = 1 the data do not follow one unique
curve. The one shown is generated by Pickar et al. which is the momentum
dependence of the p+n — d+ x? cross section divided by 80. Although the
general trend is accounted for by this curve serious discrepancies exist espe-
cially close to threshold. There are no data available around the maximum.
This maximum in the total cross section should not be mixed up with the
one seen in backward angle production [21] at 7 ~ 1.9 and explained by
Kilian and Nann [22] as a result of the underlying kinematics if a two- step
process is the dominating reaction channel.
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Fig. 5. Polar diagram of the kinematical loci for the indicated reactions shown as
fanction of the momenta parallel and perpendicular to the beam direction. Cal-
culations are for the beam momenta given in the figure. The spatial acceptances
of the magnetic spectrometer and the Ge-wall as well as the energy acceptance
of the components of the latter device are indicated by dashed and solid lines,

respectively.

Also the differential data show discrepancies between different measure-
ments especially at- backward angles. Some of the existing data sets could
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Fig. 6. Excitation function of the indicated reaction. The data are extracted total
cross sections from the angular distributions given in the indicated references. The
solid curve is the momentum dependence of the p + n — d + 7° reaction divided
by 80 as extracted by Pickar et al.

not even be fitted by series of Legendre polynomials. We, therefore, plan
to measure such cross sections with high precision. Again, polarization will
help to entangle the reaction mechanism. Also the question of isospin in-
variance of the strong interaction in the pion sector is of importance [23],
as is the question of time reversal invariance.

5. Eta-production
5.1. The p + d reaction

The next heavier meson is the  with mass 548 MeV which has a heav-
ier sister, the n' at 958 MeV. Comparisons of the matrix elements of the
production cross sections with those for #° production as function of the
four-momentum transfer ¢t = (p, — pg)? in the

p+d—-3He+nory (1)

reactions should allow insight into the constituent quark composition. Again,
GEM can be used as a 4x-detector which is also suited to measure analyz-
ing powers. Also the question of the reaction mechanism can be addressed.
One possibility for the 7 is the production of a N* resonance which then can
decay into a nucleon and the meson. In Fig. 7 the probability is shown for
N*-resonances to decay into this channel. Obviously, the N*(1535) domi-
nates the cross section close to threshold. The solid line indicates the limit
of GEM as a 4w-detector. Another possible mechanism could again be a
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Fig. 7. Positions and widths of N* resonances which decay into N + 7. Also shown
is the mass range of the present experiment (vertical lines).

two-step process [22] with first the formation of a # which then in a second
scattering produces the . A maximum close to threshold should occur in
that case due to the underlying kinematics.

A preliminary Monte Carlo simulation of the p+d —3He+7 experiment
has been made with the code MC3 [24] assuming phase space distributions
of the produced mesons. The detector was simply represented by a mesh.
We have assumed systematic errors in the angle measurement from target
thickness, a beam radius of 0.3 mm, and a mean emittance of 17mm mrad.
In Fig. 8 the reconstructed missing mass squared is shown for an energy
close to threshold. As background reaction in the range of interest we have
assumed two pion production. The ratio between total background and 7
cross section was estimated according to the measurements by Banaigs et
al. [1]. From simulations employing an uncooled beam the missing mass
distribution for the n broadens leading to a less favorable ratio between
signal to background. But even for this case the experiment seems to be
feasible.

The cross section for the p+ d — p + d + 7 reaction can be estimated
to be 800 ub from the corresponding x° reaction and from deducing the
matrix elements from the p+d —3He+neutral meson reactions. If this large
cross section substantiates, even rare decay studies will become feasible with
COSY.

For the p + d — p + d + 7 reaction a somewhat different experimental
setup is required due to the different kinematics. In Fig. 10 the envelopes
of the kinematical loci for protons and deuterons for two different beam
momenta are shown. The real kinematical loci will be inside the ellipses
shown depending on the four-momentum vector of the 7. Also shown are
the acceptances of the Ge-Wall and the magnetic spectrometer as dashed
lines. Evidently, the detector acceptance is too narrow for the higher beam
momentum which corresponds to the recoil-free case for the reaction leading
to 3He+1. ’



1564 H. MACHNER

12000 v T T T g T T T T
p+d—— >3He+X
10000 B
Ep= 903.4 MeV
8000+ -
[~}
I
5 60004 .
Q
o
4000 .
2000 .
0 ' M ' I '
0.0 0.1 0.2 0.3 0.4 0.5

MM2 (GeV/cR)R

Fig. 8. Missing mass as obtained by Monte Carlo simulation of the reaction shown
for a bombarding energy of 903 MeV.
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Fig. 9. Same as previous figure but for 1092 MeV bombarding energy.

We, therefore, propose to amalgamate a part of the Ge-Wall with the
TOF-detector for the present reaction and for momenta which cannot be
detected by the above discussed apparatus. For identification of the direc-
tions of the protons and deuterons the AE germanium detector will be used.
It will also deliver AE information. This detector will be directly followed
by the last diode with the largest diameter of all diodes in the Ge-Wall
which will then cover the whole solid angle. The distance from target to the
first detector is for this geometry 28 mm. The corresponding proton and
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Fig. 10. Polar diagram of the kinematical ellipses for protons and deuterons from
the indicated reaction. All curves and lines for a proton beam momentum of
1600 MeV /c are broken, those for 1740 MeV/c are solidly drawn. The ellipses are
the envelopes of the kinematical loci which depend on the momenta of the 1 mesons.
The lines show the acceptances of the Ge-Wall for the two geometries discussed.
Particles in the narrow cone will be detected by the magnetic spectrometer for the
low bombarding momentum and by the TOF detector for the high momentum.
The momentum ranges of the two germanium diodes foreseen are indicated for
protons and deuterons as well and indicated by the corresponding indices.

deuteron momenta for these two germanium detectors are also shown in the
figure. While at the lower bombarding momentum a portion of the protons
will be stopped completely in the solid state detector, the higher proton
momenta as well as the deuteron momenta are too high to be stopped in
these diodes. However, these high energy particles will deliver energy loss
signals sufficiently large to identify the particle type. If these measurements
do not suffice to derive the total energy, an additional flight timne measure-
ment with a following scintillator as start detector and the front of the TOF
detector as stop detector 2.5 m downstream will provide the additional in-
formation needed. Although this reaction channel cannot be measured with
the same accuracy and only over a more limited momentum range than the
3He channel, it is expected to provide valuable information on the reaction
mechanism.

5.2. The p+A reaction
It seems natural to compare 7 production with #° production. Close to

threshold the latter is dominated by §-wave production. The cross sections
for some reactions are given in Table I.
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TABLE 1

Comparison of neutral meson production cross sections near threshold

Reaction a(x%)(ub) Ref. o(n)(ub) Ref.
p+p—op+p+X° 3.8 [25] 1 [27]
n+p—d+ X° 10 [26] 100 [29]
p+d —3He+ X° 2 [15] 0.4 [28]

Whereas 7 production is by a factor of 4 smaller than 7#® production it
is a factor of ten larger in the deuteron formation. This sheds some light
on the importance of the neutron in the 7 production process. It is, there-
fore, worthwhile to measure production yields also on heavier nuclei. One
interesting case would be the p+%Li—7"Be+7 reaction because the target
has a cluster substructure making the reaction almost like reaction (1). A
thinner AE-detector has to be used to measure the recoiling "Be. Again
GEM is a 4r-detector and with a few mg/cm? thick target the resolution
is good enough to resolve low-lying states in the recoiling "Be which is not
the case in the measurements performed so far [30]. In these measurements
the n’s were detected by their weak decay into two photons. Comparison
of these data with the presently proposed ones should enable one to deduce
information on the absorption process of ’s in nuclei.

6. Bound states
6.1. Pionic atoms

If the meson-nucleus interaction is attractive, bound states (i.e. mesic
atoms) can be formed. For a study of the strong interaction, low-lying
states of pionic atoms are of interest. The interaction in the atomic 1s
state is attractive for nuclei up to 3He and repulsive for heavier ones. Con-
sequently, only 7~ -atoms can be studied for heavier systems because in
these cases binding comes from the Coulomb force. The classical method
of # ~-absorption can not be applied because the widths of states for nuclei
heavier than 28Si is in the order of 50 keV and cannot be distinguished from
background in v-spectra. Therefore, a different experimental technique is
required. In hadronic production it was first pointed out by Ericson and
Kilian [31] that recoil free production as it is used in the production of hy-
pernuclei is also possible for light mesons. We follow this conjecture since it
will maximize the yield of bound pions. In Fig. 11 we show the excitation
function for the formation of pionic atoms via the elementary process

p+n—p+ptnw” (2)
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with three different choices of the neutron momentum. The momentum
0 MeV/c corresponds to the elementary process where favoring recoil free
kinematics really pays. For a typical Fermi momentum of 75 MeV /¢, which
corresponds to a valence neutron, the effect is still there although weaker
than for the free neutron. For a Fermi momentum of 150 MeV /¢, which
corresponds to a more deeply bound neutron, the effect of recoil free kine-
matics is almost gone. It should be noted that the present calculations show
the effect of subthreshold production in the case of bound neutrons due to
the Fermi motion.

100 T ) o 150 M
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p+n-—-——->2p+ 7 ---= pp=75 MeV/k
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Fig. 11. Excitation function for the formation of a pionic atom in a 1s state for
the indicated reaction. The (Fermi-) momentum of the neutron pp, is given as
capture to the appropriate curve. Structures are due to limited statistics in the
Monte Carlo method.

From these calculations we conclude that recoil free kinematics favors
the formation of bound pion-nucleus states in the case of weakly bound
neutrons or, in other words, on nuclei where the last shell is fully occu-
pied. This is again as in hyper-nuclear spectroscopy. Target nuclei to be
chosen under these constraints are 28§i, 19:44148Ca  and 208Pb. All these
nuclei have the first excited state more than 2 MeV above the ground state
and, therefore, will not have a mixing between nuclear and pionic atomic
excitations. With the first target we can prove the method by comparison
with existing data, continuing then to unknown cases. Of special interest
will be the investigation of the calcium isotopes. Although the pionic atom
will live some time, it will finally decay by annihilation. This can happen
in a naive picture only on a deuteron or two protons. A possible neutron
skin on the calcium surface for the heavier isotopes will lead to a longer life
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time corresponding to a smaller width. Such a prediction was made in the
context of super-heavy nuclei by Friedman and Soff [32].

There is of course also a physical “background” due to a (p, 2p) reaction
with a many-body final state. The background was estimated by calcula-
tions in the framework of the exciton coalescence model [33, 34] to be 100
#b in the detector acceptance, which will be given below, in an energy bin
of 300 keV for each proton. The expected instrumental mass resolution will
be of the order of 100 keV. This has to be compared with 70 nb for the
formation of a pionic atom in the ground state. The detector was designed
so that all this cross section will be detected. We, therefore, expect the
background to be of the same order of magnitude as the spectral line.

GEM is for the bound system again a 4x-detector. Its missing mass
resolution will allow the measurement of the level shift for all nuclei of
interest and also the width for the heavier nuclei. It will allow to distinguish
between the standard and modified optical potential mentioned above.

6.2. Fta-mesic nuclet

Similar to the pionic atom case, one can produce the # without recoil in
the p+d —>3He+17 reaction. This enables us to search for bound or resonant
n-nuclear states. For such states to exist, the n-nucleus interaction has to be
sufficiently attractive. Theoretical studies by Haider and Liu [10] indicate
such a binding for nuclei heavier than 12C. Furthermore, the lifetime of the 7
in nuclei should not be too short. Calculations [10] yielded 3. 6 MeV for 12C
up to 11 MeV for 2°8Pb. Since in nuclei there is a lot of quasi-deuterons the
detection of 3He should give a clean signal of a bound state. In order to have
an additional information, one can detect the reaction products after the
n-absorption as well. The strongest channel willbe 4+ N — N* - N + .
This process will lead to a nucleon and a pion being emitted back to back
with 467 MeV /c momentum.

7. Conclusion

We have presented a detector system with high granularity and good en-
ergy resolution. It is near threshold a 4x-detector in reactions with meson
production. The main goals of the experiments proposed with this sys-
tem are the study of the reaction mechanism, the importance of the quark
content of the mesons and the interactions of mesons with nuclei at small
momenta. Also the question of isospin invariance and time reversal invari-
ance in meson production can be addressed. The data emerging from GEM
are expected to have factors of 30 better statistics than existing data, thus
allowing stringent tests of these symmetries.
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