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Abstract. The feasibility of the spectroscopy of dynamically ionized electrons (positrons) from heavy-ion
collisions at intermediate energies, e.g. Pb+Pb at 60 A·MeV has been studied. We propose a magnetic
toroid spectrometer for lepton spectroscopy in an energy range between 5 and 50 MeV. Special emphasis
was laid on large solid angles, on broad-band characteristics and on a good suppression of secondary
events. The device is a versatile compact-size instrument for lepton detection in in-beam experiments at a
moderate energy resolution of ∆E/E ≈ 4%.

PACS. 07.81.+a Electron, ion spectrometers, and related techniques – 25.70.-z Low and intermediate
energy heavy-ion reactions – 29.30.Aj Charged-particle spectrometers: electric and magnetic – 29.30.Ep
Charged-particle spectroscopy

1 Introduction

The spectroscopy of primary electrons (positrons) ejected
from ion-atom collisions is a direct way to provide infor-
mation on the dynamical aspects of nuclear reactions and
excitations as well as on the underlying stationary prop-
erties of the atomic or quasiatomic systems. In the regime
of very heavy-ion-atom collisions at and slightly above
Coulomb barrier energies the spectroscopy of dynamically
ionized electrons (δ-electrons) and positrons has become a
standard tool of experimental heavy-ion physics [1–5]. Of
particular interest are electrons ejected from the strongest
bound atomic shells or positrons from pair creation by
ionization of levels of the continuum of negative energies
[6–11]. Due to their high intrinsic momenta these leptons
are emitted with kinetic momenta that exceed the maxi-
mum momentum transfer in elastic quasi-free collisions by
orders of magnitude. They are therefore well separated by
their energy from the other atomic ionization processes
and represent unique probes for the study of quantum
electrodynamics in extremely strong, transient fields. Ba-
sically, the shapes of these lepton spectra reflect the time
dependence of the internuclear potential [11–14] and the
spectroscopy of dynamical electrons or positrons may be
used to provide information on the time evolution of the
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nuclear collision itself, serving as an “atomic clock” for the
nuclear reaction [12]. This spectroscopy and its theoretical
interpretation were major topics of research at the heavy-
ion accelerator UNILAC of the Gesellschaft für Schwer-
ionenforschung, GSI, Darmstadt, Germany [15–26]. With
the heavy-ion synchrotron SIS at GSI (e.g., [27]), a new
range of projectile energies became accessible allowing to
pursue these physics into the domain of relativistic ion
velocities. There a breakdown of the so far very success-
ful adiabatic coupled channel approach [28] is expected as
soon as the electrons have not enough time to instanta-
neously adjust their movement to the time variation of the
internuclear potential so that retardation effects have to
be taken into account.

Extensions of the above theoretical approach to inter-
mediate collision energies indicate [26,29–31], that the δ-
electron spectra will extend to energies as high as 60 MeV
with very low but experimentally accessible cross-sections
in the order of 10 nb/MeV. In fig. 1 the predicted differen-
tial cross-sections for electron emission are given for colli-
sions of 60 A·MeV Pb on Pb on the basis of a schematic
collision model for various assumptions on the collision
time [31]. For a detailed description of the theory and its
derivation see the thesis of Th. de Reus [32].

For a study of the properties of nuclear matter in rel-
ativistic heavy-ion collisions, the beam energy range be-
tween 20 and 100 A·MeV (intermediate energy range) is of
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Fig. 1. δ-electron spectrum for Pb+Pb collisions integrated
over impact parameters from b=0 to 14 fm for an intermediate
collision energy of 60 A·MeV. The different distributions be-
long to collision times of 1.03× 10−23s (full line), 1.20× 10−23s
(dashed) and 1.50× 10−23s (dotted) (from [31]).

particular interest. Unexpectedly high production rates of
pions at energies well below their nucleon-nucleon thresh-
old [33,34] demand for cooperative processes during the
first energy-dissipating phase of close nuclear encounters.
Using leptons as electromagnetic probes has the attractive
feature that, except for the Coulomb interaction, leptons
are decoupled from the later development of the nuclear
medium. Therefore, they exclusively provide information
on the early stage of the collision, during which the centre-
of-mass (CM) kinetic energy of the collision partners is
dissipated into the inner degrees of freedom of the com-
pound nucleus.

The dynamic atomic lepton production has to be ob-
served in the environment of a copious electron back-
ground, induced by nuclear reactions, which, already at
the Coulomb barrier, is an important contribution to the
total lepton spectrum. At intermediate beam energies,
the dominant background processes at distant collisions
(with no nuclear overlap) are internal and external pair-
conversion of γ-radiation emerging from the de-excitation
of the different modes of Coulomb excited giant multi-
pole resonances (GMR) [35,36] at excitation energies of
typically up to 30 A·MeV. For close collisions (with nu-
clear overlap) the dominant sources for background are
external pair creation (EPC) of nuclear γ-radiation cre-
ated during the thermalisation of the hot reaction zone
(fireball) and π0-decay (see, e.g., [37–39]), direct reaction
products from fragmentation (heavy particles), charged
pions (which pass through the spectrometer due to their
long life time cτ = 7.8 m [40]) and secondary decay prod-
ucts, e.g. neutral pions.

In fig. 2 the predicted differential cross-sections for the
dynamic atomic lepton production [31] are given for the
experimentally more relevant energy window between 10
and 50 MeV together with the most important background
contributions, EPC and Dalitz decay of neutral pions. Ex-
ternal pair conversion (EPC) of nuclear Bremsstrahlung
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Fig. 2. Differential cross-sections in the energy range from
10 to 55 MeV for dynamic electron emission in comparison to
various background processes (CM-system).

radiation in the target is given for two different target
thicknesses. Compared to this contribution, EPC in the
mechanical components of the spectrometer can be mini-
mized to become negligible [41] (see also sect. 4.2). Being
a secondary process, EPC depends quadratically on the
target thickness and can therefore be reduced by choosing
thin targets and high beam currents. The calculations are
based on a cross-section of 17 mb for the inclusive photon
production, taking data measured with the “Two Arms
Photon Spectrometer” (TAPS) at 60 A·MeV Kr+Ni colli-
sions [42] and the scaling systematics of refs. [34,43]. For
the thick target EPC amounts to approximately 10% of
the total γ-yield.

Neutral pions decay inside the target (cτ = 25.1 nm).
The Dalitz decay, π0 → γe+e−, has a branching ratio
of 1.2% [40]. Being created by the same type of collision
(with small impact parameters), this process cannot be
separated from “atomic” lepton emission. The “pionic”
lepton spectrum is expected to be symmetric around its
maximum at about 30 MeV due to the fact that on the av-
erage the rest mass of the pion is equally divided between
the e+e−-pair and the photon in the Dalitz decay. For an
estimate of the order of magnitude as given in fig. 2 it was
assumed that the electron (positron) emission is in first
order isotropic [44] with an essentially flat energy distribu-
tion ranging from zero energy up to mπ0c2/2 = 67.5 MeV.
For the π0 production a cross-section of 100 µb has been
calculated, using the systematics given in Metag [43] (see
also fig. 3). Pion creation in this collision energy range is
subthreshold, significantly decreasing with decreasing col-
lision energy. Systematic measurements at various beam
energies thus give a handle to separate atomic lepton con-
tributions from those originating from π-production.
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Fig. 3. π0 emission probability as a function of the Coulomb-
barrier reduced beam energy [43].

2 Basic considerations

2.1 Trigger on close collisions

The differential cross-sections for dynamically induced
electron emission, displayed in fig. 1, have been integrated
over a range of impact parameters b between complete
nuclear overlap (b = 0 fm) and grazing collisions (b =
14 fm)[31]. For peripheral collisions (b > 14 fm) and
at lepton energies beyond 10 MeV the cross-sections for
the atomic process decrease to values that are no longer
accessible by experiment. Here the “nuclear processes”
(mainly Coulomb-excited GMR) become important. As
the total (atomic and nuclear) emission cross-sections are
dominated by the processes at large impact parameters
(σtot = 2π

∫
b P (b) db, P (b) being the emission probabil-

ity), a trigger on sufficiently close collisions is ultimately
needed to exclude the contributions from nuclear excita-
tion at distant collisions. This is best performed by a mul-
tiplicity measurement of heavy charged particles (p,d,α).
In order to define the optimal position for such a detector
we have carried out simulations with the code FREESCO
[45]. The results of these calculations are summarized in
fig. 4, where the energy spectra for light charged particles
are displayed for the emission into a forward angular win-
dow (a) and a backward angular window (b) with respect
to the lab. system. Here, for a clearer representation only
the results for particles with Z = 1 are shown. The ratio
of light charged particles amounts to p/d/t = 1:1:0.5 and
4He/3He = 8:1. The total ratio of charged particles with
Z = 1 and Z = 2 was determined to be 3:1.

The ratio of 4He/3H is in good agreement with mea-
surements of Milazzo et al. [46] in central 35 A·MeV Au +
Au collisions and a similar ratio of charged particles with
Z = 1 and Z = 2 is seen by G.J. Kunde [47] in 100A·MeV
Au+Au collisions.

The clear difference in energy as well as in total yield
clearly favours the positioning of such a detector at the
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Fig. 4. Expected energy spectra for light charged particles
(Z = 1) in the polar angular range between a) 10◦ < ϑlab <
40◦ and b) 110◦ < ϑlab < 135◦. The insert shows the expected
multiplicity for light charged particle (Z = 1) as a function of
the reduced impact parameter b/bmax emitted into a polar an-
gular range of 0◦ < ϑlab < 180◦ (dots) and 10◦ < ϑlab < 40◦

(squares) with respect to the beam direction (FREESCO sim-
ulation). The average multiplicity for emission into the back-
ward hemisphere 110◦ < ϑlab < 135◦ and 0 < b < bmax is
in the order of 1.

forward hemisphere. In the insert, the dependence of the
multiplicity for light charged particles (again for Z = 1) is
shown for impact parameters b ≤ bmax ≤ 14 fm integrated
over the full solid angle (dots) and integrated over a lab.
emission-angle window of 10◦ < ϑlab < 40◦ (squares). It
is evident that ∼50% of the total number of emitted pro-
tons still will be detected in a multiplicity detector (MD)
system of which the acceptance is limited to the reduced
angular window. Moreover the lab-energies of these pro-
tons are high enough to set up the MDs detached from the
target vacuum, propagating the protons through an air
gap, without significant loss of efficiency. Positioning the
electron spectrometer in the backward hemisphere limits
the background by heavy, highly ionizing charged particles
to practically only pions and protons (see sect. 4.3.2).

3 Spectrometer design

3.1 Lepton detection technique

Leptons in the energy range of several tens of MeV are
minimum ionizing particles (∆E/∆x < 5 keV/cm in air
see, e.g., fig. 6b). However, due to their comparatively
small masses, they are subject to substantial angular scat-
tering when they pass through matter. Their detection
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thus either calls for large-volume calorimeter systems of
high granularity for full energy detection or minimum-
distorting detection techniques for path reconstruction
with low-mass/low-Z tracking detectors in combination
with a magnetic field for the determination of the lepton
momenta.

Dynamically induced atomic lepton emission exhibits
exponential spectral shapes (see fig. 1). Therefore the
energy resolution is of minor importance compared to
the lepton selectivity and the total detection efficiency.
By using path reconstruction inside a magnetic field
with position-sensitive multi-wire-proportional counters
(MWPC), a compact “large-solid-angle” lepton spectro-
meter can be constructed. Basically, the momentum res-
olution is limited by the path distortion due to small an-
gular scattering of the leptons in the detector gas and
foils of the system. By minimizing the number of foils and
low gas pressures (LP-MWPC) the latter influence can be
substantially reduced.

3.2 Magnetic system

A magnetic system, which ideally fulfills all demands, is a
toroidal magnetic configuration with a 1/r field geometry.
This geometry is utilized in iron-free ORANGE-type spec-
trometers with normal conduction coils used at Coulomb
barrier heavy-ion collisions for energies below a few MeV
[19,22,48]. In the 10 to 100 MeV range an iron enforced
magnet like a Kofoed-Hansen–type spectrometer [49] can
be applied. For further increased lepton energies super
conducting versions of toroidal type spectrometers are
used [50]. A toroidal assembly provides the largest pos-
sible acceptance if spectrometer and beam axis coincide.
The 1/r field dependence then has the advantage to guide
the intense low-energy leptons of highest intensity of the
exponentially decreasing δ-electron spectrum out of the
magnetic field (cycloidal trajectories) in contrast to ho-
mogeneous fields where, to first order, these leptons are
caught on stationary circular orbits. With a limited num-
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Fig. 6. The particle’s trajectories inside the gap are char-
acterized by their K value and hence by their momentum.
(a) displays the momentum of protons, pions and electrons
as a function of their kinetic energy. (b) shows their energy
loss in 100 mbar isobutane as a function of the kinetic energy.

ber of coils and with iron gaps the 1/r-geometry of the
field distribution is reached only approximately. In fig. 5
an example is given for a 4-gap system. This system has
been chosen to pursue first exploratory experiments. It has
an outer diameter of ≈ 70 cm and a length of ≈ 50 cm. The
details of this instrument will be given elsewhere.

Performing ray tracing inside the magnetic field is the
natural solution for obtaining large momentum band ac-
ceptance, and to minimize the effective track lengths in
the detector gas volume causing multiple scattering. The
maximum length of a lepton trajectory has been chosen
to be 400 mm (200 mm effective length). The magnetic
system has a diameter of 660 mm. Each 30◦ field gap has
a length of 430 mm and a (radial) width of 250 mm. For
the lepton energy range investigated here a magnetic field
at the inner pole edge of Bmax ≈ 0.5 T is required.

3.3 Path reconstruction

Two pieces of information are principally sufficient to re-
construct the energy of leptons emitted from the target:
The angle of emission and one second point of the trajec-
tory. Unfortunately in the given environment, no detector
can be mounted in the direct vicinity of the target to di-
rectly measure the emission angle of the leptons without
distortion by the magnetic field. Such a detector would be
exposed to highly ionizing particles (slow p+, d+, α, π±)
from the target which will inevitably damage the detector.
Due to their much larger momenta even at low velocities
(see fig. 6) these particles pass the field gap practically on
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Fig. 7. a) Transversal and b) longitudinal cut through the
proposed spectrometer set-up shown in fig. 5 as modelled for
the GEANT simulations.

straight trajectories, so that the first detector has to be
placed inside the magnetic gap as close to the target as
possible but at a position where no straight trajectories
from the target can hit the detector. As shown in fig. 6a
only extremely low-energetic pions (Eπ− ≤ 10 MeV) have
substantially curved trajectories and therefore cannot be
distinguished from electrons with energies below 50 MeV.
However, at these energies, pions are no longer minimum
ionizing particles and can clearly be separated from lep-
tons by means of their substantially higher energy loss in
the detectors (see fig. 6b).

The second detector is positioned inside the magnetic
field to achieve the best dispersion for the trajectories.
Together with the information from the first detector a
lepton path can be reconstructed if it has emerged from
the target.

It is meaningful to add a third MWPC-detector to the
assembly. This detector allows to reduce the random trig-
ger rate by rejecting invalid “hit-pattern combinations” of
the three detectors like straight-line trajectories or those,
that do not originate in the target. For this purpose the
position information of all detectors has to be processed
in a fast pattern recognition and trigger logic (MUEK [51,
52]).

In addition to this, the third detector provides redun-
dant information on a given trajectory (identical informa-
tion can be deduced from different sets of two out of three
detectors). This allows to determine and on-line control
the detector efficiency. This is important for long-run ex-
periments with detectors with dynamic gas flow.

3.4 Lepton detectors

In a separate study low-pressure multi-wire proportional
counters (LP-MWPC), especially designed for lepton de-
tection in the energy range above 5 MeV have been devel-
oped [53,54]. They allow lepton detection at full efficiency
(ε = 1) at pressures >100 mbar of iso-butane as detector
gas at an active depth of 10 mm resulting in low strag-
gling of the electrons. This corresponds to the detection at
a statistical level of approximately 5 primary ionizations
[55,56] with gas amplifications as high as 4× 106 [53,54].

In test runs (see sect. 5) the LP-MWPC were safely
operated at a gas pressure of 200 mbar for lepton energies
as low as 5 MeV [53,54] at an entrance window thickness
of 1.4 mg/cm2 polyimide film. For higher lepton energies
of 20 to 50 MeV with less angular straggling the detectors
will be operated at a pressure of 400 mbar. This will al-
low to further reduce the gas amplification so that highly
ionizing pions will not cause local breakdowns of the de-
tectors.

4 GEANT simulations of the spectrometer
design

4.1 Determination of spectrometer parameters

As trajectories in toroidal magnetic fields can only be
described analytically by assuming ideal 1/r-field depen-
dence, the determination of the properties of a given spec-
trometer assembly are best deduced by numerical calcula-
tions. In the first design step, a ray-tracing program has
been developed to study various spectrometer geometries
[57]. The program is modular such that any calculated or
measured field map of a real spectrometer as well as ad-
ditional conditions like detector resolution, angular strag-
gling etc. can be linked. With this program we have de-
veloped the following spectrometer design. In order to ac-
count for secondary reactions in the mechanical elements
of the set-up, the computer code GEANT [58] provided
by CERN has additionally been used. The full geomet-
ric implementation of the 4-gap spectrometer designed in
the first step by the GEANT preprocessor is displayed in
fig. 7a-b.

In this arrangement, three MWPC detectors are in-
stalled in each of the four magnetic-field gaps. Each
MWPC is oriented perpendicular to the spectrometer axis
and consists of three wire planes (1 anode, 2 cathodes).
The wire planes are spanned onto 5 mm thick epoxy
frames (NEMA G10, Stesalit R©). In the simulation only
the massive frames are taken into account whereas the
wires (10 µm anode, 50 µm cathodes) are neglected. In
this design, beam and spectrometer axis coincide. The lep-
ton source (target) is located on axis at z = −12.0 cm (see
fig. 7b).

Start parameters for the simulations are the emission
angles of the leptons in cylindrical coordinates and their
momenta in terms of their K values [59]

K =
p

qBmax
· 1
rmin

=
ρ

r

∣
∣
∣
B=Bmax,r=rmin

. (1)

Here p is the particle’s momentum, q its charge, Bmax the
field strength at the inner pole-face edge at a distance rmin

with respect to the beam axis for the maximal setting of
the spectrometer current. ρ is the radius of curvature of
the trajectory. As a result, the coordinates of hit points in
all detectors are generated. The simulation data shown in
this paper are results of GEANT calculations, where the
4-gap spectrometer was implemented (see also fig. 11).
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played in the insert has been chosen as input pattern for the
simulations.

To demonstrate the transport properties of the 4-gap
set-up, in fig. 8 a simulated scatter plot of the position cor-
relation between two detectors for a magnetic-field setting
of Bmax = 0.52 T is displayed. The detector coordinates
are given in centimeters from the axis. A target spot size
of δz = 1 mm and δr = 0.5 mm and a detector resolution
of 1 mm has been chosen. As starting condition a discrete
two-dimensional lepton distribution N(ϑlab,Klepton) as in-
dicated in the insert has been used.

In fig. 9 the angular and momentum resolutions (δθ/θ,
δK/K) are given as a function of the K value. For better
understanding a lepton-energy scale (upper scale) is also
added. This scale, unlike the K-representation, depends
on the actual field setting and is given for Bmax(rmin) =
0.52 T.

Angular as well as momentum resolution depend on
the one-dimensional resolution δr for the radial track po-
sition, i.e. the position resolution of the detectors. For
the results given in fig. 9 a position resolution of δr =
1 mm was assumed. The upper limits of δθ/θ < 1.25 and
δK/K < 0.4 correspond to the kinematical broadening of
monoenergetic leptons emitted with a cone of ± 2.5 deg
into the backward hemisphere from a source moving with
the CM-velocity of a 60 A·MeV Pb+Pb reaction. There-
fore the proposed spectrometer system can excellently be
applied for the measurement of lepton emission in heavy-
ion collisions at intermediate and higher collision energies
with exponentially decreasing or moderately structured
spectra.
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In fig. 10 the geometric efficiencies are given as a func-
tion of the lepton momentum for various field settings of
the system. For an isotropic emission within the lab. sys-
tem the geometric efficiency is also the detection efficiency
if a detector efficiency of ε = 1 is assumed.

4.2 Optimization of the target geometry

In contrast to a focusing instrument, the tracking spec-
trometer offers some freedom in choosing the position of
the target. For the present 4-gap spectrometer the ac-
cepted angular and energy windows are rather insensi-
tive to the axial target position —they remain essentially
unchanged for axial positions varying within ±15 mm—
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but vary with a target displacement in radial direction.
Thus using a vertically thin, but axially extended target
will improve the ratio V = N(primary)/N(secondary) of
leptons created in the target in primary ion-atom reac-
tions over those created by secondary processes. For in-
stance, by using a funnel-shaped target of 30 mm length
and 0.03 mm thickness in the 4-gap spectrometer a gain
in V of about 25 can be achieved compared to a conven-
tional 1 mm thick planar target. If an extended target is
used, a third MWPC detector is necessary to reconstruct
the lepton’s path.

4.3 In-beam characteristics of the spectrometer

4.3.1 Suppression of γ-radiation

A major source of background events is external conver-
sion (EPC) of γ-radiation in the target and the material
of the set-up.

Extrapolated data from intermediate-energy heavy-ion
collisions [43,60,61] has been used as input for the simu-
lation. To first order the shapes of these spectra are ex-
ponentially decreasing by approximately three orders of
magnitude within an energy range of 0–200 MeV. This
results in negligible contributions from higher energies. A
cut-off was therefore introduced at 200 MeV. A total num-
ber of 1.2×107 γ-rays following all secondary charged par-
ticle events from interactions with spectrometer materials
have been tracked.
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(a) and “spectrometer” (b) events.

Figure 11 illustrates the production of secondary
events. In the “GEANT-views” of the spectrometer (front
and side view) the origins of those secondary particles are
shown, that traversed all three MWPC planes. The ex-
pected strong lepton production at the spectrometer en-
trance is obvious. A non-negligible amount of events is
also created at the massive frames (5×5 mm2 Stesalit R©)
of the MWPC detectors. Even at the second and third
MWPC-plane secondary electrons/positrons are created
that trespass all three detectors, whereas secondaries cre-
ated in the chamber walls and in the yoke are mainly
restricted to the target area. It has already been pointed
out (sect. 4.2), that EPC events from the target itself can
be minimized by using pencil-like or cone-shaped targets.

For the simulations given here, a massive spherical lead
target of 1 mm diameter without special support and an
efficiency of ε = 1 for all three MWPCs has been as-
sumed. From 1.2×107 started γ-rays a number of 6586
events (secondary charged particles) have traversed all
three MWPC-planes. This represents a γ-ray suppression
factor of N(γ)valid/N(γ)actual = 5.5× 10−4.

The analysis further shows, that events, originating
in the target or, more general, on axis, result in tracks
that are detected with only small deviations of the az-
imuthal emission angle φlab in all three MWPC detectors
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Table 1. Characteristic data of the 1-gap test spectrometer.

Number of gaps 1
Outer diameter 660 mm

Depth 435 mm
Bmax 0.6 T

Radius rBmax 63 – 65 mm
Radius of det. chamb. entrance 55 mm

max. φ accept./gap ±15 deg.
θmin 85 – 90 deg.
θmax 130 – 135 deg.

max. K value ≈ 5
max. lepton energy up to 50 MeV

∆E/E 47%
∆p/p 4–6%

(∆φlab
ij = ∆φlab

i −∆φlab
j < ±1◦). In contrast to this, tracks

of secondary events exhibit a clear out-of-plane behaviour
(fig. 12).

Assuming in first order a Gaussian distribution for
the “target events”, approximately 78 % of all events fall
within a window of ∆φlab = 0◦± 0.65◦. By applying the
same window for the analysis of the “spectrometer events”
approximately 91.8 % will be rejected, improving the γ-
ray suppression factor further by approximately one order
of magnitude. Furthermore, the energies of the remain-
ing events (8.2%) are peaked around 20 MeV with a steep
decline towards higher values forming an exponentially de-
creasing background which can further be reduced by the
final track analysis.

4.3.2 Hadronic background

As has been pointed out in sect. 2.1 the hadronic back-
ground mainly consists of pions and protons.

Comparing spectra 4a and 4b it becomes obvious that
protons are already kinematically suppressed in the angu-
lar acceptance window of the spectrometer.

Transforming mean energy distributions dE/dθcm,
measured by Kunde [47] for central 100 A·MeV Au+Au
collisons, into the laboratory frame of a 60 A·MeV Pb+Pb
collision system and assuming isotropic emission in the
centre-of-mass frame a backward-forward asymmetry of
Ibackw./Iforw. = 0.2 can be deduced.

Taking the data of ref. [47] an average proton rate of 1
per detector gap has to be expected for central collisions.
This number has to be compared to an expected rate of
atomic electrons in the order of 10−3 per central collision.

From these considerations it is evident that these back-
ground events have to be suppressed. In the spectrometer
design this is achieved by positioning the detectors in such
a way that straight trajectories traversing all three detec-
tor planes are excluded. This reduces the background to
only chance coincidences between protons and leptons. In
order to separate leptons and protons in those events, mul-
tihit capability is necessary. This will be realized by single-
wire/group-wire readout of the detector information into
a fast pattern recognition logic.

Compared to the number of protons the rate of pions
can be neglected. As already shown in sect. 1, system-
atic measurements at various beam energies will allow to
separate lepton contributions originating from π0-decay.
As written in section 3.3 extremely low-energetic pions
(Eπ± ≤ 10 MeV) can be separated by their higher en-
ergy loss in the detectors. Furthermore the polarity of the
magnetic field selects the charge state of a particle so that
trajectories of pions with complementary charge will be re-
jected by the path analysis. For high energetic pions with
straight trajectories, the same method of suppression ap-
plies as for protons.

5 Tests of the spectrometer design

5.1 The 1-gap prototype spectrometer

In order to test the idea of path reconstruction in an inho-
mogeneous field in low-pressure (LP-) MWPC detectors,
a 1-gap prototype spectrometer has been built already at
an early stage of the study. The basics of its construction
are essentially the same as for the proposed 4-gap spec-
trometer.

The parameters of this spectrometer are given in ta-
ble 1. Two differences between both set-ups are worth
mentioning here:

– A still markable field exists on the axis of the asym-
metric 1-gap set-up, compared to a symmetric field
configuration like in the 4-gap set-up, where the field
on axis is zero by definition. The field on the axis of
the 1-gap spectrometer is mainly generated at the
expense of a reduced maximum field strength in the
entrance region of the gap. This effect cancels to first
order, but nevertheless was fully taken into account
for the path reconstruction of the experiment, by
implementing the measured field distribution.

– In order to limit the number of readout channels for
the position determination a delay-line read-out con-
cept was employed. Yet at the given background of γ-
and particle radiation in this experiment, the detec-
tors could not be operated at voltages giving sufficient
amplification for the delay line read-out to achieve full
efficiency. A triple coincidence trigger had to be im-
plemented to reduce the high rate of singles events.
The total efficiency thus was reduced to ε < 0.01 (and
only spectral shapes could be analyzed). However, it
was verified that the efficiency was constant in time
and independent of the magnetic field setting. No such
difficulties will arise if a single wire read-out is imple-
mented.

5.2 The test measurement

The 1-gap prototype spectrometer has been used to in-
vestigate the β-decay of 12B, produced by the reaction
11B(d,p)12B (Emax = 13.4 MeV, τ1/2 = 27 ms). The mea-
surements were carried out at the 2.5 MV van de Graaff
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Fig. 13. Fermi plot of the 12B β-decay obtained from test
measurements with a prototype 1-gap spectrometer.

accelerator of the institute. The experiment was designed
to simulate a heavy-ion in-beam environment by selecting
a light collision system with various high-Q-value reaction
channels (Q ≤ 20 MeV).

The crucial test is the reconstruction of the lepton
spectrum from the hit positions given by the three LP-
MWPC at a given magnetic field setting. In fig. 13 the
resulting spectrum is plotted in its Fermi representation.
The data points result from six independent measure-
ments at different settings of the magnetic field, normal-
ized by the numbers of incident projectiles. No further
normalization has been applied. The very good agreement
in spectral shape and the correct reconstruction of the β-
spectrum is evident. At energies below 5 MeV the recon-
struction increasingly fails. This is mainly given by mul-
tiple scattering in the entrance foil and detector gas.

6 Conclusion

The spectroscopy of dynamically emitted atomic leptons
from close intermediate-energy heavy-ion collisions is ex-
pected to serve as “atomic clock” for the early stage of the
nuclear collision. In this particularly interesting collision-
energy range, cooperative processes are predicted to play
an important role for the meson production.

In this study we investigated the possibilities for a
spectroscopy of light, minimum ionizing particles in the
energy range from 10 to 50 MeV. In order to extract de-
tails of the nuclear collision from the experimentally mea-
sured lepton spectra, the data have to be compared to
model calculations. Predictions on the cross-sections for
the emission of dynamic atomic electrons/positrons from
close Pb+Pb collisions at 60 A·MeV are given within an
adiabatic atomic model [31]. The extrapolation of this
model, which is very successful at Coulomb-barrier ener-
gies, into the regime of intermediate energies is still con-
troversially discussed and has to be tested by dedicated
experiments first.

Here, we introduce a spectrometer concept, where the
leptons are analyzed by means of path reconstruction in
windowless, low-pressure multiwire proportional counters

inside a toroidal magnetic field. In an experiment the spec-
trometer will be positioned at the backward hemisphere,
avoiding the outnumber of heavy reaction products from
a close collision at intermediate energies. Using inverse
kinematics or a symmetric collision system, these prod-
ucts are mainly directed into the forward hemisphere. In
order to characterize the impact parameter of the nuclear
collision, a highly segmented multiplicity detector will be
supplemented at the forward hemisphere.

In the course of this study, extended Monte Carlo sim-
ulations have been carried out to derive and optimize the
spectrometer parameters and to investigate the influence
of background events from the nuclear reaction. Special
emphasis has been laid on an optimal suppression of nu-
clear γ-radiation. The final design has been tested in a
1-gap prototype spectrometer utilizing the nuclear reac-
tion 11B(d,p)12B. In this experiment, the lepton detection
technique, the track reconstruction as well as a sufficient
suppression against a realistically strong background of
γ-radiation and heavy charged particles was verified.
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