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T. Galatyuk4,5, J. A. Garzón17, R. Gernhäuser10, M. Golubeva12, F. Guber12, M. Gumberidze5,20, S. Harabasz3,5,
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Abstract. The combination of a production target for secondary beams, an optimized ion optical beam line
setting, in-beam detectors for minimum ionizing particles with high rate capability, and an efficient large
acceptance spectrometer around the reaction target constitutes an experimental opportunity to study in
detail hadronic interactions utilizing pion beams impinging on nucleons and nuclei. For the 0.4 - 2.0 GeV/c
pion momentum regime such a facility is located at the heavy ion synchrotron accelerator SIS18 in Darm-
stadt (Germany). The layout of the apparatus, performance of its components and encouraging results
from a first commissioning run are presented.

PACS. 21.65.Jk Mesons in nuclear matter – 25.80.-e Meson- and hyperon-induced reactions – 29.27.Eg
Beam handling; beam transport – 29.30.Aj Charged-particle spectrometers: electric and magnetic –
29.40.Gx Tracking and position-sensitive detectors – 29.85.Ca Data acquisition and sorting



2 J. Adamczewski-Musch et al.: A Facility For Pion Induced Nuclear Reaction Studies With HADES

1 Introduction

The availability of secondary pion beams at the GSI accel-
erator facility [1,2] in Darmstadt, Germany, and the ver-
satile high acceptance dielectron spectrometer HADES [3]
provide a world wide unique opportunity to study hadron
and dielectron production in pion-nucleon and pion-nucleus
interactions. In the range of accessible pion beam mo-
menta - 0.4 GeV/c ≤pπ ≤ 2 GeV/c - inclusive and exclu-
sive measurements of various final states allow to address
a broad physics programme (for a recent review see also
[4]) including

– Measurements of excitation functions for baryon reso-
nances via 1-pion, 2-pion, and vector meson final states
in the center-of-mass energy range 1.4 ≤ W ≤ 2.1
GeV.

– Studies of Λ/Σ Hyperon and Kaon production in π−p
reactions close to threshold.

– Studies of dielectron, strangeness (K±, K0
S, Λ/Σ), and

light vector meson (ρ, ω, Φ) production in pion-nucleus
(A) reactions with beammomenta up to pπ = 1.7 GeV/c

– Unprecedented studies of dielectron emission in pion-
nucleon reactions addressing vector meson-baryon cou-
plings in resonance (R) to virtual photon transitions
(R→ γ∗ X).

This programme has started in 2014 with two pioneer-
ing runs studying kaon and ϕ meson production in π−A
reactions at pion momenta pπ = 1.7 GeV/c and π−p col-
lisions addressing double pion and dielectron production
in the second resonance region around W = 1.52 GeV.

In this paper, we will summarize the physics motiva-
tion and describe details of the pion beam line at GSI with
emphasis on the beam optical transport properties (chap-
ter 2) and the installed beam detectors (chapter 3). Re-
sults from calibration runs, detector performance studies
and first measurements with nuclear targets will be illus-
trated in chapter 4 and followed by an outlook in chap-
ter 5.

1.1 Excitation Functions of Hadronic Final States in
π−p Reactions

The properties of baryonic resonances are deduced from
the analysis of photon (real or virtual), pion and proton in-
duced reactions by means of partial wave analysis (PWA).
The input to such analyses is provided by various reac-
tion channels, final states and observables [5]. While the
photon beam induced data base has recently been enor-
mously enriched thanks to experiments at Mainz/Bonn
(Germany) and JLab in the US, the pion reaction data
base relies mainly on old and poor statistics measurements
[4] and information is in most of the cases not available
on the event by event basis needed for modern PWA. Fur-
thermore, pion induced reactions are probing the pion-
nucleon vertex directly and may, due to the dominating
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strong interaction, facilitate the theoretical interpretation
of experimental observations.

The two pion production channel is particularly impor-
tant since it has the largest cross section at these energies,
however very little data are available. Data on the final
states with light mesons like η, kaon and vector mesons in
the exit channel are also needed, in particular for those res-
onances with small pion-nucleon couplings. Furthermore,
the elastic channel needs to be measured with significantly
increased statistics in order to provide better constraints
for the partial wave analyses. The new facility paves the
way for precise scans (with W bins of width 20−30 MeV)
in the range of the second to the third resonance region.

Using pion momenta between 0.6 and 1.9 GeV/c allows
to cover center of mass energies between 1.43 and 2.1 GeV.
Even multi pion final states like nπ+π−, pπ−π0 in π−p
reactions with cross sections of 4− 10 µb give count rate
estimates of around 100k expected events/hour at avail-
able beam intensities of 3 − 4 × 105 π/spill in ≃ 1s spills
at three seconds long synchrotron cycles.

The elastic (π−p → π−p) channel can be produced
with even larger statistics and will contribute to the world
data set analysis SAID [6]. The large geometrical accep-
tance and high efficiency for pion detection in HADES
results in a typical CM angular range of 40 − 120◦ and
allows for a cross section determination of other reaction
channels via a reasonable normalisation to SAID solutions.

The future forward straw tube tracker [7] will even
extend this coverage significantly.

1.2 Λ/Σ Hyperon and Kaon Production in π−p
Reactions Close to Threshold

Analog to the coupling of the π−p initial state to 1- or
2-pion final states, similar measurements can be carried
out for kaon-hyperon (K0,+ − Λ/Σ0,−) final states. The
cross sections and production rates for these reactions are
smaller by about one order of magnitude. Count rates are
further reduced by the need for exclusive final state iden-
tification. However, the presence of only two particles in
the final state requires fewer event statistics to perform
differential studies. The following exclusive channels can
be measured with HADES:

– π−p → Σ−K+ for pπ > 1.035 GeV/c (reaction thresh-
old), with all decay particles except the neutron de-
tected (Σ− → nπ−).

– π−p → ΛK0
S for pπ > 0.896 GeV/c (reaction thresh-

old), with K0
S or Λ decay detected and kinematically

refitted for reaction identification.
– π−p → Σ0K0

S for pπ > 1.031 GeV/c (reaction thresh-
old), with K0

S decay detected and kinematicaly refitted
for reaction identification.

Resonant systems in kaon-hyperon channels have been
suggested by theoretical predictions [8–11]. A cusp-like
structure has been measured in proton-proton collisions at
theΣ threshold [12–14]. Utilizing a pion beam of 1.7 GeV/c
(
√
s = 2.026 GeV) such predictions can be tested at 20 MeV
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above the K∗Λ production threshold. This reaction is par-
ticularly interesting since the known resonance around
1.9 GeV could couple strongly to the K∗Λ final state and
would result in an increased cross section close to thresh-
old [15].

1.3 Vector Meson and Strangeness Production in π−A
Reactions

The study of pion induced vector meson production in nu-
clei via their e+e− decay channel offers unique information
on their in-medium properties [16,17], complementary to
those from heavy ion collisions. For the ρ/ω mesons, such
measurements constitute an extension of previous pA stud-
ies [18,19] to much lower momenta close to recoilless pro-
duction [20]. In the particular case of the ϕ meson alterna-
tive insights are expected to those obtained from K+K−

pair decays [21].
The production of strangeness in pion-, proton- and

photon- induced reactions has already been pursued to
some extent in earlier experiments. The main interest for
more detailed investigations of K0

S, K
+ [22–29] and ϕ [30,

31] production off nuclei is connected to the study of
hadron in-medium properties at non-zero baryon densi-
ties. Two promising observables are kaon momentum dis-
tributions and ϕ or K− absorption effects in cold nuclear
matter. The advantage of pion beam induced reactions is
the possible separation of production mechanism and in-
medium propagation effects, since the incident pions will
be absorbed to a large extent on the surface of the nu-
cleus as predicted by models and verified experimentally
by the A2/3 dependency of kaon production cross sections
[22]. This behaviour is different for photon- and proton-
induced reactions in which absorption occurs throughout
the whole nuclear volume.

The first approach aims at precise measurements of
kaon momentum distributions in π− or proton induced
reactions on carbon and lead nuclei with subsequent com-
parison to predictions from transport model calculations.
The latter ones include a description of reaction dynamics
and kaon-nucleus potentials which are predicted to be very
different for kaons and anti-kaons [32–35]. Since the radii
of heavy nuclei are larger than the average kaon mean free
path in nuclear matter (λ ≈ 5 fm), the expected repulsive
potential for kaons may manifest itself in a depletion of low
momentum components. This is expected to become visi-
ble in momentum distribution ratios observed for heavier
with respect to lighter target nuclei.

Results obtained in previous experiments show first
hints of these effects but suffer from poor event statis-
tics and limited spectrometer acceptances [22,23]. The
planned experiments aim at an improved experimental ac-
cess to the low component of the kaons transverse momen-
tum ( pT) distribution and 1-2 orders of magnitude higher
count rate in the region of interest.

For the second approach, production cross section mea-
surements in pion-nucleus reactions will allow detailed ab-
sorption studies for ϕ and K− mesons in cold nuclear mat-
ter. Following an idea proposed in ref. [36] the absorption

of ϕ mesons in cold nuclear matter has been interpreted
as a proof of the widening of the ϕ natural width (from
4 MeV up to 60 MeV) in the medium. Within an eikonal
approach, the dependency of the ϕ meson attenuation on
mass number A is governed by the imaginary part of the
ϕ in-medium self-energy or width. In the low-density ap-
proximation [37], this width can be related to an effective
ϕN absorption cross section σϕN. However, this approxi-
mation is most probably not valid for large baryon den-
sities, where two nucleon effects might be significant. So
far, ϕ absorption in different nuclei has not been stud-
ied in pion induced reactions. Hence, these measurements
should provide valuable complementary information to re-
sults obtained with photon and proton beams [38–40].

Furthermore, the study of K− meson production and
absorption will be addressed. Here, the microscopic opti-
cal potential used to describe the wealth of existing data
points measured for kaonic atoms [41] still lacks a good
knowledge of its imaginary part (see also ref. [42,43]).
Hence, a similar study to that for the ϕ production can be
carried out and may shed light on the role of absorption
on 1- and 2- nucleons. In spite of experimental difficul-
ties to separate these two contributions, the comparison
of kaon and antikaon yields produced off different nuclei
may also address the total absorption rate for antikaons
and is an important goal of the pion-induced strangeness
production program.

1.4 Dielectron Production in π−p → ne+e− at
pπ− ≃ 0.8 GeV/c

The study of the exclusive π−p → ne+e− reaction be-
low the ω threshold offers a unique possibility to mea-
sure the coupling of baryonic resonances to off-shell vector
mesons [44,45], which is of crucial importance for the un-
derstanding of medium effects. These couplings are indeed
thought to be at the origin of the in-medium modifications
of the vector meson spectral function [46,47].

The understanding of the electromagnetic de excita-
tion of composite particles like baryons involving the emis-
sion of an electron-positron pair is also interesting by it-
self. The important figures of merit are the electromag-
netic transition form factors (three for J = 3/2 and two
for J = 1/2 resonances) which depend on the mass of
the virtual photon. Since the virtual photons are massive
(time-like) the transition R → Nγ∗ probes the structure
of the form factors in the time-like region and therefore
provides complementary information to the ones obtained
from electro-scattering experiments.

The contribution of baryonic resonances to the π−p →
ne+e− reaction can be described in two ways. In a first ap-
proach, a baryonic resonance R decays into a ρ or ω meson
which subsequently decays into an e+e− pair. In the sec-
ond approach, a resonance Dalitz decay (R → ne+e−) is
considered and the time-like electromagnetic form factors
have to be introduced. When using the Vector Dominance
Model (VDM) for the form factors, the two approaches are
equivalent. However, the validity of the VDM approach to
baryonic transitions has never been proven. Moreover, it
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is known that the strict application of VDM leads to an
overestimation of the R → nγ transitions [48].

Hence, a measurement of these cross sections is of im-
portance. Events from the reaction π−p → ne+e− can be
identified using the missing mass technique. Uncertain-
ties (±3%) on the incident pion beam momenta can be
reduced to a subpercent level on an event-by-event ba-
sis from beam particle positions measured with in-beam
tracking detectors. Angular distributions of the γ∗ and
the lepton angles w.r.t. the γ∗, measured in its rest frame,
are important additional observables to characterise spin
and parity of the radiating source [49] and will also be
measured with good precision.

1.5 Resume

In summary we find that precise data on all reaction chan-
nels mentioned above constitute an important input for
the correct modelling of pion-nucleon and pion-nucleus
reactions. It is obvious that they are necessary for trans-
port model calculations to describe the contributions of
secondary reactions inside the fireball of heavy ion colli-
sions. To accomodate the experimental challenges, a pion
transport system with in-beam tracking detectors between
the production target and the HADES reaction target has
to offer a reasonably large acceptance and good momen-
tum resolution better than δp/p = 1%. Such a system
has been recently set up and successfully commissioned at
GSI, Darmstadt (Germany) with proton and pion beams
of various momenta and reaction targets.

2 The GSI Pion Beam Line

2.1 Setup Overview

The GSI accelerator complex with a synchrotron of 18 Tm
maximum rigidity delivers protons and ions up to beam
energies of 4.5 GeV and 2 AGeV, respectively. A dedicated
target station for the production of secondary beams has
been built already in the nineties [1] and serves several
caves. The HADES experiment is connected via a beam
line with a tilted dipole system (D1, D2) such as to elevate
the standard beam tube height by 0.5 m up to the central
axis of the spectrometer. The beam line is depicted in
figure 1. The HADES target point is located about 33.5 m
downstream of the production target. Position sensitive
beam tracking detectors C1 and C2 are mounted close
to the intermediate focal planes between the two dipoles
(C1) and between the quadrupoles inside the HADES cave
(C2). These quadrupoles (Q7, Q8, Q9 with l = 1 m and
l = 0.4 m) can be adjusted individually in position and
are relevant for the focusing conditions at the HADES
target point.

The range of achievable pion beam momenta depends
on the momentum and nature of the primary beam as
well as on the production target and its geometry. In a
previous study [1] it was shown that fully stripped 12C or
14N ion beams accelerated at the SIS18 charge space limit

(0.8−1.0×1011 ions/spill) and focussed onto a 10 cm thick
Be target yields the largest pion current at the HADES
target point for a central beam momentum pπ = 1 GeV/c.
The current decreases by a factor 2 for p ≃ 0.7 GeV/c and
p ≃ 1.5 GeV/c, respectively. Higher pion momenta require
intense primary proton beams at maximum rigidity.

Due to the production kinematics at these relatively
low beam energies, the outgoing pion spectrum is wide
in momentum and angle. The ion optical properties and
geometrical acceptances of the beam line components de-
fine the fraction of pions reaching the HADES target as
well as their momentum and angular distributions. For the
planned physics programme the beam transport system is
designed such as to:

– maximize the pion flux on the liquid hydrogen (LH2)
and/or segmented solid target in HADES.

– measure the momentum of each individual pion with
in-beam detectors.

– optimize the beam purity at the HADES target point.
– minimize the fraction of pions missing the target areas

and the close by T0 detector.

The last item is of particular importance for the re-
duction of background reactions in target holder materials
and for normalization purposes via beam particle counting
in the target T0 detector.

In the following we present the results of systematic
simulation studies aiming at an optimization of the ion
optical settings. A method is proposed to reconstruct the
relevant pion observables on an event-by-event basis. The
sensitivity of the pion flux and momentum reconstruction
to a variation of the primary beam position is also studied.
Simulation results for electron and muon contamination
are given and compared to existing experimental data.

2.2 Simulation Procedure

The optimisation of the beam line optics setup has been
carried out in two steps. In a first step, a transport pro-
gram code [50] was used to tune for given dipole settings
the quadrupole strengths as well as Q7-Q9 positions in or-
der to achieve maximum transmission in a broad range of
reference momenta. The tuning was done in such a way as
to ensure achromaticity and foci in vertical and horizon-
tal directions at the final HADES target point. Respective
foci were required at the position of the beam tracking
detector between the two dipoles. The resulting first and
second order transport coefficients have then been used
in Monte Carlo simulations in which individual particles
were traced all along the beam line inside the geometrical
acceptance of dipoles, quadrupoles and detectors.

In the absence of acceleration devices, five variables
are sufficient to describe the coordinates of a particle with
momentum p in an x-y plane perpendicular to the optical
z-axis of the system for a central momentum pref . In the
usual transport notation these read as:

– x1 = x, the coordinate along the horizontal axis,
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To Cave B

C1

C2

Q1 Q2
Q3 Q4

Q5 Q6

Q7

Q8
Q9

HADESPion Production Target

FD

D1

D2

From SIS18

1 meter

Target T0 Detector
HADES Target

Fig. 1. Schematic overview of the beam line between the pion production target and the HADES cave. The dipole magnets
(D), quadrupoles (Q), tracking detectors (C1,C2) and the target T0 detector are included in the transport simulations. The FD
dipole used to direct the beam to cave B is treated as a passive element.

– x2 = θ, the horizontal angle, defined by
tan θ = dx/dz = px/pz,

– x3 = y, the coordinate along the vertical axis,
– x4 = φ, the vertical angle, defined by

tanφ = dy/dz = py/pz,
– x6 = δ, the momentum offset δ = (p− pref )/pref .

The standard units used are cm for position variables
(x or y), mrad for angles (θ or φ) and % for momentum
offset δ.

The coordinates of a particle in any plane perpendic-
ular to the z-axis along the beam line can be written as a
function of initial coordinates x0, θ0, y0, φ0 and δ at the
production target using the formula :

xi =
∑
j=1,6
j ̸=5

Tij · xj +
∑
j=1,6
k=j,6

j ̸=5,k ̸=5

Tijk · xj · xk. (1)

The coefficients Tij represent the first order terms, while
the second order coefficients Tijk carry the information on
the geometrical and chromatic aberrations.

The initial pion distributions at the production target
were taken to be Gaussian-like for x0 and y0 with a typical
rms value of 0.5 mm. Uniform distributions were assumed
for θ0, φ0, and δ in the ranges ∆θ0 = ±10 mrad, ∆φ0 =
±50 mrad and δ = ∆p/p = ±6%, respectively. This orig-
inal phase space volume is arbitrarily chosen with lim-
its large enough to contain all particles entering the first
quadrupole. The geometrical limitations imposed by the
size of the vacuum pipes all along the beam transport line
were taken into account by requiring that at each step (en-
trance and exit face of each element, dipole, quadrupole,
drift length, etc.) all off-axis particles stay within the cor-
responding apertures. The position resolutions of the in-
beam detectors as well as multiple scattering effects therein
were also included (see paragraph 6.3).

2.3 Flux Optimization

Two scenarios of quadrupole configurations in the spec-
trometer cave have been studied to obtain a maximum

effective pion current at the HADES target point. The
first scenario corresponds to the standard HADES beam
line configuration for stable ion beams (Q7 – 1 m long,
horizontal focusing; Q8 – 1 m long, vertical focusing; Q9
– 0.4 m long, horizontal focusing). Alternatively, the po-
larities of Q8 and Q9 were exchanged (Q7 – 0.4 m long,
horizontal focusing; Q8 – 1 m long, horizontal focusing;
Q9 – 1 m long, vertical focusing). The overall geometrical
acceptances and hence particle currents are very similar
for both cases. However, the standard quadrupole config-
uration leads to much narrower beam envelopes at the
HADES target point. The following simulation results are
given for this standard setting.

The two position-sensitive beam tracking detectors give
rise to energy loss and multiple scattering. Hence, their
positions had to be adjusted properly to optimize accep-
tance and momentum resolution. The first detector C1 was
placed 85.3 cm downstream of the intermediate symmetry
plane. In addition it became evident that the detector had
to be provided with a proper shielding against secondaries
produced by primary beam and projectile fragments hit-
ting the beam pipe and the return yoke of the first dipole.
The position of the second detector C2 has been varied
between the 7th and the 8th quadrupole to optimize the
final pion flux at the HADES target.

The resulting values of the most significant transport
coefficients are listed in the appendix in tables 3, 4 and 5.
Due to the tilt angle (21.7◦) of the dipole system, hor-
izontal and vertical planes are not separated and give
rise to non negligible first (T14, T32) and second order
(T146, T336, T346, T366) coupling terms.

Simulations have been performed for various reference
momenta in the range 0.7−1.7 GeV/c. The resulting trans-
mission of remaining pions after each beam line element is
shown in figure 2 for the two extreme reference momenta
and for some momentum offsets (δ). It should be noted
here that losses due to in-flight pion decays have not been
taken into account (but see chapter 2.7).

The global transmission for pions of central reference
momenta (δ = 0%) is close to ≃ 45% and gradually de-
creases to zero for |δ| ≥ ±6%. Pions close to the reference
momentum are mainly lost due to the horizontal aper-
ture of the second quadrupole (step 2), the apertures of
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Fig. 2. (Color online) Fraction of pions at the exit of each
beam line element. Top: The reference momentum is set to
1.7 GeV/c (black solid line) with respective momentum off-
set values as depicted in the figure. Bottom: The initial mo-
mentum off-sets are distributed uniformly between -6% and
+6% around the reference momentum. The full (dash) his-
togram corresponds to a reference momentum of 1.7 GeV/c
(0.7 GeV/c).

the second dipole, seventh quadrupole, detector C2 (step
10 − 12), and finally the reaction target with a diameter
of 12 mm (step 16). Losses due to the vertical aperture
of the second dipole become much larger for trajectories
at δ = ±2% due to the large dispersion in the vertical
direction at this location. The transmission is already re-
duced by the first quadrupoles due to chromatic aberra-
tions (T346). The different acceptances along the beam line
for positive and negative δ values result from the size and
sign of the second order coefficients. The overall transmis-
sions integrated over the whole range from −6% to +6%
is shown in the bottom part of figure 2. For a reference
momentum of 1.7 GeV/c only a fraction of 11% of all
produced pions will hit the interaction target within the
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Fig. 3. (Color online) Fraction of pions reaching the HADES
target as a function of the offset δ with respect to two refer-
ence momenta. The curves correspond to Gaussian fits. The
conditions of the simulations are described in the text.

original phase space volume. This fraction is significantly
smaller (≃ 5%) for the lower reference momentum. This
rather large difference is due to multiple scattering effects
which increase the spatial and angular distributions of the
secondary beam. Note that the obtained transmission val-
ues depend on the primary beam position, its lateral ex-
tension, the initial momentum offset, and the width of the
input angular distribution.

The differential transmission distributions are displayed
in figure 3 for both reference momenta as a function of the
momentum offset. The transmission curves can be approx-
imated by Gaussians centered at offset values δ = +0.11%
and δ = +0.16% with a typical width of ≃ 1%(σ) for
pref = 0.7 GeV/c and pref = 1.7 GeV/c, respectively.

2.4 Momentum Reconstruction

The momentum reconstruction of beam pions is of high
importance for the analysis of exclusive reaction channels,
since it determines to a large extent the achievable missing
mass resolution.

In the simulation, the determination of pion momenta
is performed utilizing track reconstruction through the
measured horizontal and vertical positionsXC1, Y C1,XC2

and Y C2 in the two beam detectors. In a first step, only
those terms in Eq. (1) have been kept which lead to a hor-
izontal position shift at the C1 and C2 planes exceeding
half the detector pitch (0.078 cm). The transport coeffi-
cients of the remaining terms are listed in the appendix in
tables 3 and 4.

Nevertheless, the four measured parameters do not al-
low to unambiguously determine the five unknown pion
coordinates at the production target (x0, θ0, y0, φ0, δ). To
solve this problem, the terms coupling to the horizontal
position x0 (e.g. T11x0 and T116x0δ) are neglected, since
they do not contribute much.
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Fig. 4. (Color online) Pion momentum resolution (rms) as a
function of the momentum offset δ for different values of refer-
ence momenta and primary beam transverse sizes as indicated
in the legend.

Due to the significant coupling between the horizontal
and vertical positions, the remaining set of four equations
have been solved iteratively (see paragraph 6.2 for a de-
tailed explanation of the dedicated algorithm).

Figure 4 shows the achieved resolutions of reconstructed
pion momenta for two reference momenta and various mo-
mentum offsets δ with initial conditions as defined in para-
graph 2.2. The optimum resolution is obtained when the
focus is strictly achieved at the detector location, i.e. for
δ = +1%. In this case, the resolution is proportional to the
horizontal beam spot size at the production target. The
resolution dependence on the momentum offset |δ| is due
to multiple scattering in the upstream detector C1, which
affects the momentum determination only for trajectories
away from the optical axis and decreases with increas-
ing pion momentum. Inside the range |δ| < 3%, where
the transmission is significant, the resolution stays better
than 0.4%, even at the lowest momenta. The asymmetry
in resolution degradation for negative δ values is due to
the non linear terms involving coupling between δ and θ0
or φ0.

2.5 Pion Beam Profiles

For a given primary beam spot position the transport sim-
ulations show a few tens of mm broad beam profile cen-
tered at the HADES target point, which is mainly due to
the size of the transport coefficients T12 and T34 at the
locations of the different elements. The resulting hit pat-
terns at the HADES target point is shown in figure 5.

While most of the pions are focused to distances smaller
than 20 mm from the beam axis, the distribution stays
wider in the horizontal as compared to the vertical direc-
tion.

For solid target foils with 12 mm diameter about 45%
and 21% of pions passing the last quadrupole Q9 at 1.7 GeV/c
and 0.69 GeV/c, respectively, hit the target. This result is
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Fig. 5. (Color online) X-Y distributions of pions at the
nominal HADES target point for two reference momenta of
1.7 GeV/c (top) and 0.7 GeV/c (bottom). The circle indicates
the effective target area. The geometrical acceptance of the
beam line is taken into account up to Q9.

also visible in step 16 of figure 2. The beam halo extends
up to ±60 mm in vertical and ±25 mm in horizontal di-
rection, the latter increasing slightly for low momenta.

At a position 40 cm upstream of the target point,
where the 48 mm entrance aperture of the HADES LH2
target is located, about 91% (p = 1.7 GeV/c) to 83%
(p = 0.7 GeV/c) of the pions are accepted. This indicates
that in experiments with a LH2 target a significant back-
ground due to pion interactions in the material of the tar-
get holder tube is to be expected. However, the resulting
background may be removed by appropriate vertex cuts
on tracks measured with the spectrometer.

The determination of the primary beam spot coordi-
nates (θ0, y0, φ0 and δ) itself is performed by track re-
construction with the two beam detectors C1 and C2.
The precision of this reconstruction is again mainly af-
fected by multiple scattering in the first beam detector
C1. Based on these results, the beam impact coordinates
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Fig. 6. (Color online) Acceptance curves for primary beam
spot shifts in vertical direction. Effects up to ≃ 50% are possi-
ble.

XH and Y H at the HADES target can be calculated with
the corresponding transport coefficients (see table 5) and
compared to the simulation values. The observed resolu-
tions depend on the reference momentum and offset and,
for δ < 3%, are in the order of 4 − 5 mm and 1 − 4 mm
(rms) in horizontal and vertical directions perpendicular
to the beam axis, respectively.

2.6 Primary Beam Position Effects

A lateral variation of the primary beam spot on the pro-
duction target has small but visible influences on the trans-
mission and momentum reconstruction. A shift of 1 mm
along the horizontal x-direction immediately translates
into a global shift of the whole pion momentum spectrum
in the order of 0.22%. This is expressed by the linear mag-
nification term T11 = −1.78 and the dispersion term at the
intermediate image T16 = −0.813 cm/%. However, the
transmission to the HADES target point is only weakly
affected as long as the shift stays below 2 mm.

A vertical shift shows a completely different and com-
plicated behaviour. First and also second order terms cou-
ple the vertical coordinate at the production target to the
momentum. For example, while the linear magnification
coefficient T33 is about −4.0 at the final HADES target
point, it is as large as −18.3 at the intermediate image
(see appendix table 5). A vertical 0.1 cm shift at the
emission point moves pions with reference momentum by
1.8 cm with respect to the center of detector C1, i.e. ≃ 1/3
of the detector half width. At the HADES target point,
the second order term T336 coupling a vertical shift to δ
may induce shifts up to 20 mm for δ = 3%. As a conse-
quence, the yields and momentum transmission curves to
the HADES target foil area (|x| ≤ 6 mm, |y| ≤ 6 mm) are
significantly affected as illustrated in figure 6. The overall
losses amount to 10 % to 20 % for a vertical beam shift of
0.5 mm and reach up to 50 % for a 1 mm displacement.
In addition, the offset distributions are strongly distorted,
too.

Hence, a careful tuning and monitoring of the beam
position at the production target is mandatory.

2.7 Beam Purity

In a beam line setting for negative pions, electrons, muons
and kaons with same rigidities and emission angles as the
pions of interest constitute the dominant contamination
of the secondary beam. Lepton induced nuclear interac-
tions will not contribute significantly to the HADES data
sample. Nevertheless, their contribution to the detected
particle flux in the target T0 detector may affect normal-
isation and cross section determinations for the reaction
rates of interest.

Electrons with momenta appropriate for the chicane
acceptance are mainly created in the decay chain of the
copiously produced neutral pions at the production target.
These pions decay either in the Dalitz (π0 → γe+e− with
BR = 1.17%) or via the two photon channel (π0 → γγ
with BR = 98.8%) followed by subsequent pair conver-
sion in the target material. To estimate the expected elec-
tron/pion ratio entering the beam line acceptance, a pri-
mary fireball production was simulated using the PLUTO
[51] event generator for the N+Be reaction at Ekin =
2.0 AGeV. The inverse slope parameters of transverse mass
distributions for charged and neutral pions were taken as
input from earlier experimental results observed in C+C
collisions at Ekin = 1.0 AGeV [52]. The photons from π0

decays were converted into e+e− pairs with a probability
of 13% corresponding to an average propagation path of
5 cm in Beryllium.

Taking pion decays along the beam line into account,
the electron contamination at the HADES target posi-
tion was found to be 9.6%, 3.2%, and 0.84% for three
pion momentum settings (pref = 0.7 GeV/c, 1.0 GeV/c,
1.7 GeV/c), respectively. Most of these electrons stem
from photon conversions in the target. These simulated
ratios compare well with contamination measurement re-
sults reported in Ref. [1] for a similar primary beam, pro-
duction target and spectrometric beam line setting. In
those measurements, electrons and pions were separated
via the time of flight method.

Muons stem directly from in-flight leptonic decay of
pions (π− → µν̄µ , BR= 99.99%, cτ = 7.8 m). Hence,
the muon contamination at the HADES target position is
governed by the pion momentum, decay kinematics and
length of the beam line. For the two reference momenta
0.7 GeV/c and 1.7 GeV/c the effective decay lengths are
39.3 m and 95.4 m with decay fractions of 57% and 30%,
respectively. The decay kinematics leads to changes in mo-
mentum and trajectory angle. Therefore, the acceptance
for all muon trajectories has been checked for the beam
line downstream of each decay point.

For both pion momentum settings, the simulated µ/π
ratio at the HADES target position stays well below 1%
(0.65% and 0.75%, respectively). In both cases, the ma-
jority of muons reaching the HADES target stem from
decays in the drift space after the last quadrupole. Again,
the simulation result is in agreement with the experimen-
tal findings reported in Ref. [1].

Negative kaons may also be produced through the asso-
ciate strangeness production reaction NN → NNK+K−,
with a kinematical threshold of about 2.5 GeV. In the
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given energy regime this process is very strongly sup-
pressed and the kaon momentum distribution is peaked
at lower values than for pions. In addition, due to their
short effective decay lengths (cτ = 5.25 m at 0.7 GeV/c
and 12.8 m at 1.7 GeV/c), most kaons will decay before
reaching the beam tracking detectors and the HADES tar-
get. Hence, their influence can be neglected.

Experiments with beams of positive pions suffer from
the abundant presence of protons produced at all rigidi-
ties. Since related measurements are not foreseen so far,
beam purity simulations for positive pion beams have not
yet been carried out.

3 Beam Detectors

The beam line to the HADES target point has been equipped
with three active beam detectors. Two position sensitive
silicon detectors C1 and C2 form the so called CERBEROS
system [2] dedicated for track reconstruction of beam par-
ticles. A segmented CVD diamond detector is located a
few cm upstream of the reaction target and serves for
beam counting, time of flight measurements in the spec-
trometer, and first level trigger purposes. In the follow-
ing, technical details and obtained performance results are
summarized.

3.1 Silicon Tracking Stations

3.1.1 Silicon Sensors

The silicon detectors utilized for CERBEROS are p-type
double-sided silicon strip devices mounted on 2.4 mm thick
FR4 printed circuit boards (PCB). They have been pro-
duced by Micron Semiconductor Ltd.1 following the TTT-
3 model layout designed as the MUSETT silicon array for
heavy elements spectroscopy [53]. The choice of p-type
sensors (in contrast to the original n-type sensor design)
was motivated by the required radiation hardness.

Each single sensor has an active detection area of 10×
10 cm3 and is 300±10 µm thick. Both sides are segmented
into 128 parallel strips of length L = 97.22 mm with a sin-
gle strip width of 700 µm and a pitch of ∆ = 760 µm. The
strips on the rear and front side are oriented perpendic-
ularly to each other. Hence, in a binary read out mode
a position measurement resolution of at least ∆/

√
12 =

219 µm can be reached for both directions. The detectors
were operated at typical bias voltages between 60 V and
150 V with a DC coupling of each strip to the read out
electronics. The guard rings on the sensors had not been
connected and were therefore floating.

In addition to the position measurement via binary
hit response of strips, a pulse height measurement allows
to disentangle single and multi hit events occasionally
occurring at large beam intensities and high-multiplicity
pulses. In a thin 300 ± 10 µm layer, a considerable frac-
tion of δ electrons knocked out by traversing pions are

1 8000 S. Federal Way, P.O. Box 6, Boise, UK
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Fig. 7. (Color online) Energy spectrum of a 207Bi source mea-
sured with one detector and the n-XYTER frontend. The ma-
genta curves show Gaussian fits combined with exponential
tails. The parameters (µ, σ) denote peak position and resolu-
tion, respectively.

not reabsorbed in the active volume and lead to a deficit
for the measured pion energy loss. This thin layer ef-
fect grows with particle momentum [54] and leads to an
effective shift of the minimum-ionizing momentum from
450 − 740 MeV/c. In the foreseen momentum regime be-
tween 0.7 GeV/c and 1.7 GeV/c the pions are therefore
considered to be minimum ionizing particles with an av-
erage energy loss around ∆E ≃ 80 keV. The onset of ad-
ditional radiation losses at 1.7 GeV/c is still negligible.

Although the energy deposited by a single pion fol-
lows a Landau distribution, the single hit amplitudes on
both sides of the detector should be similar 2. Hence, by
a pair-wise matching of both amplitudes real hits can be
discriminated from random coincidences.

3.1.2 Energy Resolution

Prior to the installation in the beam line setup the achiev-
able energy resolution of the sensors has been benchmarked
in a standalone measurement (see Ref. [55]) with a multi-
channel nuclear spectroscopy readout. In addition, the de-
tectors have also been connected to the foreseen n-XYTER
frontend and readout by an SysCore board [56]. A 207Bi
conversion electron source (E = 482, 554, 976, 1045 keV)
was used for this calibration. The typical energy spectrum
measured with the n-XYTER/SysCore system is depicted
in figure 7 and shows two peaks on top of a continuum
together with the characteristic noise distribution.

The resulting energy resolutions are in the order of
≃ 2.5% with a noise contribution corresponding to 1083−
1120 e− for each side of the detector.

2 Pulse height sum of a reconstructed strip cluster
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(a) (b) (c)

(d)(e)(f)

Fig. 8. Schematic cross-section of one tracking station. The
silicon detector (a) located in the center is mounted on a cop-
per structure (b,c) with enclosing Mylar foils (d). The ensem-
ble is connected to a carrier PCB (f) sandwiched between the
aluminum blocks (e) and providing signal feed-throug lines.

3.1.3 Beam Line Chamber

The two CERBEROS tracking stations are mounted in
light tight vacuum chambers at the two positions C1 and
C2 along the beam line (see figure 1). Due to the ac-
celerator vacuum requirements a maximum pressure of
10−7 mbar has to be maintained at the C1 position, with
slightly relaxed conditions at the C2 position. A schematic
view of the chamber design is depicted in figure 8. The
two halves of each chamber have been machined from alu-
minum blocks and provide beam tube compatible CF-160
flange connections. The sensor board itself is mounted on a
copper block structure enclosed by aluminized Mylar foils
on both sides suppressing radiation heating. The whole
detector ensemble and a gold plated PCB frame are car-
ried by support pillars. The PCB frame is also sandwiched
between the two aluminum seal faces and provides signal
line feed-throughs. Signal lines are routed from the detec-
tor to the PCB frame via flat Kapton R⃝ cables. Additional
feed-through lines (maximum 16 LVDS pairs) are foreseen
for temperature sensors etc. Sensor cooling is provided
by a liquid water-propylenglycole mixture and supplied
via dedicated feed-through pipes connected to the copper
structure. A photograph of the assembled detector setup
is shown in figure 9.

The front-end electronics is mounted close to the PCB
signal connectors (left and top edge in figure 9) outside
the chamber. Both tracking chambers have been operated
continuously at a pressure level of 10−7 mbar with a leak
rate not exceeding 10−9 mbarl/s.

3.1.4 Detector Cooling

Sensor cooling is the standard tool of choice to reduce ra-
diation damage effects on the detector performance and
allows for operation in vacuum. This is particularly im-
portant for the sensor in tracking station C1 located in
the harsh environment close to the production target and

(a)

(b)

(c)

Fig. 9. Top view of the assembled detector with the silicon
sensor in the center. The PCB frame (a) with flat Kapton
cables (c) to the signal feed throughs is mounted on a copper
structure connected to refrigerant tubes (b).

exposed to very high secondary particle fluxes. The re-
verse current at operational bias voltage contributes to
electronic noise generation and affects the achievable de-
tector energy resolution.

It has a strong temperature dependence [57]. Parti-
cle induced lattice distortions generate additional charge
carriers in the sensor bulk material and lead to a signi-
fant increase in the reverse current [58,59] and hence the
noise. This degradation can partly be recovered in beam
operation breaks (benificial annealing). For longer time
scales with high integrated particle doses this short term
recovery is overcompensated by the so-called reversal an-
nealing effect [59]. However, this effect is predicted to be
completely suppressed at operation temperatures below
approximately 0◦C [59] such that the reverse current intro-
duced by radiation damage should not increase any longer.

For this reason the silicon sensors have to be cooled
down to at least −5◦C. Moreover, operation at this tem-
perature level guarantees for a stable performance against
thermal runaway in vacuum [60]. Without cooling the
missing heat dissipation through convection would lead
to a continuous heating up of the sensor. From a detailed
investigation of all heat sources in the tracking station a
total heat power dissipation of up to 5000 µW has been es-
timated. The contributions from the various heat sources
are listed in table 1.

Table 1. Summary of heat sources and the resulting heating
on the detector and cooling system for one tracking station.

Heat source Heating (Det) Heating (Cool)
Leakage current 300 µW
Read-out cables 180-310 µW
Support pillars 110-210 µW
Heat radiation 200-470 µW 2000-4000 µW

Total 460-860 µW 2110-4210 µW

The layout of the detector cooling system is based on
heat transport from the silicon sensor via the carrier FR4
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PCB to a heat sink made of copper. A heat conduction
pad Kerafoil 86/525 (λ = 5.5 W/mK, d = 0.2 mm) be-
tween the PCB and the copper block surfaces improves
contact and heat transport. The copper block in turn is
flushed with a water-propyleneglycole mixture (60:40) at a
temperature of −20◦C delivered by a cooling bath thermo-
stat MPC-K6s from Huber 3. Thermally insulated plastic
tubes between the thermostat and the vacuum chamber
minimize heat injection from the ambient air to the refrig-
erant.

In order to reduce the thermal load originating from
heat radiation, a metallic screening shield consisting of
a frame of aluminum-copper plates (d = 1.0 mm, b =
106.5 mm, h = 26.6 mm/19.7 mm, see figure 8 (c)) and two
aluminized Mylar foils (d = 1.5 to 2 µm, w = 252 µg/cm2)
in front and behind the sensor have been installed. The ef-
fect of this shield has been simulated by finite element heat
transport calculations, assuming a beam line and chamber
surface temperature of T = 20◦C, a liquid temperature of
−12◦C, and the emissivity of ϵ = 0.57 for oxidised copper
on the inner faces of the frame. The emissivity of polished
aluminum (ϵ = 0.04) was taken for the sensor, Mylar foil
and outer shielding frame surfaces. The simulations show,
that the sensor temperature stays in the range −9 to −2◦C
for a dissipated power up to 500 mW, while it reaches −7
to 3◦C without shield.

The simulation estimates have been verified in mea-
surements with a PT100 sensor mounted on a spare sili-
con sensor of the same series and installed in a test cham-
ber. The sensor stayed at a temperature −5◦C, albeit at
a refrigerant temperature of −20◦C. During beam opera-
tion, the reverse current of the cooled 100 cm2 large sensor
could be reduced by a factor 6 to about 300 nA as com-
pared to operation at room temperature. This value is
only slightly above the 200 nA predicted by simulations
based on the test bed measurements.

3.1.5 The n-XYTER Read-out Board

The application specific integrated circuit chip (ASIC)
n-XYTER v1.1 was employed for individual read-out of
the silicon micro-strip channels. This chip was developed
within the EU FP6 infrastructure program NMI3, JRA1
with the intention to realize a 128 channel front-end de-
tector read-out ASIC dedicated to the read-out of ther-
mal neutron area sensitive detectors (silicon strip detec-
tors as well as gaseous detectors) in neutron scattering
instruments [61]. Unlike typical high energy physics ex-
periments, the statistically incoming neutron signal events
are simple in structure, a mere click in the detector. There
is no criterion for the pre-selection of events while the dis-
tribution of events reveals the physics contents sought. For
this reason the n-XYTER was designed as a multi-channel
front-end chip realizing freely streaming, self-triggered data
read-out. Every channel is equipped with its own discrim-
inator circuit which triggers the registration of a time-
stamp and pulse height. The information is stored in a

3 Huber Kaeltemaschinenbau AG, D-77656 Offen-
burg

de-randomizing four-level deep fifo on the per channel level
from where it is read-out through a token ring scheme. The
token ring serves to allocate and focus read-out bandwidth
to channels where needed while impeding potentially noisy
channels from clogging up the read-out. With this archi-
tecture the chip is perfectly suited for the read-out of mod-
ern nuclear physics detector systems such as envisioned for
FAIR experiments relying upon triggerless, freely stream-
ing data to be analyzed in an external computer farm.

A charge sensitive preamplifier, constructed around a
folded cascade circuit forms the input stage. For its su-
perior noise performance an NMOS input transistor has
been chosen. Unlike conventional read-out chips, the signal
path is split into two shaper branches after the preampli-
fier as depicted in figure 10. A fast CR-RC shaper drives
the timing-critical path including the discriminator with
a peaking time of 18 ns at a noise level of less than 1000
ENC at 30pF input capacitance. Upon an incoming signal
and discriminator response a 14bit time stamp is latched
with a binning resolution of 1ns. The trigger signal fur-
ther serves to reset a peak detector circuit allocated in the
second, slow shaper branch. This slow CR-(RC)2 shaper
drives the more noise-critical measurement of the deposited
energy, realizing a peaking time of 140 ns. Whereas the
fast shaper branch accepts signals of either polarity, merely
depending upon the configuration of the discriminator, the
slow shaper branch allows to choose polarity inversion in
a second stage so that either polarity input signals may
be fed to the unipolar peak detector circuit. With the dif-
ference in peaking time of the two shaper branches, the
discriminator in the fast line resets the peak detector in
the slow line in time so that the full peak height will be
registered. The signal peak value determined through the
peak detector is stored in a corresponding analogue fifo for
read-out through the token ring. Event time stamps to-
gether with the corresponding analogue peak heights are
successively read-out at 32 MHz to an operating FPGA.
The particular channel is chosen by means of a token that
is asynchronously handed from one channel to the next
while channel fifos are unoccupied and sticks to a chan-
nel containing data. Upon read-out, the token is released
again to mark the next channel in row that contains data
which is successively read-out during the next clock cy-
cle. With an overall dynamic range of about 20 fC the n-
XYTER may be employed for the detection of minimally
ionizing particles (MIPs) with double sided silicon strip
detectors as well as for modern micro patterned gaseous
detectors (MPGD).

The n-XYTER-chip was mounted on a dedicated front
end board (FEB) (see figure 11) placed close to the detec-
tor chamber. The sensor signal lines were AC coupled to
the chip inputs via an 1 MΩ resistor 10 pF capacitor band
pass. With the ohmic sensor side connected to ground, the
junction side was supplied with the typical U = +150 V
operational voltage at an average reverse current below
500 nA (see above). In addition, an external ADC (Analog
Devices AD9228) is foreseen for the amplitude measure-
ment.
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Fig. 10. Block diagram of the n-XYTER architecture. The front end part is individual for each channel. The back-end part
joins all channels (token ring architecture) and streams data to a single output bus. The DAC and time-stamp generator deliver
common biasing and a time reference for all channels.

Fig. 11. The n-XYTER read-out board (FEB) mounted on a
peltier element cooling block.

Heat dissipation was supported by an aluminum block
cooled by a peltier element and forced air ventilation. Ded-
icated temperature sensors on the FEB allowed to monitor
the varying ambient conditions at the beam line installa-
tion sites. In this way, also the effective chip temperature
and the related base line level of analogue outputs could
be determined on a spill by spill basis.

3.1.6 Data Acquisition

The front-end board (FEB) hardware is integrated in the
common HADES data acquisition (DAQ) system, in which
the read-out of all subsystems is synchronized by reference
time signals from a central trigger system (CTS) while
data transport is accomplished by a dedicated network
protocol (TrbNet) [62].

The connection is provided by a triggered read-out
board TRB3 [63] (see figure 12) module based on a general
purpose field programmable gate array (FPGA) platform
employed for read-out of various HADES subdetectors.
The TRB3 board consists of four independent FPGAs

(Lattice ECP3) that provide resources to accommodate
read-out of any type of detector system such as the in-
FPGA TDCs with a timing precision ≃ 15 ps (RMS) or
digital logic to the collect data from silicon pixel sensors.
A fifth FPGA operates all communication such as a Gi-
gabit Ethernet link to send collected data to a server and
an optical link for the DAQ network.

In this application, the TRB3 provides all required
functionality to operate the silicon tracker system, consist-
ing of various items beside collecting and recording data
from the front-end. As timing and amplitude information
is transmitted by different means, a synchronisation be-
tween the data received from the ADC and the timing
information has to be carried out. As HADES uses a trig-
gered DAQ, not all data is forwarded to storage. Only hits
recorded within a defined time window of typically 400 ns
around the trigger signal are of interest. To reduce the
necessary bandwidth, this filtering is part of the front-end
logic. To further reduce the amount of data, no absolute
time stamps are transported. The FPGA calculates the
relative time of each hit with respect to the trigger signal.
This enables the system to encode all hit information in a
concise 32 Bit word.

In the realm of controls, a configuration interface (SPI,
I2C) needs to be provided to load parameters to both the
ASIC and the ADC. Hit information from the n-XYTER
ASIC can be used to provide a fast differential signal to
the CTS which in turn can issue triggers for the full DAQ
system 4.

Like all HADES subsystems, the paradigm of having
access to all kind of monitoring information collected di-
rectly in the front-ends is followed closely. This means
that basic status information of all components as well as
statistics on hit rates and ADC measurements are pro-
vided by the FPGA firmware. The data can be requested
via software and is transported along with trigger informa-
tion and data over the optical data acquisition network on

4 A feature that proved useful during commissioning of the
silicon tracker while no start detector was installed.
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Fig. 12. The TRB3 card. One central FPGA and four I/O
FPGAs provide a flexible read-out system.
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Fig. 13. The TRB3 read-out scheme for the CERBEROS
tracking system.

a low-priority channel. This allows to show various status
displays in real-time without delays for the more complex
analysis of data sent to the server farm.

Each of the two detector stations is equipped with two
n-XYTER modules, one for each side of the strip detector.
Even though each of the FPGA on the TRB3 could handle
the read-out of both of them, this was not implemented
for the sake of simplicity. Hence, each of the two stations
was served by one TRB3 having one FPGA connected to
each of the n-XYTER, one (central) FPGA for commu-
nications and two remaining idle (figure 13). The whole
setup can be operated within the complete HADES DAQ
system as well as a stand-alone setup where no external
connections beside power and Ethernet are required. This
is accomplished by merely changing the configuration of
the central FPGA of the TRB3 to provide the same func-
tionality like the HADES CTS.

The peripheral FPGA is loaded with the n-XYTER
operation firmware fulfilling the following tasks:

– data read-out of the n-XYTER,

– I2C and SPI interfaces for the FEB operation,
– trigger and event building logic,
– TrbNet implementation.

All FEB data are marked with a global time stamp and
stored in an internal buffer implemented in the peripheral
FPGA. To select only hits belonging to studied physical
events in the HADES spectrometer, an event window de-
fined by a window offset and width is set. Only hits within
this window (400 ns) are selected by the trigger logic on
the board and sent to the Event-Builder. Each hit con-
tains the relative time stamp, channel number, ADC and
status flag.

3.1.7 Read-out Performance

The total read-out bandwidth of a TRB3 is 90 Mbyte/s
raw data, limited by the throughput of Gigabit Ethernet.
This translates to a hit rate of up to 22 MHz summed
over all channels and does not constitute a bottleneck in
this application even though each n-XYTER front-end can
deliver hit data at up to 32 MHz. The anticipated hit
rates on the first station of the tracking system are at
about 10 MHz, well distributed over the whole detector
surface. Hence, the individual channel buffers of the n-
XYTER ASIC are unlikely to experience an overflow as
long as the single channel hit rate of 2 MHz and/or total
bandwidth of the chip are not exceeded. Additionally, the
trigger rate of the whole detector setup is in the order of
several ten kHz. Combined with the set trigger window of
400 ns, a substantial reduction in data rate by more than
90% is achieved. In total, only about 10 Mbyte/s need to
be transported per detector side.

Applying trigger windows and processing of data, as
described above, is done at a rate of 100 MHz and does
not introduce any additional dead-time larger than the
latency of the exchange of trigger information on the DAQ
network and the even larger intrinsic dead time of other
HADES subsystems. Assuming a typical occupancy of less
than 20 channels firing per event, the system is able to
take data at a trigger rate of up to 200 kHz, well above
the actual rates during the pion beam data taking.

3.2 Target T0 Detector

In all HADES experiment campaigns a target T0 detector
is used to allow for beam profile optimization and genera-
tion of a fast timing signal for trigger purposes and time of
flight particle identification. The location of the detector
very close to the target is mandatory to minimize beam
interactions and resulting charged particle hit loads on
the sensitive RICH photo electron detector. In particular
for pion beam experiments this device has to fulfill the
following requirements:

1. Good timing precision δt ≤ 100 ps for particle identi-
fication via time-of-flight.

2. Operation stability for particle fluxes J ≥ 10×106cm−2s−1

3. Detection efficiency for MIPS ϵ ≃ 100%.
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Fig. 14. Photograph of the T0 detector. Nine metallized sc-
CVD diamond sensor plates with fourfold segmented read-out
electrodes are mounted on 2 attached PCBs arranged such as
to build a 3x3 matrix structure. Read-out, LV and HV supply
are mounted on 3 holding PCB rods.

4. Low material budget.
5. Reasonable position resolution of δx < 1 mm for track-

ing support and vertex reconstruction.
6. Vacuum operation.
7. Active area A = 1 cm2.

Detectors based on mono-crystalline diamond mate-
rial produced with the Chemical Vapor Deposition (CVD)
process can match the above criteria. This has been demon-
strated in tests with prototype devices bombarded with
2.95 GeV proton beams from the COSY facility in FZ
Juelich [64]. Such detectors have also been successfully
used in earlier HADES campaigns with heavy ion beams.

3.2.1 Detector Design

The target T0 detector consists of a nine element dia-
mond sensor array arranged on two support boards with
5 and 4 sensors. The device is depicted in figure 14. A
diamond crystal thickness of 300 µm has been chosen
as a compromise between multiple scattering and a re-
quired signal-to-noise ratio SNR ≃ 40 at nanosecond rise
times. The sensors are operated at typical field strengths
Ebias ≃ 0.6V/µm. The active area of a single diamond
plate is A = 4.3×4.3 mm2 and segmented into 4 quadrants
by appropriate front side metallisation. The four-fold seg-
mentation of each diamond sensor allows for a reasonable
position resolution and ensures low detector capacitance
with correspondingly reduced noise contributions.

An individual sensor quadrant read-out is performed
by preamplifiers based on high gain, very low noise SiGe:C
RF-transistors mounted onboard close to the detector pads.
The 36 preamplified signals are read out via copper lines
embedded into the support rods (see figure 14) and guided
to vacuum feedthroughs. An external booster/shaper mod-
ule provides further signal amplification and pulse shap-
ing. Threshold setting and signal discrimination is ob-
tained utilizing the NINO amplifier/discriminator chip with
8 channels ([65]) connected to a standard TRB3 board

Fig. 15. Two detector timing distribution for correlated sig-
nals from protons at 2.95 GeV. The timing precision of indi-
vidual sensors is δt = 127 ps/

√
2 = 91 ps.

(see above) and successfully operated in previous HADES
experiments ([66]).

3.2.2 Performance

The performance achieved with a stack of two prototype
detectors in a commissioning proton beammeasurement [64]
can be summarized as follows:

1. Bias voltage Ubias = 200 V.
2. Rise time (10%− 90%: 1.35 ns,
3. Signal/RMS noise ratio: 30:1,
4. Expected timing precision: < 100 ps,
5. Preamplifier power consumption: 1.65 mW/channel, in

total: 60 mW,
6. Horizontal and vertical pixel resolution (σ): 0.7 mm

each.

A sample time distribution of correlated signals in two
subsequent detector layers is shown in figure 15. The ob-
tained values agree well with expectations based on detec-
tor simulations.

4 Commissioning Experiments

The first experimental campaign with the new ion optical
settings and beam detectors was divided into three parts.
After a calibration run with primary proton beams for mo-
mentum reconstruction two pion beam runs with different
incident momentum ranges and reaction targets were car-
ried out. The first of these focussed on pion-nucleus re-
actions (π− + A , A = W or A = C) at a central beam

momentum of pπ
−

ref = 1.7 GeV/c. The second pion run

was devoted to reactions (π− + p) employing a polyethy-
lene target (C2H4) and varying reference momenta in the

range 656 Mev/c ≤ pπ
−

ref ≤ 800 MeV/c. Additional mea-
surements on a pure carbon target served here to deter-
mine the background from nuclear reactions.

In both runs primary 14N ion beams at Ekin = 2 AGeV
have been focussed onto the 10 cm thick beryllium produc-
tion target with intensities of ≈ 1010 ions/spill. Typical



J. Adamczewski-Musch et al.: A Facility For Pion Induced Nuclear Reaction Studies With HADES 15

Table 2. Collected event numbers for various reference mo-
menta in the first pion beam campaign.

Target pπ−
ref [GeV/c] Events

Polyethylene (PE) 0.656 42.4M
Polyethylene (PE) 0.690 774.7M
Polyethylene (PE) 0.748 76.5M
Polyethylene (PE) 0.800 52.4M
Carbon (C) 0.656 41.9M
Carbon (C) 0.690 115.7M
Carbon (C) 0.748 42.2M
Carbon (C) 0.800 41.2M
Carbon (C) 1.700 102.6M
Tungsten (W) 1.700 128.5M

pion beam intensities on the HADES reaction target inside
the accepted momentum range amounted to ≃ 200−500 k
per 1-2 seconds long spill. The secondary pion beam spot
width at the target focal point was measured with the
target T0 detector to δx ≃ 1 cm (rms), as expected from
the simulations. The recorded event rates were determined
by the first level (LVL1) trigger condition requiring a T0

signal in the target detector and at least two hits on the
multiplicity and electron trigger array (META) wall of the
HADES detector. However, the obtained timing precision
of δt ≃ 250 ps (σ) did not yet match the expectations, due
to extensive pick-up noise (up to 7 mV) in the T0 detec-
tor read-out chain. Nevertheless, a considerable amount
of off-vertex reactions could be suppressed already on the
trigger level and reduced the recorded data volume signif-
icantly.

Timing signals from the CERBEROS beam tracking
detector layers (resolution σ = 8.0 ns) coincident within
a 400 ns broad time window with respect to the T0 sig-
nal were used to suppress pile-up and multi hit events
in the tracking stations on the LVL1 trigger level. The
pulse height information measured in the second station
C2 allowed for a correlation of front- and rear-side sensor
signals and helped further in background hit suppression.

The collected event statistics with valid LVL1 trigger
signals for both runs is listed in table 2.

4.1 Tracking Efficiency

In the proton run, the overall tracking efficiency was es-
timated to be ≃ 95%. In the pion beam runs the first
tracking station (C1) close to the pion production target
experienced an average particle hit rate from 7 MHz at
1.7 GeV/c to even 12 MHz at 0.69 GeV/c. The hit rates
on the second tracking station (C2) were about an order of
magnitude smaller, i.e. 800 kHz and 2 MHz, respectively.

The mutual correlation of amplitude and timing mea-
surements in the tracking stations allowed to significantly
reduce fake hit combinations and to identify individual
pion tracks. The efficiencies of particle detection and track
identification were determined for each LVL1 triggered
event by various requirements on timing, positions, and
pulse heights in both tracking stations. The observed de-
tection efficiencies were ϵ = 92.5% at 7 MHz for the up-
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Fig. 16. (Color online) Absolute error on proton momenta
(prec - pbeam) for seven different spectrometer beam line set-
tings. Statistical errors are negligible. The error band repre-
sents the magnitude of systematic errors due to uncontrolled
primary beam positions on the production target. The curve
is the result of a parabolic fit.

stream tracking station (C1) and ϵ = 93.2% at 800 kHz for
the downstream detector (C2). The resulting track iden-
tification efficiency was ϵtr = 87.0%. In the second run, in
which the amplitude information of the upstream detec-
tor was not available, a significant increase in noise level
and average multiplicities of three hits per event led to
ambiguities in the impact localisation and hence to an ef-
ficiency decrease to ϵ = 86.5% at about 12 MHz. For the
respective run the detection efficiency of the C2 detector
was ϵ = 90.2% at 2 MHz hit rate and a resulting track
finding efficiency 78.4%.

4.2 Beam Optics Calibration

In the beam line calibration run, a proton beam (pbeam =
2.68 GeV/c) was focussed to the position of the primary
production target. Incident beam positions and angles were
varied up to ∆x0 = ±1.4 mm, ∆θ0 = ± 2.2 mrad in
horizontal and ∆y0 = ± 0.7 mm, ∆ϕ0 = ± 7 mrad in
vertical directions. With the production target removed,
monochromatic protons were then directed for various Bρ
(pref ) settings of the beam line to the HADES target
point. This procedure is equivalent to a variation of the
primary beam momentum by the accelerator at constant
reference Bρ value [1].

The spectrometric beam line settings covered a mo-
mentum offset range −4.3% ≤ δ ≤ +4.7% (see equ. 2.2).
The measured impact positions on the silicon detectors
were then used to calculate reconstructed momentum val-
ues (prec). The most probable values of the distributions
are shown in figure 16. The data points can be fitted by
a parabola whose coefficients reflect the slight difference
between the real and theoretical T16 and T166 coeffi-
cients. The important dispersion term TC1

16 at the first
detector position was found to be only 3% lower than the
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Fig. 17. (Color online) Reconstructed momentum distribu-
tions for tracks from all hit combinations (purple), for single
hit tracks (dark blue), and for selected tracks (light blue) at
a central beam of 0.69 GeV/c. The curves are normalized to
same peak maximum values.

anticipated value emerging from the transport modelling.
Other coefficients which could not be calibrated do not
contribute significantly to the momentum resolution. The
deviations are related to the different values of the disper-
sion coefficients and are not related to the resolution. The
resolution is reflected in the width of the reconstructed
momentum distributions at a given reference momentum.
But, at 2.7 GeV/c, it is dominated by the horizontal width
of the primary beam. The multiple scattering is much
smaller than for pions, even at 1.7 GeV/c. Hence, these
results can not be extrapolated.

An attempt was also made to determine the linear
and angular magnification coefficients (T11, T12, T33, T34)
by varying the position and angle of the incoming beam
in the horizontal and vertical planes. Due to the lack of
primary beam detectors and the sensitivity to small beam
position fluctuations, these coefficients could not be de-
termined accurately. However, significant deviations from
the theoretical transport coefficients were observed. This
is the case for example for the angular magnification term
at the second detector position (T12) which is found a
factor about 2.5 smaller than predicted. Such deviations
might affect e.g. the transmission of the pion beam line.

4.3 Momentum Reconstruction and Selection

The pion momenta were reconstructed using the measured
track coordinates and applying the simulated transport
coefficients. As an example, figure 17 depicts the distri-
bution of reconstructed pion momenta for a central beam
momentum of 0.690 GeV/c. The effect of multiple hits due
to noise and high beam load in the first and second track-
ing station becomes visible, if they were not suppressed
individually by the mutual timing and amplitude corre-
lation in each detector. The general shift of the observed
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Fig. 18. (Color online) Correlation of y-positions in both de-
tectors at pref = 0.69 GeV/c.

transmission maxima (pMt) to pMt = 0.698 GeV/c re-
flects a displacement of the hit distribution maxima also
at the C1 detector in the dispersion plane. Corresponding
shifts of ≃ 1% have been observed for all low momentum
settings (pref < 0.9 GeV/c) and hint to a systematic dis-
crepancy of nominal and effective reference momenta at
the detector center positions. This discrepancy can not
be explained by the energy loss in the tracking detectors,
which stays below 1 MeV. It is also far too large to be
explained by a systematic horizontal shift of the primary
beam impact on the production target and may be at-
tributed to a bad modeling of the magnetic fields in the
dipoles due to remanence effects. Shifts of the primary
beam in the vertical position can also affect the transmis-
sion of the beam line (see figure 6), resulting in a shift of
the most probable pion beam momentum with respect to
the reference value.

Prior to an event by event analysis a proper momen-
tum value had to be determined from all available detec-
tor hits. This determination has been done to first order
by localisation of the intensity maxima in C1 and C2 for
well defined single hit tracks. Fake track suppression for
multi hit events was achieved by requiring strict correla-
tions also of y-positions in both tracking stations. For the
second run, additional criteria became necessary, due to
the missing amplitude information from C1 with resulting
track ambiguities. The observed pattern depicted in fig-
ure 18 for well defined single tracks with precise determi-
nation of the transmission maximum exhibit the expected
linear correlation. Averaged over the whole momentum
acceptance the correlated y-positions follow the relation

yC2 = (4.2± 0.3) · yC1 − 1 (2)

with an effective slope parameter in reasonable agreement
with the ratio of the first order transport coefficient TC2

33

/ TC1
33 = 3.76 (see appendix 1). The offset points to the

beam effects mentioned above.
In this way, the intensity distributions of single track

events could well be reproduced also for multi track events.
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Fig. 19. Particle velocity β as a function of momentum af-
ter PID selection with spectrometer detectors for pref = 0.69
GeV/c.

The corresponding distribution of selected tracks is shown
in figure 17. A small and negligible additional shift of
about +2 MeV/c with respect to the nominal value is
observed.

4.4 Elastic Scattering of Pions

The elastic scattering process off hydrogen nuclei in the
compound PolyEthylene target (PE, (C2H4)n) has been
used to verify the reconstruction of the incident pion mo-
menta. In the spectrometer data set, particle identifica-
tion (PID) was performed utilizing time of flight measure-
ment with the target T0 and META detectors and mo-
mentum determination with the MDC tracking system in
the HADES toroidal field. As an example, figure 19 shows
the recorded velocity distributions as a function of parti-
cle momentum for the beam line setting corresponding to
pref = 0.69 GeV/c.

The invariant mass Mπp of elastic πp pairs measured
with the HADES detectors is equal to the center of mass
energy

√
s available in the scattering process and hence

provides an independent determination of the incomimng
pion projectile momentum. Selecting exclusively events
with track multiplicty two in the spectrometer and requir-
ing coplanarity 175◦ <| φπ− − φp |< 185◦ for the particle
trajectories allowed to construct the squared missing mass
distribution (MM2

π−p) depicted in figure 20. The distinct

peak at MM2
π−p ≈ 0 (GeV/c2)2 identifies the elastic chan-

nel, while the tails originate from scattering off protons in
the carbon nuclei and from inelastic processes. Inside the
window −0.02 (GeV/c2)2 < MM2

πp < 0.01 (GeV/c2)2 the
contamination from non elastic scattering is expected to
be on a 0.1 percent level.

For events inside the window, the π−p invariant mass
distribution shown in figure 21 is compared to the distri-
bution of the CMS energy for each event as deduced from
the pion tracker information. As observed in figure 17, the
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Fig. 20. Squared missing mass distribution for coplanar pions
and protons detected in HADES.

CMS energy is higher than the value calculated with the
reference momentum.

The π−p pair spectrum reconstructed with HADES
(green curve) includes additional pion and proton mo-
mentum corrections originating partly from a systematic
recalibration of HADES magnetic field values (of order
6 · 10−3) and energy loss in beam tube, RICH radiator
and target materials. The resulting curve exhibits a mean
value of Mπp = 1487MeV/c2 and a relative width of
σ(Mπp) ≃ 33 MeV. A slightly higher mean value (

√
s =

1496 MeV/c2, δ = +0.47%) of the
√
s distribution is ob-

served for the curve calculated from the reconstructed pion
beam momenta. The width of this distribution is more
than a factor 2 smaller (σ(

√
s) ≃ 18 MeV), equivalent to

1.7% on pion momentum, to be compared to the value
of about 1% expected from the simulation of the beam
line. This sizeable difference is probably due to the values
of the vertical transport coefficients, which could not be
measured and have a small effect on the momentum reso-
lution, but a large effect on the transmission. Additionaly,
possible misalignments and different sizes of magnetic ele-
ments or beam pipes have to be taken into account. It has
to be noted that both distributions have been extracted
for a short beam period with stable beam conditions, only.

Systematic discrepancies between invariant mass and
center of mass energy of about 8 − 12 MeV are observed
for all beam line settings with pref < 0.9 GeV/c. In this
paragraph, we discuss the possible origins of this discrep-
ancy, i.e. energy loss effects, shifts of the beam positions
in either horizontal or vertical direction, adjustments of
the dipoles and remanence effects. Energy loss values ob-
tained with GEANT4 simulations as well as tabulated in
the NIST data base (GEANT4: 5.0 MeV/c ([67]) / NIST:
5.06 MeV/c ([68])) cannot explain this discrepancy itself
assuming an average pion path length inside the target of
< lpath >= 1

2 · lTarget.
The discrepancy may be due to the following reasons:

– Shift of the primary beam in the horizontal direction:
This induces an offset of 0.2%/mm in the momentum
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Fig. 21. (Color online) Energy (
√
s) distributions obtained for

elastically scattered pion-proton pairs (green) and from pion
beam momenta (light blue) assuming a nominal central beam
momentum of 0.69 GeV/c.

reconstructed by CERBEROS, while the acceptance
is almost not changed and therefore the mean center
of mass energy reconstructed with spectrometer detec-
tors is not affected.

– Shift of the primary beam in the vertical direction:
This distorts the acceptance, with no significant error
on the reconstructed pion momentum. This effect does
not affect the relative spectra measured using either
HADES or pion tracker information.

– Alignment of the beam line: The currents in the two
dipoles had to be slightly adjusted to maximize the
number of pions hitting the target, which in turn changed
the transmission curve. However, the effect on the cen-
ter of mass energy determination is estimated to be less
than 1 MeV.

– Remanence effects: A possible error in the relation be-
tween the current in the magnets and the integrated
magnetic field may induce a systematic shift of the
reference momentum, and correspondingly of the in-
variant mass spectrum measured with HADES which
is independent of the pion beam momentum. This in-
terpretation is corroborated by the absence of a shift
in the 1.7 GeV/c data set.

The offset observed on the reconstructed momentum us-
ing the pion tracker has finally been corrected for in the
subsequent data analysis on a file by file basis.

While the nominal pion momenta had been calibrated
before by elasting scattering on protons (see above), a
respective verification was not possible for pion induced
reactions on nuclear targets. Hence, the observed aver-
age corrections of ≃ 1.5% have been adopted as general
uncertainties for these studies. For high resolution stud-
ies of exclusive reaction channels in the future, improved
primary beam position monitoring and increased magnet
stability seem to be mandatory.
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Fig. 22. Two-pion misssing mass distributions for pion beams
accepted in the 800 MeV/c setting and impinging on the PE
(purple) and C (green) target. The distribution for reactions
on protons (blue) is obtained after normalisation and subtrac-
tion. Reaction channels with additional pions show up at higher
missing masses.

4.5 Exclusive Two Pion Production Channels

The study of exclusive reaction channels in pion induced
collisions with free protons are a central part of the forth-
coming physics programme. In this commisioning cam-
paign, we have studied two examples of pion production
channels

π− + p → π− + π+ + n

and

π− + p → π− + π0 + p

.
Using these reactions, resolution effects related to the

momentum reconstruction can be studied. Both final states
have been identified on an event by event basis applying
a PID selection similar to the π− + p → π− + p case
in order to perform a partial wave analysis to determine
corresponding baryon resonance amplitudes. The analysis
has been performed for all four beam line settings cor-
responding to pref = 656, 690, 748 and 800 MeV/c and
both reaction targets PolyEthylene (PE) and Carbon (C).

As an example, figure 22 depicts the missing mass dis-
tributions of two opposite charge pions measured for reac-
tions on the PE and Carbon targets in the 800 MeV/c set-
ting. Besides the distinct peak at the neutron mass value
the maximum at higher missing masses resembles chan-
nels with additional pion production. After proper nor-
malisation of both distributions to the same number of
pion beam particles registered on the target T0 detector
and taking into account the different carbon atom den-
sities, the resulting difference shows the reaction on hy-
drogen nuclei contained in the PE compound target. The
respective distribution in the neutron mass region is con-
fronted in figure 23 to two possible assumptions of input
values for the incoming pion beam momentum: the most
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Fig. 23. Two-pion misssing mass distributions around the neu-
tron pole for pion beams accepted in the 800 MeV/c setting
reacting with hydrogen nuclei. The two curves are obtained for
incident pion momenta assumed to be fixed (pMt, blue) and
reconstructed with CERBEROS beam detectors (prec, pink).
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Fig. 24. Squared misssing mass distributions of pion-proton
pairs measured for PE (purple) and C (green) targets and pion
beams accepted in the 800 MeV/c setting. Contributions from
elastic scattering are suppressed by kinematical cuts.

probable one fixed by the maximum transmission in the
tracker spectrum (blue) and the one reconstructed event-
by event (pink) with the beam tracking system. The peak
position corresponds to the mass of the missing neutron
(939.6 MeV/c2) and shows a significantly better missing
mass resolution for the reconstructed beam momentum
(σ = 1.04%) as compared to the fixed beam momentum
hypothesis (σ = 1.68%). Respective distributions for the
656 MeV/c setting give resolutions σ = 0.83% for the re-
constructed and σ = 1.4% for the fixed mean momentum,
respectively.

For the π− + p → π− + π0 + p reaction channel, the
strong π−p pair background originating from elastic scat-
tering had to be discriminated via respective conditions on
the kinematics. As an example, the resulting squared miss-
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Fig. 25. Squared misssing mass distributions of pion-proton
pairs around the missing π0 mass after background subrac-
tion and for incident pion momenta assumed to be fixed (pMt,
blue) or reconstructed event by event with CERBEROS beam
detectors (prec, pink).

ing mass distribution shown in figure 22 for the 800 MeV/c

setting exhibits a peak at (MMπp)
2 ≃ 17700 ≃ (133 (MeV/c

2
))2

which is in very good agreement with the squared mass of
the missing neutral pion. The yields at lower and higher
squared masses stem predominantly from inelastic reac-
tions on carbon nuclei. Proper normalisation and back-
ground subtraction allow to construct the squared missing
mass distribution of the missing pion for the two assump-
tions on the input beam momentum (see figure 25). Again,
the resolution for the beam momenta individually recon-
structed by CERBEROS (σ = 29%) is better than for the
assumption of a fixed mean value (σ = 39%), albeit on
the expense of reduced efficiency (see paragraph 4.1).

In summary, the CERBEROS beam tracking system
improves significantly the reconstruction of exclusive re-
action channels with single and multi pion final states and
is mandatory for systematic studies of respective excita-
tion functions.

5 Summary and Outlook

5.1 Summary

We have presented a secondary beam facility for the study
of pion induced nuclear reactions with HADES at GSI,
Darmstadt. Adapted to the SIS18 energy regime the fa-
cility can deliver in the future pions with momenta in the
range pπ− = 0.4 − 2.0 GeV/c and usable instantaneous
beam currents close to ≃ 106 π−/s in a ≃ 3 second syn-
chrotron cycle. We have developed and successfully oper-
ated a system for beam momentum reconstruction on the
subpercent level at ≃ 106 − 107 s−1 particle rates.

The facility is composed of a production target, a se-
ries of ion optical elements to guide the broad secondary
pion beam to HADES, and two position sensitive in-beam
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silicon detectors for pion momentum reconstruction. De-
tector signal readout is performed with the self-triggering
n-XYTER chip with data output integrated into and syn-
chronized with the TRB3-NET based HADES data acqui-
sition system. Detailed TRANSPORT code studies have
been performed to determine the optical properties of the
beam line up to second order. Extensive Monte Carlo sim-
ulation studies allowed to optimize the position of the
beam tracking detectors and of some quadrupoles. A ded-
icated algorithm to reconstruct the pion momentum was
developed.

The system has been successfully operated in three ex-
perimental runs. Measurements with proton beams demon-
strate that individual beam particle momenta can be re-
constructed with a resolution of ≃ 0.3% (σ). In two further
commissioning campaigns secondary pions were directed
to HADES targets (C, W, CH2)n) in different Bρ set-
tings corresponding to central beam momenta p = 0.69−
0.8 GeV/c and p = 1.7 GeV/c. The in-beam track and
momentum reconstruction verified distibutions and reso-
lutions as expected from the simulations.

The in-beam momentum reconstruction was verified
independently by the analysis of elastic π−+p scattering
reactions extracted from spectrometer data of the π− +
(C2H4)n runs. A corresponding analysis of the reaction
π− + p → π− + π+ + n and π− + p → π− + π0 + p
demonstrates that the missing mass resolutions can be
improved by ≃ 40% if the pion momentum reconstructed
via the in-beam detectors is included in the analysis. These
results show the feasibility of experimental pion nucleon
interactions studies even in exclusive reaction channels.

5.2 Outlook

The availabilty of secondary pion beams and the versatile
HADES detector opens up a new era for future precision
measurements of pion induced reactions on protons and
heavy nuclei in the 1 GeV energy regime. Currently, ded-
icated efforts have been started by the accelerator group
to allow for routine and long-time operation of the SIS18
synchrotron at its space charge limit. This will provide
maximum primary and secondary beam intensities at rea-
sonable emittances, spill structures and position stabilities
mandatory for extended measurement campaigns. Forth-
coming improvements for the in-beam detector readout
including the time resolution of the silicon detectors and
the amplitude measurement also in the first station will
substantially enhance the track reconstruction efficiency
and background discrimination.

The planned experiments cover a broad physics pro-
gramme including measurements of baryonic resonances
and their coupling to vector mesons with successive de-
cay into dilepton pairs as well as the study of vector and
strange mesons inside nuclei. It also enables baryon spec-
troscopy studies in various meson production channels in-
cluding kaons and, in the near future, also neutral mesons
(π0, η) thanks to the addition of an electromagnetic calorime-
ter to the HADES detector. The ongoing construction of
a straw tube detection system at forward angles will also

enlarge the present acceptance for charged particles. The
new experimental access to high interaction rates, pre-
cise beam momentum selection, large spectrometer accep-
tance and state-of-the-art data acquisition will allow to
collect data sets with event statistics for inclusive and ex-
clusive reaction channels far beyond present values. It is
widely acknowledged that progress in the field of baryon
spectroscopy is hampered by the lack of data from pion-
induced experiments. This new facility will help to com-
plement the data coming from circularly- and linearly-
polarized photon beams at ELSA, MAMI, JLab, LEPS
as well as from electron beams at CLAS (soon CLAS12
also) and may act as a precursor for other projects of me-
son beam facilities [4]. Apart from a better understanding
of elementary pion nucleon interactions, the new facility
will also significantly contribute to the general question of
how hadrons propagate in cold baryonic matter and nu-
clear fireballs as well as their possible connection to the
quest of chiral symmetry restoration.
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6 Appendix: Beam Line Optics

6.1 Transport Coefficients

The first and second order transport coefficients were ob-
tained in calculations with the TRANSPORT code [50].
The values of the most significant coefficients used for the
reconstruction of pion momentum and impact position on
the HADES target (see paragraph 2.4) are listed below.

Table 3. Numerical values of the transport coefficients in the
horizontal plane at the two detector positions C1 and C2.

Coefficient Detector C1 Detector C2

T det
11 [cm/cm] −1.747 −9.634× 10−1

T det
12 [cm/mrad] −3.919× 10−2 −4.745× 10−1

T det
14 [cm/mrad] −1.11× 10−3 6.000× 10−5

T det
16 [cm/%] −8.1235× 10−1 −3.413× 10−2

T det
116 [cm/cm/%] 1.519× 10−1 −1.86× 10−1

T det
126 [cm/mrad/%] 3.095× 10−2 −3.080× 10−2

T det
146 [cm/mrad/%] −3.049× 10−4 8.834× 10−4

T det
166 [cm/%2] 5.611× 10−3 −2.265× 10−2

Table 4. Numerical values of the transport coefficients in the
vertical plane at the two detector positions.

Coefficient Detector C1 Detector C2

T det
32 [cm/mrad] −1.312× 10−2 −6.929× 10−2

T det
33 [cm/cm] −1.828× 101 −6.787× 101

T det
34 [cm/mrad] −2.98× 10−3 −8.382× 10−2

T det
36 [cm/%] 3.955× 10−1 1.424

T det
336 [cm/cm/%] 2.160× 10−1 8.774× 10−1

T det
346 [cm/mrad/%] 2.63× 10−2 9.678× 10−2

T det
366 [cm/%2] −3.661× 10−3 −1.531× 10−2

Table 5. Numerical values of the transport coefficients be-
tween the pion production target and the HADES target.

Coefficient Value

TH
22 [mrad/mrad] −0.57575

TH
23 [mrad/cm] − 1.1625

TH
26 [mrad/$] 7.783× 10−2

TH
226 [mrad/mrad/%] −4.209× 10−2

TH
246 [mrad/mrad/%] 1.718× 10−3

TH
266 [mrad/%2] 2.538× 10−2

TH
42 [mrad/mrad] 2.658× 10−1

TH
43 [mrad/cm] 2.6323× 102

TH
44 [mrad/mrad] 3.2118× 10−1

TH
46 [mrad/%] −5.581

TH
426 [mrad/mrad/%] −3.304× 10−3

TH
436 [mrad/cm/%] −8.383

TH
446 [mrad/mrad/%] −3.817× 10−1

TH
466 [mrad/%2] 1.623× 10−1

6.2 Solving the Equations

Since one cannot extract five unknown variables out of a
set of four equations (Eq.1), one assumes that the particles
are emitted at x0 = 0. In this case, the corresponding
terms T11x0 and T116x0δ drop out and the system of four
equations reads:

XC1 = TC1
12 · θ0 + TC1

14 · φ0 + TC1
16 · δ

+ TC1
126 · θ0δ + TC1

146 · φ0δ + TC1
166 · δ2,

XC2 = TC2
12 · θ0 + TC2

14 · φ0 + TC2
16 · δ

+ TC2
126 · θ0δ + TC2

146 · φ0δ + TC2
166 · δ2,

Y C1 = TC1
32 · θ0 + TC1

33 · y0 + TC1
34 · φ0

+TC1
36 · δ + TC1

336 · y0δ + TC1
346 · φ0δ

+ T366 · δ2,

Y C2 = TC2
32 · θ0 + TC2

33 · y0 + TC2
34 · φ0

+ TC2
36 · δ + TC2

336 · y0δ + TC2
346 · φ0δ

+ TC2
366 · δ2.

It contains twentysix transport coefficients obtained
from beam transport calculations and four measured par-
ticle positions XC1, Y C1, XC2 and Y C2 on the two de-
tectors. The parameters relating the measured horizontal
(XC1 , XC2) and vertical (Y C1, Y C2) detector positions
are given in tables 3 and 4, respectively.

The remaining terms T11x0 and T116x0δ will contribute
significantly to the momentum resolution, besides con-
tributions from multiple scattering in detector C1 and
achievable detector position resolutions at XC1, XC2, Y C1

and Y C2.
To solve this set of equations, we neglect in the first

iteration the terms T14φ0 and T146φ0δ that couple to the
vertical variables. Consequently, the first two equations
contains only the two variables θ0 and δ and can then be
solved independently. A third order equation in δ is then
derived and reads

a0 + a1δ + a2δ
2 + a3δ

3 = 0

with

a0 = XC2TC1
12 −XC1TC2

12 , (3)

a1 =
(
XC2TC1

126 − TC1
12 TC2

16

)
,

−
(
XC1TC2

126 − TC2
12 TC1

16

)
,

a2 =
(
TC1
16 TC2

126 + TC2
12 TC1

166

)
,

−
(
TC2
16 TC1

126 + TC1
12 TC2

166

)
,

a3 = TC2
126T

C1
166 − TC1

126T
C2
166.

and is solved either analytically or numerically with a start
value at δ = 6%. The θ0 value can then be deduced. The
values of θ0 and δ are introduced in the last two equations,
leading to the following linear system:{

αy0 + βφ0 = γ,
α′y0 + β′φ0 = γ′.

(4)
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with

α = TC1
33 + TC1

336 · δ, (5)

α′ = TC2
33 + TC2

336 · δ,
β = TC1

34 + TC1
346 · δ,

β′ = TC2
34 + TC2

346 · δ,
γ = Y C1 − TC1

32 · θ0 − TC1
36 · δ − TC1

366 · δ2,
γ′ = Y C2 − TC2

32 · θ0 − TC2
36 · δ − TC2

366 · δ2.
(6)

The solutions of this system are fed into the first 2
equations (the ones involving XC1 and XC2) which is
solved again for providing the final values for θ0 and δ.
The convergence is quite fast and one iteration is enough
to keep residuals on δ much below the per mil level. A
second iteration on the two last equations involving Y C1

and Y C2 provides then final values for φ0 and y0.
The relevant quantities for kinematical reconstruction

of the events, px,py, and pz at the HADES target point
are derived from the values of θ0, φ0, and δ through the
formula:

p = pspec(1 + δ)

px =
p tan(θH)√

1 + tan2(θH) + tan2(φH)
,

py =
p tan(φH)√

1 + tan2(θH) + tan2(φH)
,

pz =
p√

1 + tan2(θH) + tan2(φH)
,

(7)

where θH and φH are obtained through the following re-
lations (see 5 for the coefficients)

θH = TH
22 · θ0 + TH

23 · y0 + TH
26 · δ

+ TH
226 · θ0δ + TH

246 · φ0δ + TH
266 · δ2,

φH = TH
42 · θ0 + TH

43 · y0 + TH
44 · φ0 + TH

46 · δ
+ TH

426 · θ0δ + TH
436 · y0δ + TH

446 · φ0δ + TH
466 · δ2.

6.3 Handling Coordinate Changes in Simulation

In the basic transport simulation of negative pions in the
spectrometic line, the momentum offset δ of the particle’s
coordinate X = (x, θ, y, φ, δ) remains constant, and the
only changes to the other components follow the second
order transport equation Eq. (1). These equations allow
to calculate the coordinates XL of a particle at any point
of distance L from the production target along the beam
line, given its initial state at the production target X0.

However, if momentum or angle of a particle changes
in-flight, as it can happen via multiple scattering (change
in angle only) or for a pion via decay into a muon (change
in δ, ϑ, and φ), the calculation of the new trajectory re-
quires in principle new transport equations starting from

the point where these changes have occurred. In the present
case, we use a simpler treatment for such cases and pro-
ceed by first simulating the new particle coordinatesX′

L =
(x′

L = xL, θ
′
L, y

′
L = yL, φ

′
L, δ

′
L) and follow the kinematics

of the process that produced the change. In the case of
multiple scattering inside a detector, the change in θ and
φ is computed by accounting for thickness and interac-
tion length of the material. For pion decays, θ, φ and δ
are calculated using two body decay kinematics with a
uniform polar angle distribution for the muon in the pion
rest frame and transforming the resulting momentum vec-
tor into beam line coordinates.

Once X′
L is known, we solve the equation

TLX
′
0 = X′

L (8)

for X′
0, the coordinates of a hypothetical particle at the

production target, such that the application of Eq. (1) to
X′

0 using the transport matrix TL to position L results
in the modified coordinate X′

L. There are multiple ap-
proaches for solving Eq. (8) for X′

0. One possibility is to
approximate the second order equation by a first order
matrix multiplication, where only the second order terms
dependent on δ are kept. This is possible because δ does
not change in Eq. (8), and the second order effects of terms
that do not have any dependence on δ is small. For our
simulation we used an iterative approach, where Eq. (8) is
minimized with the coordinates of X′

0 as free parameters.
Once X′

0 has been determined, the second order trans-
port equations Eq. (1) are applied to X′

0 for all accep-
tance check points downstream of the multiple scattering
or decay position up to the next location where a coordi-
nate change is necessary. This is repeated until all multi-
ple scattering points and potential pion decay points have
been treated.


