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10125 Torino, Italy

E-mail: g.kornakov@gsi.de

ABSTRACT: This work presents the analysis of the performance of the RPC ToF wall of the
HADES, located at GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt. The behavior
of the detector is studied in Au+Au collisions at 1.23 AGeV. A main characteristic of the detector
is that all the active areas were designed to be electrically shielded in order to operate in high occu-
pancies of the chambers. Here we show the achieved performance regarding efficiency and timing
capabilities at different occupancies of this special design after the applied offline corrections to
the data. Also the stability of the intrinsic time resolution over time of data taking is presented.

KEYWORDS: Resistive-plate chambers; Particle identification methods; Instrumentation and meth-
ods for time-of-flight (TOF) spectroscopy
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1 Introduction

The HADES spectrometer [1], located at the SIS18 accelerator at GSI Helmholtzzentrum für Schw-
erionenforschung [2], Darmstadt, Germany, uses the technique of time of flight for particle iden-
tification. In the last years, the spectrometer was upgraded to be able to accomplish the goal of
the experiment: the measurement of the rare and penetrating probes coming out of the collisions
of heavy ions, such as gold, in the energy regime of few GeV per nucleon. This upgrade included
the installation of a new time of flight wall made with Resistive Plate Chamber technology [3]
in the inner part of the spectrometer, where the highest particle multiplicities, up to 200 charged
particles per central collision, were expected. Therefore, the design and performance goals of the
new detector were highly constrained by the geometry of an already existing subsystems and the
required quality of particle identification. The relatively short path of particles from the target,
and the densities expected in the most central collisions set a challenge to provide a detector with
adequate granularity and very high time resolution.

After several tests [4, 5], the final layout was chosen. The detector was built in the following
way: the total area of approximately 8 m2 is divided in six sextants, called sectors. Each sector has
trapezoidal shape and it is subdivided in three columns. Each column has 32 strip-like RPC cells
read out on both sides, with 4 gaps of 280 µm using glass as resistive material and aluminium elec-
trodes as shown in the figure 1. In order to increase acceptance, efficiency and reduce dead regions,
each column has two layers. The main characteristic of the detector, is that each independent RPC
active area is electrically shielded in order to provide the smallest possible cluster size each time a
charged particle crosses the detector. A more detailed description of the system and its operation
parameters can be found in ref. [6].

– 1 –
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Figure 1. Internal structure of a HADES RPC sector and the reference coordinate system.
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Figure 2. a) Time difference as a function of measured charge after pedestal subtraction. Example of
the slewing correction or time-charge dependence fitted to two exponentials in order to compensate the
systematic effect. b) Time difference between RPC (Trpc) and time reconstructed from tracking (Tmom) as a
function of a position in the RPC cell. Example of a position - time dependence of a RPC cell with the fit to
a linear combination of five sinusoidal functions.

2 Performance of the detector in high multiplicity environment

The main goal of the detector is to operate in a high multiplicity environment and to provide
excellent time resolution of the order of < 100 ps, and a longitudinal (x) position resolution as good
as < 10 mm. Here we show the strategy for the offline data calibration and the detector performance
from the point of view of stability, efficiency and resolution during the data production run of the
HADES experiment occurred in April-May of 2012 (6 weeks in total), where Au+Au collisions at
an energy of 1.23 GeV per nucleon were recorded.

2.1 Time and position resolution of the detector

The measured time (tmeas) at each side can be decomposed in several terms: the time of flight of
the particle (tToF ), the time given by the diamond START detector (tstart) , the time the signal is
transported through the electrode to the FEE (ts), constant time sources that go to an offset term (to)

– 2 –
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Figure 3. Time of flight resolution for electrons and positrons as a function of momentum measured by
the HADES RPC ToF wall. Besides the intrinsic resolution of the RPC other sources such as the diamond
START detector, length of the trace and multiple scattering are also present.

and finally a charge (τ(q)) and position (τ(x)) dependent parameters as shown in the equation (2.1):

tmeas = tToF + ts + to− tstart + τ(q)+ τ(x). (2.1)

The left-right measured times in the cell are merged into the half sum, or time of flight, and the
half difference or position. Therefore, the corrections must be applied only to the combined values
which represent the time of flight and the position, as some terms cancel after.

The internal structure of the detector allows to use the overlapped region between two cells
belonging to the top and bottom layer to calculate intrinsic position and time resolution, i.e. the
uncertainty coming from the detector itself and the electronic chain without other contributions to
the measured time coming from uncertainties from the START detector or the particle path length.

Then, we define the intrinsic accuracy of one cell, under the assumption that both overlapping
cells contribute in the same way to the uncertainty as:

σX(up/down) =
1√
2

σ(XRPC1−XRPC2). (2.2)

Following the same strategy as the one used for position resolution, the intrinsic time reso-
lution can be obtained by characterizing the distribution of time of flight differences between two
overlapping cells. The results of the analysis of the intrinsic position resolution of all cells was
already presented in ref. [7], showing 8 mm σ for the longitudinal position. The obtained mean
time resolution is 64 ps σ and is studied below in section 2.3 from the point of view of the stability
of the system.

2.1.1 Methods for offline calibration

The charge-time correlation, or slewing correction, is compensated by two exponentials which
describe the observed systematic deviation of the measured time. The exponential used to describe
the region of low charges needs an extra parameter for the offset, requiring 5 parameters per cell

– 3 –
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Figure 4. a) Velocity (β ) as a function of the particle momentum times polarity. The different particle
species are shown with labels. b) Mass reconstructed from time of flight shows a very low background
contamination.

as shown in the figure 2a. The correction is done using particles which have left signals in two
overlapping cells from different layers by selecting events within a narrow charge window in one
of the cells, used as reference for the other. Then, all the deviation in the distribution of time
difference, can be assigned to the cell with unconstrained charge measurement. This procedure, is
done recursively until convergence, which requires only two iterations.

The position dependent time offset is obtained using the measured hit position by the RPC.
The ∆TRPC−MDC distribution is calculated by subtracting the calculated time of flight from tracking
after particle’s identification from the measured time by the RPC. Then, the dependence is corrected
using a linear combination of five sinusoidal functions with different amplitudes and phase offsets,
as shown in the figure 2b.

The synchronization of all the cells, that is the constant time offset determination, must provide
the best separation capability between different particle species. The velocity versus momentum
particle identification plots, obtained for each individual RPC cell, are merged all together into a
single picture. However, the procedure to obtain these individual offsets is not trivial, as energy
losses and scattering probability variate with emission angle, momentum and type of particle.

One of the main goals of the HADES experiment is to measure precisely dielectron spectra.
The synchronization of the cells, therefore, was focused on charged pions in the momentum range
where they start to overlap with electrons. Then, the individual time offsets were obtained by
minimizing recursively the distribution ∆TRPC−MDC in the pion momentum range between 350 to
650 MeV/c until convergence.

The velocity resolution has other contributions besides the RPC intrinsic time of flight: uncer-
tanties associated to the reaction time, measured by a diamond START detector and uncertainties
coming from the particles path. Although electrons are more ionizing than MIPs they are the best
probes for measuring track time resolution in HADES, as their velocity is not affected by scattering
or energy loss processes and they travel through the spectrometer at the speed of light. The track
time resolution is shown in figure 3 as a function of measured momentum. The mean time accuracy
is 81 ps σ showing a very good performance of the whole time of flight system. The contribution

– 4 –
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Figure 5. Effect of the multiplicity on the intrinsic time resolution on the HADES RPC. A worsening of 10
ps at occupancies larger than 30% was measured in heavy ion collisions, resulting in total for the highest
multiplicities a time accuracy of 64 + 10 ps σ .

from the tracking detectors and the START is around 45 ps σ .
The resulting quality of the particle identification of the fully calibrated data is shown in the

figures 4. The different particle species are clearly visible in a wide momentum range.

2.1.2 Time resolution dependence on occupancy of the detector

Here we present the result of the analysis of the worsening of the time resolution as a function
of particle multiplicity in each detector. This happens mostly due to the distortion of the charge
measurement required for the slewing correction. In case that several particles generate avalanches
in the same cell within the used integration time of the signal of 500 ns the collected charge is not
any more correlated with the time measurement. This correction factor would be systematically
shifted towards smaller values, see figure 2a, as the measured charge is larger that the real one.

The obtained worsening effect of the intrinsic time resolution for each multiplicity bin is shown
in the figure 5. Contribution coming from an inhomogeneous velocity distribution for each multi-
plicity bin has been taken into account. There we can see a linear trend of 2 ps per 10 particles up
to a multiplicity of 52 particles per sector, equivalent to an occupancy of 28%. For higher occu-
pancies, large errors start to dominate and is not possible any more to precisely follow the trend,
however it seems that it saturates close to the 10 ps value.

2.2 Matching and intrinsic efficiency

The matching efficiency determination of the detector can be obtained by performing a selection
of traced particles by the tracking system to the Pre-Shower detector, located downstream and

– 5 –
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covering the whole acceptance of RPC detector, without requiring an RPC signal in the track.
Then, after obtaining the intersection point at the RPC plane, we loop through the recorded hits of
the detector and identify if the cell was fired or not within a 50 mm window in the transversal and
longitudinal directions, corresponding to a ∼ 5σ window. Moreover, we have selected events with
less than 10 particles in the studied sector in order to overcome systematic effects coming from
occupancy. An almost flat distribution, where the disconnected cells are clearly visible, does not
show any important issue or efficiency worsening (see for details ref. [7]).

2.2.1 Intrinsic detector efficiency determined from matching efficiency

After integrating all the six sectors into one single picture, as they are identical, the double layer
structure starts to be visible. The areas covered by two overlapping cells appear with higher effi-
ciency than those which are covered by one cell in one of the layers, as shown in the figure 6a.

From the amplitudes of the minima, εmin, and maxima, εmax, given by the matched efficiency
calculation we can estimate the intrinsic efficiency of a cell using the following assumptions: there
is an extrinsic factor εe and the efficiency εi of cells is assumed to be the same. Then we always
can define the following system of equations:

εmin = εi · εe (2.3)

εmax =
�

1− (1− εi)2
�
· εe (2.4)

We can thus obtain the intrinsic efficiency of a single cell as follows:

εi = 2− εmax

εmin
. (2.5)

Figure 6a shows the matching efficiencies as a function of Y coordinate of the RPC sector. One
can observe a two peak structure arising from the overlapping regions and places covered only by
one cell instead of two. The minimum and maximum values as shown in the figure 6b are 0.94 and
0.99 respectively. Following equation (2.5) the single cell intrinsic efficiency is εi = 0.95. Taking
into account that almost half is covered by two layers, the mean intrinsic efficiency of the detector
is about 0.97.

As the RPC is one of the main subsystems for particle identification at small polar angles, the
capability of an unbiased measurement of the efficiency as a function of particle type, momentum,
incident angle is limited. The most pure sample can be obtained by selecting tracks with negative
charge: there are mostly π− and e− present, and at momenta above 150 MeV/c the amount of
negative pions strongly dominates (no anti-proton are produced at this energies). Considering
additional power of discrimination provided by the specific energy loss measured by the MDC
detectors, we can successfully reduce most of the contamination with a purity of 90% of pions
in the sample. This is the only way of selecting particles without timing information from RPC
detector.

This method is limited by the acceptance of negative particles, as the intense magnetic field
bend them to the outermost region. Therefore study of the whole RPC surface is difficult. Neverthe-
less, it allows to perform a study of the dependency on the momentum of pions and their detection
efficiency as a whole, independently of the RPC cell, which we can consider from the intrinsic
study that provide a homogeneous response. Moreover, this method is useful to set the minimum
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Figure 6. a) Projection along vertical axis Y of the matching efficiency for each of the three columns of one
RPC sector, where the two layer structure creating the periodic structure is apparent. b) Efficiency values
measured along the Y axis. This efficiency distribution allows to extract the location of the mean maximum
(regions covered by two overlapping cells) and mean minimum (areas covered only by one cell) in order to
calculate the intrinsic efficiency of the detector.

estimation of efficiency for MIPs particles, after taking into account some correction factor due to
acceptance and extrinsic inefficiencies of the selected method, as shown in the figure 7. In that
figure is clearly shown the relation between the primary ionization and the obtained efficiency, fol-
lowing a similar trend as the Bethe-Bloch curve does. The matching efficiency minimum, ε = 0.89,
is located at the minimum ionizing region, i.e. ∼450 MeV/c for pions.

2.3 Stability

The stability of the performance of the HADES RPC was studied over one month of intense radi-
ation. The mean event rate was about 10 kHz, trigger was selecting 40% most central collisions.
Seven billion Au+Au collisions were recorded. The accumulated charge after gas multiplication
was about ∼53 mC/cm2. The chosen observable was the intrinsic timing accuracy, as it is the main
observable of the quality of the data measured by the RPC used later in data analysis. This al-
lowed to exclude deterioration coming from other possible sources unrelated to the detector itself,
since only the information measured by the RPC is used. Figure 8 shows the obtained day-wise
value for the whole data taking period during the 2012 campaign. The response is flat, around
σT ≈ 64 ± 2 ps, despite the first days where beam conditions were not fully stable and the cham-
bers were being conditioned. Overall we can conclude that the performance of the chambers, in
terms of time resolution was stable without anomalous observed behaviours.

– 7 –
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Figure 7. Matching efficiency as a function of momentum for negative pions. The shape of the curve shows
a similar trend as the energy loss described by the Bethe-Bloch formula with minimum efficiency in the
minimum ionizing region around 450 MeV/c for pions.
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Figure 8. Time accuracy obtained over the period of data taking showing the stability of the detector re-
sponse.

3 Conclusions

The operation of the HADES RPC ToF wall was stable during the beam time. Operation was
done with constant settings, showing a stable performance over time. The measured times were
calibrated and synchronised in order to provide the best identification capabilities for analysis. The
performance study shows an overall efficiency of 97% and a mean intrinsic time accuracy of 64 ps
σ . The mean electron track accuracy is 81 ps σ including contributions from START and tracking.
Such performance allowed for the good particle identification in a wide momentum range.
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