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Abstract
FIRST (Fragmentation of Ions Relevant for Space and Therapy) is an exper-
iment aimed at the measurement of double-differential cross sections, with
respect to kinetic energy and scattering polar angle, of nuclear fragmentation
processes in the energy range between 100 and 1000 MeV/u. The experiment
was performed with the SIS accelerator at GSI (Darmstadt, Germany). During
August 2011 a first set of data was collected using a 400 MeV/u 12C ion beam
on carbon and gold targets. We present a description of the experimental appa-
ratus and some preliminary results from the data acquisition and from the data
analysis.

1 Introduction
Hadron therapy has well known advantages with respect to conventional radiation therapy using pho-
tons. The ion beam energies can be chosen in such a way that the Bragg peak, the sharp peak of the
released dose at the end of the ion range, falls inside the tumour, while sparing surrounding normal
tissues. Compared to proton therapy, hadron therapy using 12C beams has further advantages, among
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these are a sharper lateral dose fall-off and a higher potential to treat radioresistant tumours due to its
increased linear energy transfer (LET) at the end of the particle range. However, since the secondary
fragments produced by the nuclear interactions of the beam with the tissue significantly contribute to
the absorbed dose [1], fragmentation effects cannot be neglected. Currently, treatment planning systems
for hadron therapy are generally based on deterministic codes for dose calculations which are relatively
fast [2, 3]. These deterministic dose engines are often benchmarked against Monte Carlo simulations
in order to test and improve their accuracy [4, 5]. The predictions of various theoretical models for the
fragmentation process differ up to an order of magnitude for double-differential quantities (in energy
and angle). Several measurements were made in the past of fragment yields and total cross sections
(for a review see [6]), but double-differential cross section (DDCS) measurements are scarce. Accurate
knowledge of fragmentation cross sections would also be important in the field of radiation protection in
space missions. Recently, NASA completed a large database of nuclear fragmentation measurements [7]
and observed that there are ion types and kinetic energy ranges where such measurements are missing.
In particular, DDCS measurements for light ions in the energy range of interest for hadron therapy ap-
plications are lacking. The FIRST experiment is aimed at filling some of this lacking knowledge by
measuring DDCS for light ions in the kinetic energy range between 100 and 1000 MeV/u.

(a) (b)

Fig. 1: (a) Layout of the FIRST experiment with expanded interaction region. (b) The FIRST Interaction Region
detectors during the installation.

2 Experimental setup
A detailed description of the experimental apparatus is reported in ref. [8]. Here only a short description
will be given. A schematic layout of the FIRST experimental setup is shown in Fig. 1(a). The interaction
region, shown in the enlarged portion of Fig. 1(a) and in the picture of Fig. 1(b), is composed of small area
detectors that surround the target, before the ALADiN horizontal bending magnet. All these detectors
have been specifically designed and built for this experiment. Following the beam path:

• the Start Counter [9] measures the starting time for the time-of-flight measurement. The active part
of this detector is an EJ-228 fast scintillator foil (52 mm diameter, 250μm thick). The scintillation
signal is driven by four optical fibre bundles to four fast photomultipliers (Hamamatsu H10721-
201);

• the Beam Monitor [9] measures the incoming ion direction and the impact point on the target. It
consists of a drift chamber filled by an Ar-CO2 80%-20% gas mixture and is composed of 36 sens-
ing wires, arranged in six planes perpendicular to the beam, with the wires oriented alternatively
in the horizontal and in the vertical direction;

• the Vertex Detector measures the tracks of charged particles originating from the target. It is based
on the MIMOSA-26 silicon pixel sensor [10], which features an active area of 21.2 × 10.6mm2

segmented in 1152 × 576 pixels, with a 18.4μm pitch. The layout of the detector (see Fig. 5(b))
is composed of four planes of about 2 × 2 cm2 area, each plane being made of two partially
overlapping MIMOSA-26 detectors spaced by 3 mm and with the long side oriented vertically. It

354

382 Z. Abou–Haidar et al. (T. T. Böhlen)



can measure tracks with an angular resolution of about 0.3 degrees up to polar angles of about 40
degrees;

• the KENTROS (Kinetic ENergy and Time Resolution Optimized on Scintillator) detector mea-
sures the time of flight and energy release of fragments with polar angles between about 5 degrees
and 90 degrees. These measurements are used to identify the particle charges and to evaluate their
kinetic energy. The KENTROS detector is divided in three subdetectors: a small endcap, which de-
tects fragments with polar angles between 5 and 15 degrees, a big endcap for polar angles between
15 and 37 degrees, and a barrel for polar angles between 37 and 90 degrees. Each subdetector is
composed of EJ-200 fast plastic scintillator modules. The scintillation signal is driven by plexi-
glass light guides to AvanSiD Silicon PhotoMultipliers (SiPM) with an active area of 4 × 4mm2.
The SiPM signal is read by custom readout boards, with individual supply voltage control, signal
amplification, reshaping and splitting to QDCs and to TDCs.

Behind the ALADiN bending magnet, large area detectors inherited from previous experiments were
used. Following the beam path:

• the TP-MUSIC IV (Time Projection MUltiple Sampling Ionization Chamber) detector is a time
projection chamber that measures the tracks of charged particles which exit the ALADiN magnet.
The active volume is filled with a P10 (Ar-CH4 90%-10%) gas mixture. It is divided in two
symmetric parts by a central vertical cathode plane. The track projections on the non-bending
(yz) plane1 are determined by proportional counters located on the opposite sides of the detector,
while the track projections on the horizontal bending (xz) plane are evaluated by measuring the
ionization electron drift time from the track to the proportional counters. The readout is based
on 14-bit FADC boards which digitize the signals coming directly from the preamplifiers. The
MUSIC IV detector is able to measure with high efficiency and high resolution the charge and
momentum of ions from He up to Au [11];

• the TOFWALL [12] measures the arrival time, energy release and impinging position of the frag-
ments produced with polar angles smaller than about 6.5 degrees. It is composed of two layers,
each made of 12 modules. Each module is composed of 8 BC-408 plastic scintillator slats, 110 cm
long, 2.5 cm wide and 1 cm thick, oriented in the vertical direction. Each slat is read on both ends
by two R3478 Hamamatsu photomultipliers. The signal is split and read out by Fastbus QDCs and
by TDCs for charge and time measurements, respectively;

• the Large Area Neutron Detector (LAND) [13] is a large scintillation detector, having an active
volume of about 2× 2× 1m3, specifically designed for neutron detection. It is composed of 200
paddles having a volume of 200 × 10 × 10 cm3. Each paddle is made of 10 sheets of scintillator
separated by sheets of iron. The scintillation light is collected on both ends of the paddles by stripe
light guides, which drive it to the photomultipliers. The difference in the arrival times of the two
signals is used to localize the position where the neutron interacts with the scintillator material,
while the mean time is used to evaluate the neutron arrival time.

3 The first data taking at the GSI laboratory
The FIRST experiment was instrumented at the GSI laboratories in Darmstadt, and a first set of data was
collected in 2011 between July and August. A total number of about 37 million events were collected
and grouped in about 250 runs. Most of these measurements (about 32 million events) were made
using a 400 MeV/u 12C beam impinging on a 8 mm thick carbon target, while the remaining 5 million
events were collected using a 5 mm thick gold target. Additional runs with special detector and target
conditions were also taken for calibration and alignment purposes. The data acquisition was developed
using the framework of the GSI Multi Branch System (MBS) [14]. This system can handle all the readout
electronics standards (FASTBUS, CAMAC and VME) used in the experiment. Each readout crate was
equipped with a trigger module connected through a single trigger bus to distribute the trigger and dead-
time signals and to ensure event synchronization. The trigger signals from different detectors were fed
into a programmable coincidence module where a logical combination of the signals could be used to
produce the global trigger decision. Basically, this decision was based on an unbiased trigger provided

1The right-handed coordinate system used in this paper has the z axis pointing in the beam direction, the x axis pointing
horizontally and the y axis pointing upwards. Polar and azimuthal angles are defined with respect to the z direction.
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by the Start Counter. Other pre-scaled triggers with logical combinations of the Start Counter with other
detectors were used for efficiency and calibration studies.

4 Detector performance
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Fig. 2: (a) Standard deviation of the time difference between pairs of Start Counter PMTs as a function of the run
number. (b) Track spatial resolution of the Beam Monitor as a function of the run number.

The Start Counter efficiency was measured by using the unbiased sample of events triggered with
the forward scintillator. It was found to be well above 99% in each of the runs even when requiring the
coincidence of all the 4 PMTs, thus providing an indication of the high quality of the light collection
system. The time resolution was determined by means of a gaussian fit of the distribution of the time
difference between pairs of PMTs. The resulting sigma was in all runs better than 150 ps, as shown in
Fig. 2(a). The time resolution, estimated as the standard deviation of the time difference between pairs
of PMT divided by

√
2, is around 100 ps.

The performance of the Beam Monitor was also stable, as shown in Fig. 2(b). The space time
relations used in the BM track reconstruction have been calibrated on a dedicated test beam [9] on a
carbon beam of 80 MeV/u, with the same gas mixture at different high voltages. While the use of those
calibrations is somewhat suboptimal, since they were obtained for carbon ions at a different energy,
the results obtained are not far from the expected values: O(100 μm) [9]. Figure 2(b) shows that a
track spatial resolution of 130-160μm was achieved for all the C-C runs which is in agreement with the
expected performances for the BM detector. This resolution corresponds to the standard deviation of the
gaussian fit to the distribution of the difference between the hit and reconstructed track coordinates. The
Beam Monitor measurement of the beam spot size, a Gaussian distributed circular spot of 1.3 mm σ was
found to be in very good agreement with measurements performed by the Vertex Detector downstream
of the target. The good performance of the Vertex Detector is evidenced in Fig. 3(a) where the number
of clusters belonging to a track is shown for a single run. Although a minimum of 3 clusters are needed
to build a track, the large majority of tracks incorporates one cluster in each of the four planes, indicating
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Fig. 3: (a) Number of clusters per track in the Vertex Detector for 12C on carbon run. (b) Number of pixels per
cluster in the Vertex Detector for a run with the carbon target (solid line) and for a run without the target (dashed
line).
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a good tracking performance of this detector. In addition, a class of tracks crossing the planes in the
overlap region between the two sensors is shown which incorporates up to eight clusters. For the same
run, the total number of clusters belonging to a track in each of the eight sensors where about equal for
sensors on the left side as well as for sensors on the right side. From this evaluation the efficiencies of the
sensors appear to be uniform, the difference in the absolute number of tracked clusters, between sensors
on the left or on the right with respect to the beam, being due to the beam not impinging perfectly centred
on the Vertex Detector. Fig. 3(b) represents the distribution of the number of pixels belonging to a cluster,
both for a run with the carbon target and for a run without the target. As expected the distributions are
similar for carbon, gold and no target, since most of the events are non-fragmented events (i.e. mostly
carbon ions). In Fig. 4(a), a section of the KENTROS TDC counts distribution, obtained requiring the
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Fig. 4: (a) TDC distribution on a Small Endcap module of the KENTROS detector, without time-walk correction,
for QDC counts between 2200 and 2400. A gaussian fit to the peak of the histogram within ±2σ shows a standard
deviation of σ � 0.35 ns. (b) ToF vs energy release ΔETOF in the TOFWALL. The six regions in the plot
correspond to the ion fragments with Z = 1, . . . , 6 from left to right.

related QDC counts to be consistent with the α particles energy release, was projected on the TDC axis.
A gaussian fit to the peak of the histogram within ±2σ shows a standard deviation of σ �0.35 ns. This
value is influenced by the time-walk effect and by fluctuations of the scintillation signal transit time,
which depends on the particle impact point on the detector module and will be corrected using the global
track reconstruction information. Therefore, the standard deviation obtained by the fit should be regarded
as an upper limit for the time resolution in our experimental conditions. The time of flight and the energy
release, combined with the information on the tracks reconstructed by the Vertex Detector, will be used
to evaluate the fragment kinetic energy. For the TOFWALL detector, the length of each slat (110 cm)
requires to combine the values of the TDCs at both ends as average and the values of the ADCs as
product, in order to cancel the dependence of the one-side measurement on the impact point. We shall
denote the difference between the average time value of the TDCs and the time measured by the Start
Counter as ToF; this quantity is related to the time of flight by a time offset to be determined individually
for each slat. Similarly the square root of the ADCs product, converted to particle energy lost in the
slat, is denoted as ΔETOF. Some special runs with no target and with the magnetic field of the ALADiN
continuously varied were dedicated to the calibration of the TDCs and ADCs. The ToF calibration for the
12C ion beam at 400 MeV/u, over all slats of the TOFWALL was tuned with a time offset chosen in each
slat such that the ToF distribution for non-fragmented carbon ions at 400 MeV/u was centred at ∼32 ns.
An upper limit for the real time resolution σ of 0.5 ns, was obtained, to be compared with a minimum
time of ∼28 ns spent by the fastest fragments to reach the TOFWALL. The scatter plot of ToF versus
ΔETOF measured by a single slat in all runs with carbon as target and a beam energy of 400 MeV/u
is shown in Fig. 4(b). The six separated regions which appear in the plot correspond to ion fragments
Z = 1, . . . , 6 from left to right. They suggest a good charge identification capability of this detector.
The time of flight information will be used together with the global track reconstruction to evaluate the
kinetic energy of the fragments. The tracking performance of the detectors of the Interaction Region:
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Beam Monitor, Vertex Detector and KENTROS, are easily monitored by means of a 3D event display, as
shown in Figs. 5(a) and 5(b).

(a) (b)

Fig. 5: (a) Interaction Region event display. (b) Vertex Detector event display.

5 Conclusion
The FIRST experiment was designed for the measurement of nuclear fragmentation cross sections, dou-
ble differential with respect to kinetic energy and scattering polar angle, for light ions in the range
between 100 and 1000 MeV/u. The experiment was instrumented at the GSI laboratory and a first data
acquisition took place during summer 2011. About 37 million events were acquired using a 400 MeV/u
12C beam impinging on carbon (32 M) and gold (5 M) targets. The data analysis is still in progress.
However from the preliminary analysis the measured values of the detector resolutions and the quality
of the data match perfectly the expected performance.
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