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Abstract

It has been shown that Monolithic Active Pixel Sensors (MAPS) are very promising tools for direct online beam
monitoring, for current heavy ion therapy facilities as well as for future innovative cancer treatments with antiprotons.
More specific, the dead-time free Mimotera sensor has been proven to be capable of dealing with extremly short pulses
of antiprotons of only 500 ns duration, as well as with continuous beams of carbon ions in the complete intensity- and
energy range used in today’s heavy ion facilities. It shows a linear behavior up to 7.5 × 107 antiprotons per square
centimeter in 500 ns and up to 8 × 108 carbon ions per square centimeter per second .

Keywords:
Monolithic Active Pixel Sensor, Mimotera, Beam monitor, Cancer therapy, Antiprotons

1. Introduction and Motivation

Nowadays, tumors are most frequently treated by irradiation with X-rays. Anyhow, in the last 60 years a new
technology has been developed that is especially beneficial for deep seated tumors and which is in clinical use since
1990 [1]: The treatment of cancer with hadron beams, most commonly with protons or carbon ions. From a biological
point of view, heavy ions have one outstanding advantage over photons, namely the mechanism of energy loss along
their path through the body, resulting in a sharp rise of the energy deposition at the very end of their track, called
the Bragg-peak. The idea of using antiprotons for cancer therapy, however, is rather new [2] and there is only one
experiment worldwide doing research on this: The Antiproton Cell Experiment (ACE) [3], located at the Antiproton-
Decelerator (AD) of the European Organization for Nuclear Research (CERN).

The physical behavior of antiprotons is very similar to protons, with one crucial difference: Once the antiproton
annihilates with a proton at the end of its range, it releases an additional energy of 2 × 936 MeV = 1.87 GeV per
particle as compared to protons, of which a small but clinically significant fraction is deposited locally. This means
that to achieve the same energy transfer to the tumor in the Bragg-peak region, half as many particles are needed and
the dose in the entrance channel in front of the tumor is reduced, sparing healthy tissue and organs at risk in the beam
path, possibly overcoming detrimental effects due to a low dose isotropic background from antiproton annihilation.

The experimental set-up at ACE is as follows: The antiproton beam enters a Poly(methyl methacrylate)(PMMA)-
tank which contains a probe of V-79 Chinese Hamster cells embedded into gelatin. For reasons of cooling it is
surrounded by a mixture of water and glycol, that also simulates the back scattering from a real biological target.
After the irradiation, cell survival curves are obtained from evaluating the probes. As the biological effect of particles
on living cells is the quantity to be evaluated, it is crucial to know as precisely as possible the physical characteristics
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of the incident beam as the input parameters for all following analyses. The properties necessary for the evaluation
of the data are the diameter and the shape of the beam profile, the fluctuations of the beam intensity from shot to shot
and the beam position.

The situation at ACE is unique in the sense of the spill structure: The beam of antiprotons is pulsed, one spill
is 500 ns long and arrives only every 90 s due to the accelerator architecture. During these 500 ns about 3 × 107

particles are delivered to an area of 0.4 cm2. This leads to a momentary intensity of 3 × 107/(500 ns × 0.4 cm2 × π) =

1.19 × 1014s−1cm−2. The beam energy was chosen as 126 MeV for a 12 cm penetration depth in water.
For this special situation a detector is required that is capable of handling this amount of particles in such a short

time. It must not saturate in order to be able to get the true number of particles for each pixel and it must provide a
fast, digital output for every single shot, which can then immediately be used for correcting the beam, if necessary.
Previous systems such as ionization chambers, gafchromic films or scintillating screens were lacking at least one of
these abilities. This gave rise to the search for a new device, the most promising candidate being a Monolithic Active
Pixel Sensor (MAPS).

2. Architecture of the sensor

The Mimotera (Minimum Ionizing MOnolithic active pixel sensor (MAPS) for the TERA foundation) is a MAPS
of crystalline silicon. The epitaxial layer is only 14 µm thick and has an entrance window of about 100 nm. [4] This
is possible by thinning the wafer down and back-illuminating it. The sensor consists of 112 × 112 = 12544 pixels,
each of the size of 153 × 153 µm2. This leads to an active area of 17 × 17 mm2, which is divided into four sub-arrays
of 28 × 112 pixels that are read out in parallel. There are two rows and two columns per sub-quarter which act as so
called ”dummy-pixels”. These are not physical pixels, so there is no dead area on the sensor, but they are introduced to
allow matching the one-dimensional, linear analog output with the two-dimensional matrix in the data analysis. The
clockrate for the read-out for a single pixel can be set in LabView as 2.5, 5, 10, and 20 MHz. At the maximum setting
the readout of one sub-array therefore takes 50 ns × (112 + 2) × (28 + 2) = 170 µs. As the four sub-arrays are read out
in parallel, this is identical to the readout time for one frame of the whole detector. In the following measurements a
clock rate of 2.5 MHz per pixel has been chosen, which leads to an integration time of 1.4 ms.

Figure 1: Design of one of the pixels of the Mimotera. All red and all yellow diodes are connected, building two completely independent, interleaved
readout matrices for each of the pixels. (Courtesy of M. Caccia)

The design of one single pixel makes the Mimotera a unique device: Each of the pixels consists of 2 × 81 diodes,
5 × 5 µm2 each, corresponding to the red and yellow squares in Figure 1, building two independent readout matrices
which will in the following be referred to as matrix A and matrix B. This architecture makes the Mimotera a detector
without any dead time: While matrix A is collecting the generated charge carriers, the charges stored in the diodes of
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matrix B are read out, the diodes are reset, afterwards the process is inverted. Hence, no signal charges get lost during
the readout and the detector is free of dead time.

3. Measurements at CERN

In June 2010 first tests have been carried out at ACE. The beam spill of 500 ns duration is contained in only
one readout frame of 1.4 ms of the sensor. Therefore it is most convenient to analyze the data in a differential way,
subtracting the frame with the spill from the previous one without beam. This has the advantage that one does not
have to record pedestal files. All dead pixels and time-dependent background signals are eliminated automatically.

The crucial question for the first test run was to find out whether the detector is really capable of coping with
the high momentary intensity of ACE. Investigations into possible saturation effects in the beam core were carried
out. If such effects were present, they would limit the detector’s capability of measuring the full beam intensity and
determining the beam profile with high precision.

Figure 2: Profile of one shot of antiprotons in the Mimotera. Mean values in x- and y-direction are displayed, as well as the integral over the whole
detector surface. The right picture includes a Gaussian fit.

Figure 2 shows the profile of one single beam spill in the Mimotera. The data matches well with the Gaussian
fit displayed on the projection. Reference measurements using gafchromic films resulted in a Gaussian beam shape
of the same sigma value. The linearity of the detector can also be tested by comparing the integrated signal in the
Mimotera to the nominal beam intensity obtained from the accelerator log file. A deviation from linearity of less than
1 % has been observed, caused by saturation visible at the highest intensities in the center of the beam in Figure 2 [5].

4. Measurements at HIT

The Mimotera has not only been tested with antiprotons, but also with carbon ions at the Heidelberg Ion-Beam
Therapy Center (HIT) in Heidelberg, Germany. The aim of these measurements was to investigate whether it could
serve as a beam monitor for existing cancer treatment facilities. A scan through all available beam intensities from
5.0 × 106 s−1 to 8.0 × 107 s−1 has been performed, the results are presented in Figure 3.

The detector response is very good, clear beam spots were obtained from the lowest to the highest intensity.
The behavior is linear within the uncertainties of the nominal beam intensity provided by the accelerator operation
software. These measurements allowed concluding that the Mimotera is suitable for direct monitoring of carbon ion
beams used in current heavy ion facilities.

It is, however, not applicable for monitoring proton beams at HIT at the moment, because the energy deposition
per particle is too small for a good signal at the available beam intensities. The threshold of the Mimotera is about
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Figure 3: On the left: Profile of carbon beam integrated over two minutes. On the right: Linearity plot obtained from the intensity scan. The signal
is averaged over the whole spill and background is subtracted.

5000 electrons per pixel per frame which corresponds to an energy deposit of 5000 × 3.62 eV = 18.1 keV in silicon.
Carbon ions of 410 MeV/n deposit 288 keV in 14 µm of silicon, in contrast to protons of 211 MeV which deposit only
12 keV. [6] Lower proton energies with higher ionization unfortunately could not be tested at HIT, because the focus
size of the beam increases rapidly with decreasing energy, e.g. 32 mm minimum focus for 50 MeV protons.

5. Summary and Outlook

It has been shown that the Mimotera is well suited for direct monitoring of very short pulses of antiprotons as well
as of continuous beams of carbon ions. Further investigation will focus on monitoring proton beams. To be able to
monitor even larger focus sizes, one could merge four of the sensors together. To reduce the beam straggling further,
such that the sensor could stay in the beam during treatment, it is possible to remove that part of the printed circuit
board support which lies behind the active area of the detector.
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