




D. Counting readout architecture

Beam monitoring does not require identification of individ-
ual particles for secondary particle tracking, like in HEP.

For this reason, the use of smart pixels with counting
electronics is a good choice for a HV-CMOS beam monitor.
Each pixel counts the number of detected particle hits. The
states of the counters are read out periodically. One set of
counter states is referred to as frame, comparable to a single
picture of an imaging sensor.

This readout approach is substantially different to the read-
out of HV-CMOS particle tracking detectors for HEP: No
individual pixel signals are read out, but the number of hits
in a certain time interval. Therefore, tracking of particles is
impossible (c.f. event pile-up), but also not of interest. The
rate capability, on the other hand, is only limited by the
analog front-end, the width of the hit counters and the readout
bandwidth, all of which can be adjusted by design to a given
target application.

By implementing most electronics in the pixels, the periph-
ery of the chip can be small which minimises the insensitive
area of the sensor chip. This is favourable in making a beam
monitor by abutting of many chips.

As mentioned before, in a medical application safety of
the patient is paramount. Therefore, the irradiation has to be
interrupted immediately as soon as a deviation from nominal
operation (e.g. unintended beam movement) is detected or
as soon as the prescribed dose has been administered. The
interrupt signal has to be generated within the fraction of a
second. Pixelated sensors can meet this timing restriction only
if data is being preprocessed on-sensor, to reduce the data
bandwidth that has to be transmitted to an aggregating FPGA.
Readout of all counter values would take too much time. One
solution is that each sensor of a detector generates a projection
of the counter data in both directions. This can be realised by
adders within each pixel adding its own counter state to the
sum of the preceding one. The adders in the last pixel then
hold the sum of all pixel counters in this direction, giving the
projection of the beam profile. For the final design, two 1D
projections will be generated per sensor chip. This information
can be read out quickly for real time beam monitoring and
interrupt signal generation. Additionally, the collectivity of the
1D projections of all sensors allows for a coarse 2D depiction
of the beam.

E. Specifications for the beam monitor

The sensor presented in this paper has been developed
for a specific application, the monitoring of the ion-beam of
Heidelberg Ion-beam Therapy Center (HIT) [10]. HitPix is a
test chip, implementing new concepts and exploring new ideas
for a monolithic semiconductor based beam monitor. In its de-
sign, specific requirements for HIT have been incorporated. A
summary of requirements and corresponding design decisions
is listed in table I.

HitPix is not only a technology demonstrator for the ion-
beam at HIT, but can also be the basis for the development of
beam diagnosis devices for other high rate applications.

11 mm water equivalent ≈ 0.5 mm silicon

TABLE I
THE MOST IMPORTANT REQUIREMENTS FOR A DETECTOR MONITORING A

MEDICAL ION-BEAM (LEFT) AND THE DESIGN DECISIONS MADE TO
COMPLY WITH THEM (RIGHT).

Requirement Design decision
Spatial resolution of 200 µm and
FWHM resolution of 400 µm

Pixel size is 200 µm × 200 µm

Deviation of beam parameters have
to be detected within 100 µs af-
ter integration time has been com-
pleted

Adaptable frame rate, typical val-
ues are in the order of 100 kHz for
projection readout

Detector lifetime can not be less
than 6 months and should be more
than 1 year

HV-CMOS technology and radia-
tion tolerant circuit design are used

Total detector block material bud-
get is 2 mm water equivalent (sev-
eral sensor layers and mechanical
structure)

Thinned sensors are available
(100 µm per layer)1, interconnec-
tion via flex PCB, carbon plate for
rigidity

Up to 210 particles per second In-pixel counters store the number
of events until frame readout.

Sensitive area has to be at least
25 cm × 25 cm, because of spot
size and scanning range.

It can be realised by building a
sensor matrix from several sen-
sors (max. 2 cm × 2 cm each),
stabilised by a carbon plate and
connected via flex PCB.

Fig. 2. Photograph of a HitPix chip bonded to the evaluation board.

II. CHIP ARCHITECTURE AND ELECTRONICS

The test chip called HitPix has been implemented in a
180 nm HV-CMOS technology. The chip consists of a pixel
matrix (24 × 24 pixels) and a small periphery. The sensor area
is about 5 mm × 5 mm. The pixel size is 200 µm × 200 µm.
A photo of HitPix is shown in figure 2.

A. Pixel

The sensing pixels are diodes formed by deep n-well in
lowly doped p-substrate, as used in other HV-CMOS sensors
[2]. The p-substrate is reverse biased with high-voltage. In this
way, a depletion region of 30 µm to 50 µm depth is generated
at the p-side of the sensor junction. The electron-hole pairs
generated in the depleted region by particles passing the sensor
are separated by the electric field and collected via drift at
the deep n-well. The fast charge separation and collection
improves tolerance to radiation-induced bulk damage. The
tolerance to surface TID effects in the electronics has been
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Fig. 11. CSA output signal amplitude versus the injection voltage for HitPixS.
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Fig. 12. CSA output signal amplitude versus the injection voltage for
HitPixISO.

Most measurements have been repeated on irradiated sen-
sors (various fluences, doses, particle types, annealing periods
and irradiation spot shapes).

A. Calibration and threshold scan

HitPixS and HitPixISO allow direct measurements of the
output voltage of the CSA. Using the test circuit (capacitor
Cinj in figure 6), it is possible to inject negative charge into
the sensor n-well and imitate particle signals. The injected
charge is Qinj = Cinj ·Vinj, where Vinj is the amplitude of
externally generated voltage step signal. Figures 11 and 12
show the CSA output amplitudes versus the injection voltage.
The sensitive area (i.e. the sensor diode) – and therefore
the pixel capacitance – is larger in case of the HitPixISO.
This leads to a lower closed loop gain and therefore a lower
charge to voltage conversion gain of the CSA as explained in
section II.B. The measurements shown in figures 11 and 12
confirm the expected amplifier gain difference of the two chip
flavours.

Figure 13 shows the amplitude distribution of the CSA
output signal for X-ray photons generated by an 55Fe source.
The data were recorded by connecting an oscilloscope to the
amplifier output of a single pixel. The full waveforms were
stored and analysed offline. The mean value of the Gaussian
fit is 17.81 mV. Comparing the results in figures 13 and 11,
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Fig. 13. Histrogram of the CSA output signal amplitudes when the HitPixS
sensor is exposed to 55Fe source. The mean signal is 17.81 mV.

we obtain that an injection pulse of about 100 mV generates
approximately the same signal at the CSA output as an X-ray
photon from an 55Fe source. By taking this into account, and
from the known photon energy (5.9 keV for Kα) and average
energy needed to produce e-h pairs in silicon, we calculate the
injection capacitance Cinj to be about 2.7 fF.

Using HitPix as beam monitor, the expected smallest signal
amplitude will be in the order of 7 ke− (for protons with an
energy of 220 MeV and a depletion depth of 30 µm) or higher2.
This is approximately four times the signal from 55Fe. Even
in the case of lower gain as in HitPixISO, the output signals
will have amplitudes large enough for detection.

In the case of protons, the largest input signals are generated
for lowest energies, in our case 60 MeV. From measurements
with minimum ionising particles and from stopping power
table for protons of 60 MeV, we estimate an average signal of
about 27800 e− (assumption 50 µm depletion) [17, sec. 6.6.1].
The signals are Landau distributed; we expect that 95% of
the signals have amplitudes less than three times average. We
estimate the smallest signals to about 3500 e− (50% of the
average for 220 MeV protons at 30 µm depletion).

The feedback circuit should discharge the capacitances after
amplification of all signals fast enough to avoid analog pile-
up, i.e. the input of the comparator should fall below threshold
fast enough, to avoid pile-up of consecutive signals. On the
other hand, it should generate as little noise as possible, so
that smaller signals can also be detected. The linearity of
the CSA response, i.e. linear dependence of maximum output
voltage versus input charge is not required for this sensor. It is
required that particle signals can be counted with frequencies
that correspond to maximum particle flux.

Figure 14 shows the simulated response of the HitPixS
amplifier to signals of 27800 e− (4.45 fC) (dashed line) and
3×27800 e− (solid line).

The feedback circuit has the property that the discharge
current increases with longer pulse duration. Therefore, the
dead time does not increase linearly with signal amplitude.
According to this simulation, counting 60 MeV protons with
about 1 MHz is possible. The feedback current can be adjusted

2This value has been measured and will be published in a dedicated work
evaluating HV-CMOS for ion-beam monitoring.
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Fig. 14. Simulation of the HitPixS amplifier to an input signal of 27800 e−
(dashed line) and 3×27800 e− (solid line).
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Fig. 15. Simulated signal length for a feedback current of 0.5 nA (solid line)
and 2.5 nA (dashed line).

by on-chip DAC. It was ∼0.5 nA in the simulation. For
stronger feedback current, faster reset times can be achieved.

Figure 15 shows the simulated response of a HitPixS am-
plifier to a 3×27800 e− signal charge with nominal feedback
current of 0.5 nA (solid line) and five times larger feedback
current (dashed line).

The simulated equivalent noise charge for the feedback
setting of 0.5 nA and without sensor leakage current is 136 e−

for HitPixS and 433 e− for HitPixIso. This means that the
leakage current caused by radiation damage is a significant
noise source.

To check the functionality of all pixels in the matrix,
we have performed threshold measurements in the following
way: Injection pulses are applied to all pixels. The injection
amplitude is varied and for each amplitude a constant number
of pulses is generated. From the number of signals registered
by pixel counters, the response probability is calculated. Noise
leads to an error-function-like distribution of the response
probability. By fitting the error function to the measured
response probability versus the injected charge, the input
referred threshold Qth and the equivalent noise charge ENC
can be calculated. The measured threshold and noise values
differ from pixel to pixel as a result of mismatch between pixel
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Fig. 16. Histogram of the input-referred threshold Qth, measured with test
injections for HitPixS. Qth corresponds to the Qinj leading to the response
probability of 50%. The measurement has been performed at 20 °C. The
standard deviation of the threshold distribution is 24 mV (390 e−). [13]
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Fig. 17. Histogram of ENC for the pixels on HitPixS. The mean noise is
8.5 mV (140 e−) with a standard deviation of 1.4 mV (23 e−). [13]

components and supply voltage variations.
Figures 16 and 17 show the histograms of the measured Qth

and ENC for HitPixS. Average ENC is 140 e−. The standard
deviation of the threshold distribution translates to 390 e−.

Figures 18 and 19 show the histograms of the measured
Qth and ENC for HitPixISO. Average ENC is 160 e−. The

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Threshold (in V)

0

20

40

60

80

100

120

140

P
ix

el
s

Fig. 18. Histogram of the input-referred threshold Qth for HitPixISO. The
standard deviation of the threshold distribution is 44 mV (728 e−).
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Fig. 23. Counting rate versus beam intensity, measured with a HitPixS in the
beam test at HIT.

C. Beam Measurements

Several beam tests have been performed at Heidelberg Ion-
beam Therapy Center (HIT). The beam intensity, particle type
(protons or carbon ions) and energy have been varied.

Figure 23 shows the counting rate for different beam inten-
sities. The shown data have been measured with an carbon ion-
beam with a FWHM diameter of 3.3 mm directed to the mid
of the sensor. The pixel response is not uniform. This effect
originates from charge sharing in combination with mismatch.
Production variations give each pixel a unique amplification
and detection threshold, resulting in more or less sensitive
pixels. The signal charge of the ion-beam is large enough to
be detected by any threshold and any amplification. However,
often the signal charge is not collected in a single pixel, but
the charge is shared by two or more. In this case, pixels with
lower sensitivity might not detect the particle, while a more
sensitive pixel detects the particle. This inhomogeneity will
be addressed by implementing an adjustable threshold in each
pixel (tune-DAC) in the next HitPix iteration.

In this configuration, we calculate that 2/3 of the beam
particles have to pass the sensor (c.f. figures 24 and 26).
For low intensities the counting rate matches the expectation,
for higher rates the dependency becomes sub-linear. This can
be explained by pile-up of signals at the CSA output. This
problem will be addressed in the next sensor version, for
example by increasing the feedback current If in figure 6.

Figure 24 shows the image of the carbon ion-beam obtained
with pixel counters (measured on HitPixS). The beam intensity
was 2 · 106 carbon ions/s at an energy of 423.44 MeV/u. The
adders at the end of each column allow measurement of the
beam projection as shown in figure 25.

Figure 26 shows the image of the carbon ion beam obtained
with HitPixISO. The beam intensity was 2 · 106 carbon ions/s
at an energy of 430.10 MeV/u.

IV. CONCLUSION

We are developing a silicon beam monitor for ion-
beam therapy. The beam monitor could contain 2 layers,
25 cm × 25 cm in size, containing approximately 170 sensor
chips each. We have designed and tested the HV-CMOS

Fig. 24. Integrated counts of the pixels displaying the spot of the carbon beam
2 · 106 carbon ions/s at an energy of 423.44 MeV/u. Measured on HitPixS.

Fig. 25. In adder readout mode, the sum of all counter states per column is
read out. The result is a projection. The graph shows the profile of a carbon
beam with 2 ·106 ions/s at an energy of 423.44 MeV/u, measured by HitPixS.
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Fig. 26. Integrated counts of the pixels displaying the spot of the carbon beam
2 · 106 carbon ions/s at an energy of 430.10 MeV/u. Measured on HitPixISO.



monolithic active pixel sensor prototype HitPix with counting 
pixel electronics for beam monitoring. The sensor area is about 
5 mm × 5 mm. The pixel size is 200 µm × 200 µm. The sensor 
has been implemented in a commercial HV-CMOS technology 
on high-resistive substrate. Two sensor flavours h ave been 
realised and used: One with pixel electronics inside the sensor 
cathode (HitPixISO) and one with sensor and electronics in 
separate n-wells (HitPixS). HitPixISO uses an additional deep 
p-well for isolation between the n-wells. Functionality of both 
flavours has been confirmed by laboratory test including source 
measurements and detection threshold scans and have been 
used to measure the beam profile a t the Heidelberg Ion-beam 
Therapy Center.

In 2021, HitPix2 has been designed and submitted. It has 
arrived in Dec. 2021 and is currently being characterised. 
HitPix2 has a size of about 1 cm × 1 cm with 48 × 48 pixels. 
The electronics is very similar to the one used in the first 
generation. It was designed with separated n-wells (HitPixS 
flavour).

At the moment, the design of the HitPix3 is ongoing. There, 
the amplifier w ill b e m odified to  mi nimise an alog pile-up. 
Furthermore, a second adder in each pixel will enable the row 
projection to get a beam profile in both directions. A  decision 
of flavour has not yet been made. This and other final design 
decisions depend on further beam test results with HitPix and 
HitPix2.

ACKNOWLEDGMENTS

We would like to thank our colleagues from the Heidelberg 
Ion-beam Therapy Center, especially Jakob Naumann for the 
help and support during beam measurements.

REFERENCES

[1] Heidelberg University Hospital, “Proton Therapy and Carbon
Ion Therapy.”, https://www.heidelberg-university-hospital.
com/diseases-treatments/cancer-and-tumor-diseases/
proton-therapy-and-carbon-ion-therapy, Accessed: Jan. 2022.
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