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Abstract: To monitor the position and profile of therapeutic carbon beams in real-time, in this paper,
we proposed a system called HiBeam-T. The HiBeam-T is a time projection chamber (TPC) with forty
Topmetal-II- CMOS pixel sensors as its readout. Each Topmetal-II- has 72 x 72 pixels with the size of
83 um x 83 um. The detector consists of the charge drift region and the charge collection area. The
readout electronics comprise three Readout Control Modules and one Clock Synchronization Module.
This Hibeam-T has a sensitive area of 20 x 20 cm and can acquire the center of the incident beams.
The test with a continuous 80.55 MeV /u 12C®* beam shows that the measurement resolution to the
beam center could reach 6.45 pm for unsaturated beam projections.

Keywords: beam monitor; data acquisition; pixel detector; readout electronics

1. Introduction

Cancer seriously threatens human life and health. Heavy-ion cancer treatment is a
unique form of radiotherapy. The heavy-ion beam is hailed as the ideal radiation therapy
for the 21st century and is also known as the “heavy ion knife”. Because most of the
energy loss of heavy ions occurs at the end of the range, a sharp energy peak—a Bragg
peak—is formed [1]. When heavy ions reach the tumor site, they will deposit most of the
initial energy at the tumor site, which can protect the normal tissue around the tumor to
a greater extent, thereby improving the treatment effect and reducing toxic side effects.
Due to its physical and biological characteristics, a heavy-ion beam is a superior tool for
tumor radiotherapy. High local doses can be delivered to deep tumors by modulating
the ion kinetic energy. To meet the increasing needs of cancer patients, many countries
and laboratories have begun research related to heavy-ion cancer treatment and actively
promoted related technologies. The pioneering heavy-ion beam cancer-treatment research
originated from Lawrence Berkeley Laboratory (LBL) in the United States. LBL used
its high-energy synchrotron heavy-ion accelerator to conduct clinical trials of heavy-ion
beam radiation therapy in 1975. The heavy-ion cancer-treatment device HITAG of the
German Heavy Ion Research Center (GSI) and the heavy-ion medical accelerator complex
(HIMAC) of the National Institute of Radiological Sciences (NIRS) in Chiba, Japan, have
successively allowed for clinical treatments [2—4]. Since 1993, the Institute of Modern
Physics, Chinese Academy of Sciences, has used the medium-energy heavy-ion beam
provided by the Heavy Ion Research Facility Lanzhou (HIRFL) to research the biological
effects of heavy-ion radiation [5,6]. In November 2006, the first clinical treatment trial was
conducted at the HIRFL superficial cancer treatment terminal. In 2019, China’s Gansu
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Province Wuwei Cancer Hospital (Wuwei Heavy Ion Center) installed China’s first heavy-
ion therapy system with independent intellectual property rights. Since 2019 [7], it has
completed heavy-ion therapy for more than 1020 patients.

To fully utilize the advantages of heavy-ion cancer treatment, the beam-monitoring
system needs to monitor the heavy-ion beam in real-time to ensure that the total dose and
position are consistent with the prescribed plan. The beam-monitoring system must also
have low obstruction to reduce the risk of the influence of the beam. The following detector
systems are typically used for therapeutic beam monitoring.

The Faraday cup is commonly used to measure the profile and intensity of beams [8,9].
This type of detector works by placing a charge collector in a cylinder with an entrance
hole through which the particle beam enters. Under a negative voltage of several hundred
volts, secondary electrons are guided back into the charge collector to measure the beam.
The Faraday cylinder scans the proton therapy device Gantry 1 at the PSI point to complete
the measurement of the beam dose with a measurement error of no more than 2% [10].
However, the Faraday cup is a blocking beam-monitoring detector, which truncates the
beam at the detector and affects the beam structure.

Beam transformer detectors utilize a transformer to capture the magnetic field as-
sociated with a DC beam [11], generate the related voltage, and then process the signal
using electronics. The detector is used in the Serpukhov proton synchrotron to monitor the
intensity of the beam inside the accelerator and the efficiency of the ejected beam with an
accuracy of 10 mA [12]. With the technology’s development, the DC-beam transformer’s
energy resolution can reach the pA level. The energy resolution of the nA level has been
achieved by utilizing the “low-temperature current comparator” of the superconducting
sensor (SQUID) [9]. The detector can only measure beam intensity and longitudinal profile,
not beam position, and is susceptible to interference from high-power pulsed devices in
practical applications.

The ionization chamber detectors [13] are mainly charged particles interacting with
the working gas (mainly ionization or excitation) to generate electron-ion pairs, which drift
in the electric field in the sensitive volume of the detector to generate induced currents,
which are processed in a certain way to obtain relevant information about the incident
particles. Strip-electrode ionization chambers, pixel ionization chambers, etc., have evolved
on the principle of ionization chamber detectors.

The split strip-electrode ionization chambers [14,15] typically use strip electrodes to
acquire and output a current signal that can be used to measure the beam position and
two-dimensional dose distribution of carbon ions. The German Center for Heavy Ion
Research (GSI) [16] uses a strip-electrode ionization chamber to monitor the position of
the beam current, which is composed of a 1.5 mm-thick G10 plate with a 39 um copper
skin, and the detector has a total of two anodes, with an anode thickness of 3.079 mm.
However, the disadvantage of this system is that the strip electrodes are thicker, which
has a more significant impact on the beam energy dispersion and purity and results in the
quality of the beam current deviating from the theoretical value. The Institute of Modern
Physics of the Chinese Academy of Sciences has developed a pixel ionization chamber
system successfully applied to the treatment terminal of a medical heavy-ion accelerator
for real-time monitoring of beam position, profile uniformity, and other key beam quality
parameters [17]. The system mainly comprises two anodes and three cathodes, with an
anode made of FR4 PCB and gold-plated microstrip line and a cathode made of a 13 um
double-sided aluminum-plated mylar film. The positional resolution of the system is close
to 73 um after testing.

The pixel ionization chambers [18,19] are made with anodes in the form of small blocks
similar to pixel dots, and the signals are acquired and processed to yield information on
the relative beam dose distribution. The Italian Institute of Nuclear Physics (INFN) [20]
has installed pixel ionization chambers in the Proton Radiotherapy Unit, with pixel blocks
5 mm? in size. The front electronics of this type of detector are highly integrated, and there
is no dead time in the beam current measurement since the detector has excellent sealing,
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effectively reducing the attenuation of the signal transmission. The system has been tested
with a positional resolution close to 1.9 mm.

The TPC (time projection chamber) also utilizes the principle of charged particles
passing through the interaction with the working gas to monitor the beam [21-26]. When
the beam passes through the TPC, it will ionize with the inert gas inside the detector and
generate electrons. Under the action of the electric field, they will drift to the anode of the
detector, and the TPC can record the trajectory of the electrons. Based on the advantages
of TPC detectors, we propose designing a silicon pixel chip-based TPC heavy-ion beam-
monitoring system, HiBeam-T. An array of silicon pixel sensors is used as the anode of the
HiBeam-T to collect electrons and measure the position of the particle beam. HiBeam-T has
the characteristics of no damage to the beam, good position resolution, short response time,
and fast readout speed. In this paper, the design, implementation, and characterization of
HiBeam-T will be discussed.

2. The Detector

Figure 1 shows the overall structure of Hibeam-T. HiBeam-T is composed of a gas
detector and readout electronics. We employ the TPC detection principle in our design. The
gas chamber is 30 cm x 20 cm x 40 cm, filled with gas as the working medium. Electrons
are generated when the therapeutics ions pass through and ionize the gas in the chamber.
The silicon pixel sensors, working as detector anodes, collect the electrons and convert them
to electrical signals sent to the readout electronics outside the chamber. In total, 3 Readout
Control Modules (RCMs) handle 40 silicon pixel sensors as detector channels. The first
and second RCMs connect 16 sensors, and the third RCM connects 8 sensors. The readout
electronics digitizes, processes, and packages the detector signals to the data acquisition
system (DAQ) via three Gigabit Ethernet links. In the DAQ), the position of the incident
beam is calculated.
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Figure 1. Structure of the HiBeam-T system.

Figure 2 shows the sketch of the gas chamber. It mainly consists of a detector shell
with membranous entrance and exit windows, an electrostatic field cage forming the charge
drift area, and a charge collection area consisting of forty silicon pixel sensors. The detector
shell is constructed with aluminum alloy plates, which are glued together or sealed with an
O-ring. The entrance and exit windows are 13 um thick Kapton membranes double-side-
coated with aluminum. The safe-high-voltage (SHV) and gas-flowing feed-throughs are
installed on the bottom of the detector shell. The electrostatic field cage is formed by an
array of 3100 um gold-plated tungsten (GPT) filaments connected to the metal strips on the
supporting printed circuit board (PCB) frame, forming a series of concentric equipotential
electrode rings connected by resistors.
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Figure 2. The sketch of the HiBeam-T.

As shown in Figure 3¢, the charge collection area mainly comprises the Topmetal-II-
CMOS pixel sensors array, a sensor mask, and a sensor boundary plate. The sensor mask
is essentially a hollowed-out sheet electrode. The resulting apertures coincide accurately
with the sensitive area of the sensor array. A GPT array is also arranged on the mask to
cover the apertures. The readout plate consists of two rows of the Topmetal-II- CMOS pixel
sensors [27-29].
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Figure 3. (a) The Topmetal-II- CMOS pixel sensors. (b) The Topmetal structure. (c) Structure of the
charge collecting area.

Figure 3a shows the Topmetal-II- CMOS pixel sensor, which is a pixel sensor that
uses standard 0.35 pm CMOS technology. Each Topmetal-II- CMOS pixel sensor has
72 x 72 pixels with a size of 83 um x 83 pm [30]. This leads to a charge-sensitive region of
6 mm x 6 mm. Each pixel has a sensor named Topmetal to collect charge from surrounding
media directly with its exposed area. As shown in Figure 3b, the total size of the Topmetal
sensor is 25 um x 25 um, and the size of the exposed area is 15 pum x 15 um [31].

The pixel sensors are inter-distributed in the column direction, forming a 23 cm one-
dimensional no-dead-zone length. To avoid the influence of inter-sensor dead zones during
beam monitoring and to ensure the device’s measurement accuracy, we designed a specially
arranged sensor array, as shown in Figure 4, which is two parallel rows of sensors. Taking
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the first row of sensor arrays as the benchmark, the second row of sensor arrays is translated
5.75 mm to the left. According to system design specifications, the sensor-to-sensor distance
across the two rows of sensor arrays on the binding board is 5.5 mm.

Figure 4. Silicon pixel sensor arrangement.

3. The Readout Electronics

Figure 5 illustrates the structure of the readout electronics, involving three Readout
Control Modules (RCMs) and a Clock Synchronization Module (CSM). The RCM receives
data and controls the Topmetal II- pixel sensors. The CSM distributes synchronized clock
and control signals to the entire readout electronics. RCMs connect to the chip bounding
board via flexible PCB. The data transmission between the RCM and the computer is via a
Gigabit Ethernet link.

Clock Synchronize
Module(CSM)
LEMO
Chip Bounding Board
LEMO

Topmetal-II- Flexible
CMOS Pixel ____,| oCh e
Sensors LEMO
Network >
Cable
Readout Control Module(RCM) Data Acquisition PC

Figure 5. The Readout electronics.

The Topmetal-II- CMOS pixel sensors convert the ionized electrons generated as the
beam traverses the detector’s working gas into an electrical signal. The electrical signals
travel to the Readout Control Module (RCM) for processing. Once received, the ADC on the
RCM conducts data compression of the 14-bit data per input based on a predefined pattern.
The compressed data transform into a 16-bit format by appending “0” to the upper two
bits. After processing, the data are sent to the computer using a Gigabit Ethernet link. The
computer obtains the data through the data acquisition card and then completes the data
synchronization of different sensors according to the timestamps in the data. Subsequently,
the frames from each sensor are assembled based on timestamps to construct a unified
beam profile. Ultimately, the position of incidence of the beam is obtained based on the
calculation of the center of the beam profile. The CSM ensures synchronization across the
three RCMs. The hardware of the RCM and the CSM have also been used in the prototype
of the beam monitor for CEE [32].

3.1. The Readout Control Module (RCM)

Figures 6 and 7 show a block diagram and a picture of the RCM. The RCM mainly
consists of the main field-programmable gate array (Xilinx Kintex-7 FPGA), the analog
buffer circuit, two high-resolution ADCs (AD9252), the power supply circuit, and the
Ethernet Interface. Each RCM can receive and process signals from up to sixteen Topmetal-
II- CMOS pixel sensors. The analog signal from the Topmetal-II- CMOS pixel sensors is
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transmitted through the connector to the analog buffer circuit, which converts the single-
ended signal to a differential signal and then filters and transmits the differential signal to
the ADC for digitization. The ADCs digitize the output of the analog buffer circuit with a
sampling frequency of 25 MHz. The FPGA packs the data, adds a timestamp and RCM
number, and communicates with the data acquisition computer via Gigabit Ethernet. At
the same time, there is a current-monitoring circuit on the board, which can monitor the
current of the Topmetal-II- CMOS pixel sensors in real-time.

[ AD9512 }—[ Clock } Oscillah
Distributor

/

| AD9252

FPGA

Topmetal-11- Kintex7-
CMOS Pixel — . -70T
Sensors ‘

puBYY Nqeso

| AD9252

: Topmetal-II-
\ Control Signal

Figure 6. RCM block diagram.

Ethernet Interface

Figure 7. The architecture of the prototype readout electronics RCM [32].

The analog buffer circuit depicted in Figure 8 consists primarily of an operational
amplifier (THS4521), resistors, and capacitors, which provide a drive and buffer circuit to
the ADC. A resistor is employed to supply an offset voltage (Voffset) for Topmetal-II-CMOS
pixel sensors and calibrate their output baseline. The operational amplifier ensures that the
AD9252 receives a common-mode voltage that aligns with its requirements.
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Figure 8. Analog buffer block diagram.

To satisfy the control and data processing needs of the HiBeam-T system concerning
the Topmetal-II- CMOS pixel sensors, the FPGA firmware incorporates crucial modules,
as shown in Figure 9, These modules include the Central Control Unit, the Topmetal-II-
Control Module, the SPI Control Modules, the Ethernet Module, the ADC Data Module,
and the Clock Generator Module.
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Figure 9. The FPGA designs.

The Central Control Unit comprises primarily a Reset Sequence Module, a Control
Interface Module, and a Command Parser Module. Specifically, the Reset Sequence Module
oversees the reset operation for individual modules, ensuring their sequential transition
into operational states. Initially, we convert the reset from a hardware asynchronous reset
to a synchronous reset controlled by the system clock. After the AD9512 provides a stable
reference clock for the other modules, we complete the configuration of the ADC and
Ethernet. Finally, the control of the Topmetal-II- CMOS pixel sensors is achieved. ADC
converts analog signals to digital using analog-to-digital conversion. Subsequently, the
FPGA processes this digital signal, and ultimately, the system transmits the processed data
to the host computer through Ethernet. The Command Parsing Module mainly interacts
with the PC for information, parses the commands issued by the PC, and assigns them to
the SPI Control, Topmetal-II- Control, and ADC driver. The Command Parsing Module is a
control module with bi-directional transmission capabilities. The downstream function is to
parse the data from the PC which can be parsed by address bits according to data-defined
rules and match the appropriate registers to store the data bits. The Topmetal-II- Control
Module generates control signals for the Topmetal-II- CMOS pixel sensors. Within the
ADC Data Processing Module, the ADC driver converts the ADC’s 14-bit width parallel
data into 1-bit width data synchronized with the ADC clock. Subsequently, the ADC Data
Processing Module packages each frame of the ADC data, starting with the marker signal
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of the Topmetal-II- CMOS pixel sensors. The Clock Generator Module allocates a 200 MHz
clock to the Central Control Unit, another 100 MHz clock to the ADC Data Module, and a
125 MHz clock to the Ethernet Module. An asynchronous FIFO resolves the clock domain
crossing between the ADC Data Processing Module and Command Parser Modules. The
Clock Management Module uses the IP core to convert the system clock into different
frequencies to provide the working clock for each module; the off-sensor crystal provides
the system clock. The Clock Generator Module provides the functional clocks for the
Central Control Unit, the ADC Driver Module, the ADC Data Processing Module, and the
Ethernet Module.

3.2. The Clock Synchronization Module (CSM)

The CSM provides synchronous clocks and synchronization signals to the RCMs. It
is essential to ensure that data collected from all RCMs are time-synchronized to recon-
struct the ion track. Figure 10 shows the picture of the RCM, primarily comprising a Field
Programmable Gate Array (Altera Cyclone III FPGA), a Clock fanout buffer, a 200 MHz
Crystal oscillator and the UART interface. To realize the synchronization between different
RCMs, the CSM uses the UART bus to realize communication with the PC. The design con-
nects eight pairs of differential clock signals and eight pairs of differential synchronization
signals to differential connectors and transmits them to the RCM via a coaxial cable. When
the FPGA receives a synchronization command from the DAQ via the RS232 interface,
the FPGA sends three pairs of differential synchronization signals to the RCM to restart
the timestamp counting. The Clock Synchronization Module not only guarantees precise
data acquisition and transmission but also provides a reliable timestamped benchmark for
subsequent data analysis and processing.

TR |

Clock output

N

Figure 10. The picture of the CSM.

iy

4. Performance Test Result

The three RCMs underwent testing to assess the performance of the readout electronics
system within the HiBeam-T setup. In the lab test, a precise pulse generator (Tektronix
AFG3252C) provides input to the RCM, with the input signal varying from 0.1 Vto 1V
in the step of 100 mV. Each RCM has 16 signal channels, and we analyzed all the channel
data of each RCM. For visualization, we selected the analysis results of the data of the
third channel in each RCM for presentation. The linear functions fitted to the outputs
and corresponding inputs of the RCM are shown in Figure 11a—c. The average root-mean-
square (RMS) noise is about 2-3 mV. Figure 11d shows each specific input value’s integral
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non-linearity (INL). The maximum INL is approximately 2 mv, which is 0.2% of the entire
dynamic range.
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Figure 11. Readout electronics test. (a—c) Shows the linear function fitted with the output and

the corresponding input of the RCM. (d) Shows the integral non-linearity (INL) with each specific
input value.

We carried out a long-term stability test on the system to ensure it could meet the
performance requirements for long-term operation at the beam terminal. We built a spe-
cialized test-bed in our lab to test the system. During this test, we did not provide any
external signals to the detector. We allowed the system to run continuously for 36 h, with
data collection every two hours. For an overall noise and baseline analysis of the system,
we randomly selected a data packet from the collected data and intercepted 100 frames
of data from the data packet; we then calculated the average value of each pixel in the
100 frames to obtain a frame of the image. Then, we performed Gaussian curve-fitting
on the values of all pixels in the frame image. According to the above method, the data
collected each time were analyzed, and 19 points were obtained for the baseline and noise.
As shown in Figure 12, the experimental results we obtained show that the average noise
level is below 0.0145 V, and the overall baseline of the system is averaging at 0.8945 V,
indicating that the system’s noise level is satisfactory, allowing the system to maintain
stability over long periods of operation. This prolonged system stability test ensures the
system’s reliability in physical applications and provides an essential benchmark for future
performance evaluation and optimization.
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Figure 12. Long time systematic test.

Then, we performed an image reconstruction of a complete beam trajectory in two
parts. In the first part, we performed an image reconstruction of the first row of sensor
array data. Because there was 5.5 mm spacing between sensors, we filled the spacing with
a72 x 66 zeros array. The dark blue in Figure 13a represents this filled area. We subjected
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the second row of sensor array data to image reconstruction in the second part. We used
the same image reconstruction method for the second row of sensor arrays, as shown in
Figure 13b. During the complete track image reconstruction, we sorted and integrated the
upper and lower rows based on the sensor arrangement order, unifying them into a single
row. Each sensor in the first row overlaps with the adjacent sensor in the second row by
about three columns of pixels (approximately 0.25 mm) on each edge. Hence, we removed
the three columns on each edge of the sensors in the second row and then filled the trimmed
image into the gap area in the first row. After this process, image reconstruction concludes,
presenting the final result shown in Figure 13c.

<10

(a) -
13
12
11
1
09
08
0.7
06

500 1000 1500 2000 2500
«10*
(b) 14
13
12
11
1
09
08
07
06
500 1000 1500 2000 2500
«10*
(c) '
10 13
20 12
11
30
1
40
09
50
08
60
07
70 06
500 1000 1500 2000 2500

Figure 13. (a) Image reconstruction of the first row. (b) Image reconstruction of the second row.
(c) Filled first row with second row.

As shown in Figure 14, the beam test was carried out at the HIRFL-TR4 radiation
terminal [32,33], and P10 (90% Ar and 10% CHy) gas was used as the working gas. A
continuous 80.55 MeV /u 2C®* Gaussian beam passed through @6 mm stainless steel
apertures and traversed the detector perpendicularly. The beam intensity used in our
experiments was 20-30 nA, which is similar to that used in Wuwei Cancer Hospital. The
beam intensity of the 1>C®* beam during the experiment was about 10° ion/s [34]. A voltage
of —40 KV equivalent to an electric field of —150 V/cm was applied to the detector’s field
cage, guiding the generated electrons toward the charge collection area.
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Figure 14. Detector testing program.

The yellow line in Figure 15 represents an example of the measured 2C®* beam track.
The values of each column’s pixels were first subtracted by the corresponding baseline and
then summed to form a one-dimensional distribution. First, along the incidence direction,
the pixels in each column were summed to obtain a one-dimensional spectrum of the track,
and a Gaussian fit was used to obtain the p and Full-Width of Half Maximum (FWHM) of
the one-dimensional spectrum, and the center of gravity of each row was calculated within
the range of FWHM. Finally, a straight line was fitted to all the computed centers of gravity
to represent the real track (red line). The value AP; represents the distance from the center
of mass to each row of the fitted track. Using Equation (1), the standard error (SE) of the
mean value of AP for all rows was calculated to be 6.45 um, and this represents the position
resolution of the beam monitor that measured the track [35,36].

Preso = \/ i AP AP (1)

1=1

500 1000 1500 2000 2500

()

500 1000 1500 2000 2500

Figure 15. 2D spectrum of 12C6* beam. (a) Unsaturated 2D spectra of 12C6* beam. (b) Saturated 2D
spectra of 12C®* beam.
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According to the data analysis, unsaturated projects were observed at the initial phase
of each beam injection, followed by eventually saturated projections. This is because
with a beam flux of up to 30 nA, the charge collected by each pixel will exceed the input
dynamic range of its charge-sensitive amplifier (CSA), causing the output of each pixel to be
saturated. As shown in Figure 16a, the positional resolution of 14 12C* non-saturated beam
projections was calculated as 7.48 um + 2.04 pm. Subsequently, the positional resolution of
108 12Co* saturated beam projections was determined to be 31.13 um 4 1.55 um, as shown
in Figure 16b.

Count
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Figure 16. (a) The positional resolution of 14 12C6+ non-saturated beam projections. (b) The positional

12cé+

resolution of 108 saturated beam projections.

Addressing the beam trace-saturation issue in this experiment, we will add a parallel
wire gate structure above the mask in the electron collection area of the detector for the next
experiment. This parallel wire gate structure will regulate the electron passage count and
timing, deactivating when electrons reach the sensor’s sensitive region. Once one beam
track has been processed, the gate will reopen for subsequent beams, ensuring trace-path
saturation is mitigated.

5. Conclusions and Discussion

HiBeam-T is a time projection chamber (TPC) for monitoring the position and profile
of therapeutic heavy-ion beams. The detector part is a gas chamber with forty Topmetal-II-
CMOS pixel sensors as the anode to collect ionization charge. The readout electronics
include three Readout Control Modules (RCMs) and a Clock Synchronization Module
(CSM). The RCMs receive and handle the data from pixel sensors and then transmit
them to the data acquisition system via a Gigabit Ethernet link. The CSM distributes
the synchronization clock and control signals to the RCMs. Laboratory tests show that
the entire readout electronics worked stably, with an overall non-linearity of less than
1%. In addition, the beam test with '2C%* of 80 eV /u particles shows that the positional
resolution for non-saturated and saturated beam projection is 7.48 pm + 2.04 um and
31.13 pm =+ 1.55 pum, respectively. The test results indicate that HiBeam-T can be a beam
monitor for the carbon ion therapy terminal.

Table 1 compares the performance of the Hibeam-T with other beam-monitoring
systems, which reveals that the Hibeam-T beam-monitoring system has a great advantage
in position monitoring.
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Table 1. Performance comparison of beam flow monitoring systems.

Position Accuracy

Beam Parameter

Impact on Beam

Application Scenarios

Hibeam-T: TPC with

Potential for Wuwei

Pixel Readout 6.45 pm Vertical profile, location Non-blocking heavy-ion therapy
for cancer
Plit Strip-Electrode . . . . Medical heavy-ion
Ionization Chambers [17] 73 um Vertical profile, location Non-blocking accelerator
Faraday Cup [10] Energy measurement Intensity Blocking Proton therapy device

error < 2%

Pixel Ionization

Italian Institute of

Chambers [20] 1.9 mm Vertical profile, location Non-blocking Nuclear Physics
Beam Transformer [12] Energy resolution nA Vertical profile, Intensity Non-blocking Serpukhov proton
level synchrotron
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