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Abstract
Ionization profile monitors (IPM) are a kind of nondestruc-

tive monitors mostly used in accelerators of high intensity
pulsed beams. As for particle therapy accelerators, either
based on cyclotrons or synchrotrons, the extracted beams
are very weak, usually on the level of nano-Amperes. Up
to date, the commonly used detectors in such low current
machines are all destructive, such as fluorescent screens and
gas ionization chambers. In this paper, we proposed for the
first time to use a residual gas ionization monitor to measure
the beam profiles in a proton therapy facility based on a
superconducting cyclotron. The feasibility of such a scheme
and some basic issues are discussed in this paper.

INTRODUCTION
There is a proton therapy facility based on a superconduct-

ing cyclotron under construction in the Huazhong University
of Science and Technology (HUST-PTF) [1, 2]. The HUST-
PTF uses an energy degrader to modulate the beam energy
from the cyclotron to match the clinical requirements [3].
The beam parameters from the superconducting cyclotron
are summarized in Table 1. The layout of HUST-PTF is
shown in Fig. 1.

Table 1: Beam parameters from the SC cyclotron.

Parameter Value
Frequency 73 MHz (CW mode)
Energy 250 MeV
Energy spread <0.5%
Intensity 60 ∼ 500 nA

The proton beam extracted from the cyclotron has a fixed
energy of 250 MeV and then is modulated to 70 ∼ 230 MeV
with an energy degrader, followed by three collimators to
constrain the emittance and a momentum slit in the middle
of the DBA section to restrict the energy spread [4]. Tak-
ing all the beam loss into consideration, the transmission
rates of different beam energies vary dramatically, which
is not acceptable in clinical treatment. So it is demanded
that the cyclotron has the ability to output different intensity
beams in accordance with the working energy points. Ac-
cording to our optimization result, the beam intensity from
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the cyclotron is divided into three levels (Fig. 2) and the final
intensity for clinical treatment is shown in Fig. 3.

ANALYSIS OF THE IONIZATION
PROFILE MONITOR

Nondestructive detection is always preferred in an accel-
erator. However, as the first attempt to build such a proton
machine, the traditional fluorescent screen and strip ion-
ization chamber are the two primary detectors used in the
beamline [5]. Even so, the residual gas monitor, or ion-
ization profile monitor (IPM), is considered as a potential
candidate in the future upgrade. IPM is a kind of nonde-
structive detector, which collects the secondary particles
produced from the interaction between the incoming high
energy particles and the residual gas molecules [6–8]. The
biggest challenging of using an IPM in our machine is the
extremely low signal due to the nA-level beam current. In
the following, some basic issues are discussed to investigate
its performance.

Gain Analysis
Gain is the first issue that needs to be considered. The

process of producing an ion-electron pair is evaluated with
the Bethe-Bloch formula:
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The gain is calculated from the energy of proton beams
deposited in the residual gas and the ionization energy of
the gas. The parameters used in our simulation is displayed
in Table 2. As it is hard to tell the ingredient of the residual
gas at the 10−4 Pa level, both the hydrogen and the nitrogen
cases are calculated and the results are shown in Fig. 4.

Table 2: Simulation parameters for the gain of Hydrogen
and Nitrogen.

Parameter Value

Pressure 10−4Pa
Temperature 298.15K
Detector length 10cm
Ionization energy 36eV of H2, 36.4 of N2

It is easy to conclude from the Bethe-Bloch formula and
the simulation results that the hydrogen curve gives a lower
gain, so it is reasonable to use the hydrogen curve to estimate
the gain of the detector.
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Figure 1: The beamline layout of the HUST-PTF.

Figure 2: Beam intensity from the cyclotron under different
working points.

Figure 3: Beam intensity for clinical treatment under differ-
ent working points.

Figure3 indicates the beam intensity increases with the
beam energy while Fig. 4 indicates the gain decreases with
the beam energy. Combining the results in Figs. 3 and 4, the
lowest ionization signal occurs at the 70 MeV point, which
corresponds to 1009 ion-electron pairs per second. It should
be emphasized that the time resolution is not an important

issue in the beam diagnostics of our machine and only the
average parameters are concerned. With the help of a typical
two-stage MCP with a gain of 106 ∼ 107, we feel confident
in applying such an IPM detector in our machine.

Structure of the Detector
The main components of the IPM include the electrodes,

MCP and readout electronics (Fig. 5). It includes the follow-
ing key components. Electrodes: We are unable to make a
choice on the collection particles, ions or electrons. Their
difference and engineering challenges are not clear. As for
the guiding B field that is necessary in many high intensity
proton accelerators, I do not see its necessity in our case due
to the ultralow incident beam current. MCP: A gain of 107
is not challenging for a commercial two-stage MCP, such
as the Hamamatsu products. Readout: Compared with an
anode scheme, a phosphor screen combined with a CCD
camera is easier to obtain a better spatial resolution. The
exposure time of the camera should be set to 1 s or larger.

Steering Effect
The transverse electrical field of the IPM may influence

the transport of the proton beam. Take the 70 MeV proton
beam for example. The kick angle imposed by the IPM is

𝜃 =
Δ𝑝𝑥

𝑝𝑧
=

𝑞𝐸𝑐𝐿

𝑚𝑝𝑐
2𝛾𝛽2 (2)

where 𝐸𝑐 is the cage E field of the IPM, 𝐿 is the detector
length. 𝐸𝑐 = 5kV/cm, 𝐿 = 10 cm. Then, the kick angle
associated with the 70 MeV proton beam is 0.37 mrad. The
steering effect is not a serious problem and can be compen-
sated by the corrector magnets.

SUMMARY
Although the fluorescent screen and stripped ionization

chamber are the primary detectors in the current configura-
tion, we have been looking for appropriate nondestructive
instruments. Cavity-BPM and IPM are the two candidates.
The Cavity-BPM has advantage in spatial resolution, but
its volume is relatively large. The IPM has a smaller in-
sertion length compared to the Cavity-BPM, but there is
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Figure 4: Gain curves of the hydrogen (Left) and the nitrogen (Right) at 10−4 Pa.

Figure 5: Schematic view of the IPM.

still much uncertainty in its output signal. Besides, the me-
chanical structure, high voltage supply, radiation protection
of the CCD camera, signal distortion, etc. still need to be
considered with more details.
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