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Abstract A front-end electronics of dose monitor has been
developed for measuring irradiation dose to the patient in
Shanghai Advanced Proton Therapy Facility. The parallel
plate ionization chamber is used for the dose monitoring.
Unlike the traditional method of recycling capacitor inte-
gration and voltage-to-frequency conversion, this dose
monitor electronics uses the trans-impedance amplifier and
analog-to-digital conversion method. It performs satisfac-
torily, with the integral nonlinearity of less than +0.04 nA
in the range of —400 to 50 nA and the resolution of about
£0.6 nA.

Keywords Front-end electronics - Dose monitor - Proton
therapy

1 Introduction

Shanghai Advanced Proton Therapy Facility (SAPT), a
multi-room proton therapy system consisting of a 7-MeV
Linac, a 70- to 235-MeV synchrotron and a beam switch-
yard, is to be installed at Shanghai Ruijin Hospital. The
main advantage of proton therapy is that the charged par-
ticles deposit most of their energy over a narrow and
deterministic range [1], hence the correct amount of dose
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delivery at correct position. So, the dose monitor should be
of satisfied precision and latency [2—4].

The parallel plate ionization chamber (PPIC) is imple-
mented for the dose monitor [5, 6]. If the energy spectrum
of delivered proton is not changed, the irradiation dose can
be related to the PPIC output charge from the readout
electronics, which is very common in nuclear electronics
design.

However, instead of a data acquisition system in nuclear
physics experiment, the dose monitor controls the dose
delivered by the accelerator and is similar to a sensor of a
feedback system. So, the requirements of dose monitor
electronics include not only the resolution and precision,
but also the latency and data output rate.

The diagram of global dose control system is shown in
Fig. 1. The measured dose is sent to treatment control
system (TCS) by the dose monitor electronics, and TCS
system switches beam on/off by turning RF-knockout
(RFKO) controller on/off through the accelerator timing
system. To improve the resolution, the dose monitor elec-
tronics shall be better in noise rejection, so the bandwidth
shall be as narrow as possible. To improve the latency, the
bandwidth and sampling rate shall be as fast as possible.
Therefore, the dose monitor electronics design shall realize
the balance of these paradox requirements.

For a radiation therapy system, a common way to design
its dose monitor electronics is the method of recycling
integration + voltage-to-frequency (V/F) converter 4+ coun-
ter, which is adopted by the heavy ion therapy project at GSI
[7] and the Heavy Ion Medical Accelerator in Chiba [8]. This
method guarantees the measurement precision. However, the
recycling integration causes unavoidable dead time, which is
described in the Gantryl proton therapy project at Paul
Scherrer Institute (PSI) [5] and the Heavy lon Research
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Fig. 1 Schematic diagram of the global dose control system. (Color
figure online)

Facility of Lanzhou [9]. The dead time affects the accuracy of
dose delivery in feedback system. In addition, V/F conversion
cannot satisfy sampling rate and resolution simultaneously.

In this paper, a new approach, current-to-voltage (I/
V) 4 analog-to-voltage converter (ADC) method is intro-
duced for designing the dose monitor electronics. Due to
the direct I/V conversion, output current of the dose mon-
itors can be sampled by ADC and then accumulated to
charge in digital domain. This method has no dead time
and is of much lower latency than the recycling current
integration + V/F method. Nevertheless, the bandwidth of
I/V and digitalization may introduce some quantization
error. Therefore, in this paper, the parameters of I/V and
sampling rate are carefully chosen to comprise the balance
of precision and latency, according to the proton beam
current.

2 Charge and dose measurement

The dose monitors of beam delivery system are designed
to measure irradiation dose to a patient’s body. Two dose
monitors, a main dose monitor and a sub-dose monitor, are
used in the gantry nozzle. The main dose monitor is used to
measure the irradiation dose and control the irradiation
duration, and the sub-dose monitor is utilized to verify the
irradiation dose and trigger the interlock device when the
irradiation dose exceeds the defined threshold. Both mon-
itors are PPIC vented by air, as shown schematically in
Fig. 2. A bias of —2500 V is applied between the anode
and cathode, which are gapped at 5 mm.

The spot scanning, which was started at the PSI [10] and
GSI [11], is implemented in beam delivery system in
SAPT. The proton beams are the pristine energy, changed
by the synchrotron. After several energy layers, the
deposited proton energy accumulates into spread-out Bragg
peak (SOBP), as shown in Fig. 3. And the deposit energy
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Fig. 2 Schematic diagram of the dose monitor

or dose of SOBP can be calculated by the certain particle
number with certain proton energy.

Because the proton beam of pristine energy passes
through the dose monitor, the dose monitor output is pro-
portion to the proton particle number, with different coef-
ficients of the charge and particle number for proton beams
of different energies. Through the proton therapy dosimetry
workflow, these coefficients can be measured, and the
relationship between dose monitor output charge and irra-
diation dose can be established.

3 Requirements for the front-end electronics

At the present, synchrotrons in proton therapy utilize a
slow-extraction mechanism for beam extraction [12]. The
beam intensity varies in time mainly due to the current
ripple in the synchrotron magnets. The RFKO [13-15]
slow-extraction method is implemented in SAPT, based on
its quick response to start/stop signal of beam supply. The
RFKO method is also useful in the spot scanning, because
the beam supply can be easily started or stopped in the
extraction period. However, the time structure of an
extracted beam (spill) by the RFKO method has a huge
ripple. Therefore, the separate function method composed
of the dual frequency method (FM) and the mono-fre-
quency RF is applied in SAPT [13], which can suppress the
spill ripple sufficiently during beam extraction. Figure 4
shows the simulation results based on the FM and RF
methods, with 100 ps of the accumulated period for one
sampling point. The maximum irradiation time for a spot is
10 ms in our design. The calculated negative current from
the dose monitor ranges from 60 to about 400 nA
according to the proton beam current and the PPIC
parameters. There exits some spikes in extraction spill
during RFKO switching from off to on (Fig. 4). Then, the
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Fig. 4 Simulation of the extraction spill. (Color figure online)

current of the dose monitor electronics is set at —2500 and
0 nA so that the measured spill can be limited.

The protons are extracted by the RFKO method from the
synchrotron to reach the planned number of monitor units
(MUs) for each spot being scanned, and the RFKO is
turned off after the dose monitor counter achieves the
preset number of MUs. The accumulated charge for the
spot is Q = Ne, where N is the number of protons and e is
the electron charge. And the time integral of PPIC current
is proportion to Q for the specified proton energy. As we
know, the limited bandwidth of using the trans-amplifier to
convert the PPIC current to voltage may loss and distorts
the analog signal. Also, the analog-to-digital converter may
cause absolute quantization error in measuring the variable
current. A higher amplifier bandwidth means higher mea-
suring accuracy but lower resolution due to the noise. To
determine suitable bandwidth of amplifier, different spills
of many spots have been simulated. Figure 5a shows the
extracted protons over time for two spot sat sampling fre-
quency of 100 kHz, using finite impulse response (FIR)
low-pass filters to find the amplifier bandwidth and ensure

the charge error being within a certain range after current-
to-voltage conversion. Figure 5b, ¢ shows the filtered data
at 1 and 4 kHz of the pass band frequency relative to the
raw data in Fig. 5a. The maximum error for total protons in
one spot is less than 0.016 and 0.0159%.

The dosimetry error should be less than +3% to satisfy
medical requirement. And the relative accuracy of the
delivered dose should be better than £2% of the specified
dose. The remaining 1% is assigned to the dose monitor
electronics. From Fig. 5, 1 kHz of the amplifier bandwidth
is feasible to reach the defined charge error of £1%. The
resolution of the dose monitor is defined in a range of
+1%, or £0.6 nA. In addition, the linearity is chosen to be
within +0.2%, or £0.12 nA.

The response of the dose monitor electronics must be
fast enough to satisfy the latency of beam delivery system,
<0.4 ms. The transition duration to stop spill by switching
off RFKO is about 0.3 ms, and the ion collection time in
dose monitor is about 70 ps. The latency of dose monitor
electronic should be less than 30 ps, including acquisition
time, signal transfer time and treatment control system
latency. Finally, the latency of dose monitor electronics
decreased to 20 ps. Specifications of the dose monitor
electronics are: range, —2500 to 0 nA; analog bandwidth,
1 kHz; linearity, +0.2%; resolution (2c), +1%; and
latency, 20 ps.

4 Electronics design

In order to satisfy the latency requirement, the sampling
rate of ADC is set at 100 kHz, and the latency time of ADC
is only one sampling period. The accumulated charge can
be calculated by:

Q=AT» V(n)/G, (1)
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where AT is the sampling interval, V(n) is the corre-
sponding voltage and G is amplifier gain. To achieve a
higher accuracy, the bandwidth of I/V must be larger than
1 kHz to match the analog signal bandwidth. In this design,
I/V converter is a key component in the dose monitor
electronics. It should achieve the bandwidth and suppress
the noise to reach the resolution of dose monitors. More-
over, the output voltage should also be matched to the
analog input range of ADC.

Considering the balance between common-mode noise
suppression and amplifier noise reduction, the amplifier
circuit is based on a two-stage cascaded structure. Also, it
is convenient to adjust the gain and bandwidth of each
module. The two stages are based on the trans-impedance
amplifier (TIA) and the low-noise amplifier (LNA),
respectively. Figure 6 shows the circuit. The trans-impe-
dance gain R is 249 kQ, and the resistor R3 is 249 Q and
R4 is 1 kQ, so a total gain of 107° can be reached to cover
an output voltage range of 0-2.5 V theoretically.

Selection of capacitors C, and C,4 shall match the analog
current bandwidth, and the bandwidth of the second
amplifier shall be larger than the first one to reduce loss of
useful signal. On the other hand, they are correlated with
common-mode noise suppression and amplifier noise
reduction. The main problem of this part is how to balance
between the amplifier bandwidth and the common-mode

| L&
| || Cy
— [
|
[ 1) R, 4\ —
i s v| B '\ ) Ry
| 1
- LAy = |
T 1T
T R,
Vend &

Fig. 6 Simplified schematics of the two-stage cascaded circuit.
(Color figure online)
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noise suppression. The common-mode noise caused by the
grounding lines is given as

ch(s) = Vgnd(SR]C1)/(1 =+ SR]C2)7 (2)

where C; and C, are defined as the capacitance of dose
monitors and the first amplifier, R, is the feedback resis-
tance of the first module and Vg4 is the ground noise.
However, the output voltage Vi = iR; /(1 + sR;C»); then,
C, should be small enough to increase bandwidth of the
amplifier. From Eq. (2), C, should be large to reduce
common-mode noise, improve SNR (signal-noise ratio)
and increase the bandwidth of analog signal. So, in our
design, C, = 560 pF. In addition, the noise of amplifier
depends largely on the voltage noise and resistor thermal
noise, while the ratio between them is around 4 based on
the second-stage gain. Therefore, we need to care more
about the voltage noise of electronics:

5 4 sR4Cy

-V 1+SR1(C1+C2)
T N R.C

14+ SR]CZ)(l + SR4C4) ’
(3)

where C, is the second amplifier, R, is the feedback
resistance and Vy, and Vy, are the input voltage noise of
each amplifier, respectively. So, we shall select proper
value of C, and C4 to improve SNR. Then, C4 = 100 nF in
our final design.

Considering the output voltage caused by the offset
voltage and the bias current at zero input current, Vi is
introduced to provide a reference voltage so that the input
voltage of ADC can be 0-2.5 V. The ratio b = Rs/Rg¢ is
based on Eq. (4).

VN(S) N (

14+a
1+b

where o = R4/R; and Vg is output offset voltage in the
case of no current.

Finally, the output voltage can be described using the
following equation under direct current (DC) mode:

Vref + Vosl < Vref7 (4)
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V(i) =23147+ 107 - i + AV (5)

where i is the input current in nA and AV depends on the
input bias current, offset voltage of the circuit and the
leakage current. A 2.5-V full-scale, 16-bit ADC is
employed as a key digital component with sampling rate up
to 100 kHz to ensure fast conversion rate and high
performance.

According to electromagnetic compatibility require-
ments of medical electrical equipment in YY0505-2012
[16], there are some tips in the printed circuit board (PCB)
design. Figure 6 shows the guard rings to enclose the op
amp inputs and reduce leakage current, as noted by the red
dotted line. The input current signal is injected by shielded
cables in the middle layer, but near a ground plane. All
analog signals are guarded via a metal box to shield elec-
tromagnetic radiation. Furthermore, the digital circuit in a
different power supply should be isolated from other parts
to broadcast electromagnetic waves.

5 Results and discussion

For most of the tests, the KEITHLEY current source
6220 [17] was used to generate a precise current. The
current generator provided a current range of 0-2500 nA,
with an accuracy of 0.1%. The ISEG SHQ224M [18] was
used to power the dose monitors. Its maximum dual output
voltage is 4 kV with ripple of <0.5 mV pp. Performance of

this front-end electronics, with the powered dose monitors,
is mainly determined by linearity of current-to-voltage
conversion, resolution and background noise.

5.1 Linearity of current-to-voltage conversion

Nonlinearity of this electronics system is measured by
inputting —2400 to O nA in 100-nA steps. Figure 7a
demonstrates good linearity between the measured voltage
and the input current, with a slope of
y = 2.3721 4 10°x (2.3721 4 0.001x). So the total gain
(output over input) is 0.001 V/nA, which is equal to the
amplifier gain. As shown in Fig. 7b, the maximum integral
nonlinearity (INL) is less than £ 0.04 nA cover a current
range from —400 to —50nA, which is much lower than the
requirements of £0.12 nA. These verify that the nonlin-
earity of front-end electronics can be well designed by the
two-stage cascade circuit, as discussed before. In order to
attain an accuracy request of dose measurement with
intensity modulated conformal proton therapy (IMPT), one
count is defined as 0.2 pC in this design.

5.2 Resolution

The resolution of charge measurement, which depends
largely on the current resolution of the electronics system,
is an important indicator to evaluate the performance. It is
clear that the charge is equal to the integral of current times
to times and the integration time is set to a constant value
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in this method. Therefore, the current power density
spectrum is tested over a frequency range of 10 Hz-
100 kHz and then integrated. From the measured power
spectral density (PSD) and the integral power spectrum
(Fig. 8), the power density peak is at 50 Hz and the noises
are mainly in high frequencies, but the electronics noise is
less than 60 pA (r.m.s). So, we will design a least-mean-
square (LMS) filter to attenuate 50 Hz power frequency
interference and digital FIR low-pass filter to reduce high-
frequency noises with low latency [19].

5.3 Background noise with high voltage in dose
monitors

To reduce background noise, it is important to choose a
good method to ground the dose monitors, the high-voltage
source and the electronics system, i.e., to minimize the
influence on common-mode rejection capability and elec-
tromagnetic compatibility (EMC). For this reason, the dose
monitor electronics should immune the noise of high-
voltage power (HV), and the weak current in dose monitors
should be isolated with the interference from HV. To
achieve the best performance, after many experiments, we
chose the layout with only one grounding point in the
whole monitor system (Fig. 9). Figure 10 shows that the

@ Springer

background noise of the HV-biased dose monitors is
improved, which completely meets the requirements of the
electronics noise in the range of £0.6nA. Compared with
the peak-to-peak value of a few decades nano-ampere in
the old design, this is much lower in the improved design
now and verifies the correctness of the grounding mode.

6 Conclusion

The front-end electronics of dose monitors for the beam
delivery system in SAPT has been developed. The linearity
from —500 to 40 nA is within £0.04 nA, and the elec-
tronics noise is less than 60 pA (r.m.s). Moreover, the
background noise with high voltage is within 0.6 nA. All
the requirements have been satisfied in our design. With
the techniques adopted in this paper, this front-end elec-
tronics of dose monitors can be totally used to measure the
irradiation dose in the proton therapy.
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