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Featured Application: An accelerator-based in situ materials surveillance on a tokamak.

Abstract: In order to figure out the migration and deposition of impurities on the first wall of
HL-2A/2M tokamak, Peking University and Southwestern Institute of Physics are co-developing a
deuteron RFQ as part of the in situ ion-beam diagnostic for the material. The RFQ, which operates at
162.5 MHz, is designed to accelerate a 10-mA deuteron beam from 40 keV up to 1.5 MeV. Key design
considerations and the final design parameters are presented. The RFQ has been conditioned at a
1% duty factor for 80 h at RF cavity power of 55 kW. The specific shunt impedance of the cavity is
221 kΩ·m by measuring the bremsstrahlung spectrum. The intrinsic Q-value after the high-power
tests measured by the Ring-Down method is 13,780. Beam commissioning has been taken place
during the first half of 2021, and the beam measurements include beam current and energy of 2H+

ion. A 10 mA 2H+ beam was successfully accelerated through the RFQ.

Keywords: beam dynamics; RF conditioning; beam commissioning

1. Introduction

The power supplies through thermonuclear fusion are a promising option to replace
fossil fuel as the world’s primary energy source in the second half of the 21st century. In the
current stage, sustained plasma burning is a critical issue towards the realization of fusion
energy [1], for which, impurities should be well diagnosed and controlled so that the risks
of burning plasma quenched by the impurities could be moderated. In the past decades,
various optical spectrum and numerical simulations have been developed and are used for
the studies of impurity transport in tokamak plasma [2,3]. Moreover, ex situ measurements
with high precision [4,5] and laser-induced breakdown spectroscopy with the advantage
of online analysis [6,7] were widely used to study the deposition of such impurities as
well as fuel retention on the first wall and divertor. Great progress has been achieved in
the development of the impurity diagnostic technology, except for a trade-off between
quantitative analysis and real-time feedback that appeared to be an obstacle to the study of
impurity depositions. More recently, an Accelerator-based In situ Materials Surveillance
(AIMS) was constructed on the Alcator C-Mod tokamak for plasma-material interaction [8],
and the fuel retention was evaluated via nuclear reaction analysis (NRA). In order to figure
out the migration and deposition of impurities on the first wall of Huan-Liuqi-2A/2M
(HL-2A/2M) tokamak, Peking University (PKU) and Southwestern Institute of Physics
(SWIP) are co-developing a deuteron radio-frequency quadrupole (RFQ) accelerator as part
of the in situ ion-beam diagnostic for the material.
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We aim at a ~MeV deuteron beam into the first wall, which interacts with the sur-
face substance of the wall to produce energetic particles and gamma rays. Then, we can
reconstruct the evolution of plasma-facing components’ surface compositions by the de-
tected spectroscopy of energetic particles and gamma rays. The deuteron-induced nuclear
reactions such as 2H(d,n)3He, 12C(d,pγ)13C, 14N(d,pγ)15N, 16O(d,pγ)17O, 7Li(d,pγ)8Li,
9Be(d,pγ)10B and 11B(d,pγ)12B are usually used to diagnose the impurities on plasma-
facing components.

The RFQ is a 4-vane room-temperature RFQ, able to accelerate a 10-mA deuteron
beam from 40 keV up to 1.5 MeV, operating at 162.5 MHz with a duty factor of 1%. The
length of the RFQ is 2.2 m and the calculated RF power consumption is 45 kW. It has
been successfully conditioned to the RF power of 55 kW required for deuteron operation,
with a sufficient power margin. The beam commissioning demonstrated that the RFQ is
performing well with the design parameters.

The paper is organized as follows. Section 2 presents the procedure and criteria
adopted for the beam dynamics design of the RFQ. Details of RF conditioning and beam
commissioning are presented in Sections 3 and 4, respectively.

2. Beam Dynamics Design

The PARMTEQM [9] code is used to carry out the RFQ dynamics design. The choice
of the input beam energy is a trade-off of the RFQ length and the space-charge effects.
On the one hand, a low input energy beam makes the RFQ shorter. On the other hand,
a higher energy beam can effectively reduce the effect of space charge. Accordingly, we
choose 20 keV/u as the input energy for the RFQ design. A high inter-vane voltage results
in a high accelerating gradient, which makes the RFQ shorter. However, it requires more
RF power dissipation per unit length and increases the risk of RF breakdown. Based on
the operational experience of RFQs, we select an inter-vane voltage of 70 kV to ensure the
reliable operation of the RFQ. The Peak surface field is one of the most important parameters
of the RFQ design. In our design, the peak surface field is 1.52 times the Kilpatrick limit of
13.6 MV/m [10]. Such a low surface electric field is beneficial to maintaining the stability of
the RFQ in high-power operation. Another important issue is that the threshold energy of
the deuteron breakup reaction is 100 keV [11]. Since this reaction can lead to the activation
of the structure due to neutron generation, the beam losses at the high-energy section
should be minimized.

An approach is adopted to change the average aperture at the initial cells, which can
reduce the difficulty of beam matching from the low energy beam transport (LEBT) into the
RFQ [12,13]. In a typical RFQ design, the average aperture of the radial matching section
(RMS) is reduced gradually, and the average aperture after the RMS remains constant, as
shown in Figure 1. While in the new design, the average aperture after the RMS is larger
than that of the typical design.

The matched beam ellipse at the entrance of the RFQ under the two design methods is
shown in Figure 2. It can be seen that the matched beam of the new design has a smaller
incident angle and a larger envelope.

The final RFQ design parameters as a function of the RFQ cell are given in Figure 3. φs
is the synchronous phase. m is the modulation factor. a is the minimum aperture. Ws is the
kinetic energy of the synchronous particles. r0 is the average aperture. V is the inter-vane
voltage. Figure 4 shows the transverse beam envelope and the longitudinal phase space
evolution along the RFQ cell according to PARMTEQM. The beam distribution at the exit
of the RFQ is shown in Figure 5. A summary of the RFQ parameters is listed in Table 1.



Appl. Sci. 2022, 12, 4031 3 of 16Appl. Sci. 2022, 12, 4013 3 of 16 
 

 
Figure 1. Vane profile at the initial cells under two design methods. 

 
Figure 2. The matched beam ellipse at the entrance of the RFQ under two design methods. New 
design method (red): 𝛼 = 0.75, and 𝛽 = 0.0425 mm/mrad. Typical design method (blue): 𝛼 = 0.99, 
and 𝛽 = 0.0353 mm/mrad. 

Figure 1. Vane profile at the initial cells under two design methods.

Appl. Sci. 2022, 12, 4013 3 of 16 
 

 
Figure 1. Vane profile at the initial cells under two design methods. 

 
Figure 2. The matched beam ellipse at the entrance of the RFQ under two design methods. New 
design method (red): 𝛼 = 0.75, and 𝛽 = 0.0425 mm/mrad. Typical design method (blue): 𝛼 = 0.99, 
and 𝛽 = 0.0353 mm/mrad. 

Figure 2. The matched beam ellipse at the entrance of the RFQ under two design methods. New
design method (red): α = 0.75, and β = 0.0425 mm/mrad. Typical design method (blue): α = 0.99, and
β = 0.0353 mm/mrad.
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Table 1. Main physics parameters of the RFQ.

Parameter Value

Ion species D+

RFQ type 4-vane
Frequency [MHz] 162.5

Beam current [mA] 10
Input normalized εt [π·mm·mrad] 0.20

Input energy [keV] 40
Output energy [MeV] 1.52

Duty cycle [%] 1
Voltage [kV] 70
Length [m] 2.191
Peak field 1.52 kp

Minimum aperture radius [cm] 0.270
Average aperture radius [cm] 0.460

Vane tip radius [cm] 0.345
Synchronous phase −90◦ to −25◦

Maximum modulation factor 2.2
Output normalized εt [π·mm·mrad] 0.208

Output longitudinal normalized ε l [MeV·deg] 0.060
Transmission efficiency [%] 99.0

Radius of cavity [mm] 173.82
RF power consumption [kW] 45

Specific shunt impedance [kΩ·m] 240
Mode separation [MHz] 3.1

Intrinsic Q-value 14,722

3. RF Conditioning
3.1. Coupling Factor for Setup

The RFQ requires a total power of about 71 kW, the cavity power (Pcav) is 56 kW (20%
redundancy has been considered), the beam power (Pbeam) is 15 kW. The RF power is fed
by a magnetic loop coupler and a 120 kW RF amplifier. According to the definition of the
coupling factor, the factor is given by:

β =
Q0

Qext
=

Pext

Pcav
=

Pcav + Pbeam
Pcav

(1)

Therefore, the coupling factor needed to be set as 1.27, and the input reflection coefficient
S11 is −18.55 dB.

The cavity power was measured by reading the scope amplitude of the RF pick-up
(50 Ω impedance). The coupling factor of the pick-up can be measured by a two-port
network composed of a coupler and a pick-up, as shown in Figure 6. The coupling factor of
the pick-up is given by:

βpickup =
Ppickup

Pcav
(2)

The coupling factor βpickup1 that we measured by the network analyzer is 6.15× 10−7,
which is −62.2 dB. In the case of neglecting coaxial cable line loss, the dependence of the
cavity power on the scope amplitude is given by:

Pcav =

(
Vpp

2

)2 1
2× 50

× 106.22 × 10−3 (3)

where Pcav is in kW and Vpp is the peak-to-peak voltage of the scope.
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3.2. High-Power Tests

The main purpose of the high-power tests is to improve the cavity vacuum through an
outgassing process when the cavity is heated after the RF power is loaded and to eliminate
the burrs on the inner surface of the cavity through the controlled sparks. Additionally, we
also need to calibrate how much RF power can achieve the design inter-vane voltage for
the beam commissioning.

The forward and backward power was measured by the directional coupler. We can
monitor the spark through the reflected signal and the vacuum gauge, and adjust the
frequency of the pulse modulated RF source to minimize the backward power to track the
resonance frequency of the cavity.

The RFQ uses 99.9% oxygen-free copper produced by Chinalco Luoyang Copper
Processing Co., Ltd. Luoyang, China [14]. The RF conditioning started when the vacuum
pressure reached a level below 1.5× 10−5 Pa. The main difficulty met during the primary RF
conditioning is that: the vacuum pressure rises significantly as the cavity power increases,
and the worst cavity vacuum reached 9.5× 10−4 Pa. At first, we suspected that the cavity
was not well sealed. This may cause the RF spark and irreversible pollution to the cavity
if we continue to increase the cavity power. We performed a leak test on the cavity while
maintaining a low level of cavity power, and no leakage of the cavity was found.

As a result of our investigation, we found that this 99.9% oxygen-free copper has the
problem of hydrogen adsorption [15]. The most effective way to degas hydrogen on the
metal surface is to anneal the metal. Fiberglass heating belts were used to heat the RFQ
cavity. Additionally, we also increased the inlet temperature of the RFQ cooling water from
16 ◦C to 20 ◦C. During the consecutive seven days, the cavity vacuum slowly improved
with RF conditioning at a power of 55 kW. In addition, the reflected signal on the scope
was stable and there was almost no spark in the cavity. The log of a 6-h long operation at
55 kW is shown in Figure 7. The cavity power trace was almost constant and the cavity
vacuum trace was slow to fall during that time.

Another problem encountered during RF conditioning came from the cooling system
of the RFQ. The inlet water temperature of the cooling water cannot be maintained at a
certain value, and the inlet water temperature difference reached 3 ◦C, as shown in Figure 7
(blue trace). Since the RFQ operates at a 1% duty cycle, the heat loss caused by RF power is
relatively small. During RF conditioning with a power of 55 kW, we recorded the resonant
frequency of the cavity under different cooling water temperatures. The influence of the
inlet water temperature on the frequency of the cavity is shown in Figure 8. A new cooling
system will be introduced into the RFQ in the future to reduce frequency instability during
high-power operations.

After 80 net hours of RF conditioning, a vacuum pressure of 7.5× 10−6 Pa was achieved
without RF power. Although the cavity vacuum was reduced to 3.5× 10−5 Pa during high-
power operation, it still met the requirements of subsequent beam commissioning.
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Figure 7. The log of a 6-h long operation without a trip.
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3.3. Inter-Vane Voltage Measurement

The inter-vane voltage of RFQ is one of the most important parameters of the cavity.
Measurement of the bremsstrahlung X-ray is a useful non-intrusive and precise tech-
nique for inter-vane voltage calibration. The bremsstrahlung spectrum originates from
the stopping in electrodes of field emission electrons across voltage gaps. X-ray spectra
were measured by using a CdTe spectrometer. The spectrometer was calibrated with
Am-241 sources, as shown in Figure 9.
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Figure 9. Spectrometer calibration with Am-241.

The quartz window was located in the middle of the cavity. Because the spectrometer
cannot directly face the gap between adjacent electrodes in the quadrilateral cavity, the
spectrometer and the quartz window were at a 45-degree angle to obtain as many counts
as possible, as shown in Figure 10.
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In the measurement, we used a 1.0 mm thick copper absorber plate to filter out low-
energy peaks and backgrounds. A typical 1X-ray spectrum corresponding to the RFQ
inter-vane voltage is shown in Figure 11. There are different ways of quantifying the cutoff
energy [16–18]. We adopted linear fitting with a beveled edge for the high energy region
and took the horizontal intercept as the cutoff energy. The specific shunt impedance is
defined as follows:

Rs =
V2

P/l
(4)

where V is the inter-vane voltage, P the power loss, and l the RFQ length.
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We measured the inter-vane voltage under different cavity powers, as shown in
Figure 12. The specific shunt impedance of the RFQ can be deduced from the slope of the
linear fitting line (y = 100.086x from Figure 12). The specific shunt impedance is 221 kΩ·m,
which is 92% of the simulated value. According to the calculated specific shunt impedance,
an inter-vane voltage of 70 kV can be achieved at a cavity power of 48.6 kW.
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3.4. Measuring Q-Factor with the Ring-Down Method

The ring-down method is a way of measuring the resonator Q-factor. We can obtain
the decay time by exponentially fitting the falling edge of the scope amplitude of the cavity
power, as shown in Figures 13 and 14.

QL =
ω0W

P
(5)

where QL is the loaded quality factor, ω0 = 2π f0, f0 is the resonance frequency, W is the
stored energy of the cavity, P is the power loss on the cavity walls.
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Power loss P also can be written as P = − dW
dt = ω0W

QL
. By integrating both sides of the

equation separately, we can obtain the equation:

W = W0exp
(
−ω0t

QL

)
= W0exp

(
− t

τL

)
(6)

where τL = QL
ω0

, and the voltage U ∝
√

W, then U can be written in the following form:

U = U0exp
(
− t

2τL

)
(7)

According to the exponential fitting of the decay curve in Figure 13, we can obtain
2τL = (11.89± 0.17) µs. The loaded quality factor can be expressed as:

QL = τLω0 = τL × 2π f0 (8)

For our experiment, the resonance frequency f0 is 162.6055 MHz. Thus, the QL = 6070± 87.
Then the intrinsic Q-value can be calculated to be 13, 780± 197 by:

Q0 = (1 + β)QL (9)

where β is the coupling factor [Equation (1)], which is equal to 1.27.
The intrinsic Q-value after high-power tests is 13,780, which is about 93.6% of the

simulated value. The specific shunt impedance by measuring the bremsstrahlung spectrum
is 221 kΩ·m, which is 92% of the simulated value.

After the fabrication and assembly of the RFQ cavity, RF measurements were per-
formed to check the RF properties of the cavity and the quality of the electric field. The
intrinsic Q-value after high-power tests is much better than the measurement value of
12,834 in the RF measurements [19], indicating that the high-power tests can improve the
conductivity about 6.8% higher of the inner copper surface of the cavity. We compared the
measured Qmeas and fmeas with the simulated value, the required power Preq of the cavity is
48.2 kW by:

Preq

Psim
=

Qsim
Qmeas

· fmeas

fsim
(10)

4. Beam Commissioning

The experimental setup for beam commissioning of the RFQ is shown in Figure 15. It
consists of a 2.45 GHz electron cyclotron resonance (ECR) ion source, a LEBT system, the
RFQ, and a medium energy beam transport (MEBT) section. The LEBT has two solenoids
(Solenoid 1 and Solenoid 2) to transport the beam and match it into the RFQ. A pair of
steerers (horizontal and vertical) is installed in the middle of each respective solenoid. In
order to characterize the beam extracted from the ion source, the diagnostics chamber
equipped with a water-cooled diaphragm and faraday cup (FC) is installed between the
two solenoids. The water-cooled diaphragm is used to control the intensity and emittance
of the beam. The bias voltage of FC is set to −300 V to suppress the secondary electrons
(SE). Between the Solenoid 2 and the RFQ, there is a chopper used to control the time
structure of the pulse beam, while playing the role of fast protection of the machine. Two
beam position monitors (BPMs) are installed after the AC current transformer (ACCT) for
beam energy measurement. The extraction voltage of the ion source is fixed at 40 kV to
provide the design injection energy of 40 keV for the 2H+ beam. The low-level RF (LLRF)
control is used to synchronize with the timing system of the whole accelerator.
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4.1. Beam Current Measurement

For 2H+ beam commissioning, we don’t care about the transmission efficiency. We
are more concerned about whether the beam current at the RFQ exit reaches the design
value. After careful optimization of the LEBT solenoids as well as the steerers, we obtained
a 10 mA 2H+ beam at the RFQ exit ACCT, as shown in Figure 16. The current signals from
the FC and ACCT are converted to voltage signals through a pure resistance of 500.0 Ω. It
was confirmed that a 10 mA 2H+ beam was successfully accelerated through the RFQ.
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4.2. Beam Energy Measurement

The beam energy was determined by time-of-flight (TOF) using the scope traces from
the two BPMs. The TOF principle can be found in [20]. Figure 17 shows the distance
between the two BPMs, and Figure 18 shows the corresponding time signals for 2H+ beam.
The flight time of the beam over the distance of 310 mm is t = ∆t + nT, the measured
relative time ∆t is 1.16 ns, the integer number n of RF periods is equal to 4 and RF period T
is 6.16 ns. Therefore, the calculated flight time is 25.80 ns. The velocity and energy of the
particles are given by Equations (11) and (12). The error in the energy measurement comes
from the measurement of the distance, the cable length, and the resolution of the scope. The
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distance error is ±0.1 mm, and the measurement tolerance of the timing system is ±200 ps.
According to the error transfer formula Equation (13), the energy measurement error of
2H+ is ±0.024 MeV. We made multiple measurements, and the average output energy of
2H+ is 1.579 ± 0.024 MeV. The beam energy measured by the TOF method agrees well with
the designed value.

v =
L
t

(11)

E = m0c2

 1√
(1−

( v
c
)2
)
− 1

 (12)

∆N
N

= ∑
∣∣∣∣∂ln f

∂xi

∣∣∣∣∆xi (13)
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4.3. Comparison with Other Deuteron RFQs

The main parameters of the deuteron RFQs in the world are listed in Table 2. The
SPIRAL2 project located at GANIL in Caen aims at delivering stable and rare isotope beams
with intensities. The SPIRAL2 88 MHz RFQ is designed to accelerate light and heavy ions
with A/Q from 1 to 3. The power consumption of SPIRAL2 RFQ is 35 kW/m. It has
demonstrated a 1.34 mA He2+ cw beam.
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Table 2. Main parameters of the deuteron RFQs in the world.

Project Type Frequency
(MHz)

Ein/Eout
(MeV)

Beam
Current

(mA)

Inter-vane
Voltage

(kV)

Length
(m)

Power
(kW) Status

SPIRAL2
[21–23] 4-vane 88 0.04/1.5 5 100–113 5.08 180 cw 1.34 mA He2+

SARAF [24] 4-rod 176 0.04/2.54 5 56 3.70 186 cw 1.15 mA D+

IFMIF [13,25] 4-vane 175 0.1/5.0 125 79–132 9.8 550 pulse 125 mA D+

CMIF [26] 4-vane 162.5 0.04/3.0 10 65 5.26 120 pulse 7.8 mA 2H+

973-RFQ [27] window 162.5 0.05/1.0 50 60 1.8 49 cw 1.78 mA 2H+

this work 4-vane 162.5 0.04/1.5 10 70 2.2 45 pulse 10 mA 2H+

Soreq Applied Research Accelerator Facility (SARAF) is a multi-user facility for basic
research, medical and biological research, neutron-based non-destructive testing, and radio-
pharmaceuticals research [28]. The SARAF 4-rod RFQ was built in 2006, and then RF
conditioning and beam commissioning were conducted. Due to the power consumption of
up to 65 kW/m when accelerating the D+ beam, the operation of the SARAF 4-rod RFQ
was extremely difficult [29]. The SARAF 4-rod RFQ was redesigned in 2015 and the power
consumption of the upgraded SARAF 4-rod RFQ was reduced to 50 kW/m. The upgraded
SARAF 4-rod RFQ has achieved the acceleration of a 1.15 mA deuteron cw beam.

The International Fusion Materials Irradiation Facility (IFMIF) is a fusion neutron
source intended for use as a test facility to find and qualify new advanced materials for the
plasma-facing components in future fusion reactors. IFMIF RFQ is characterized by very
challenging specifications, accelerating a 125-mA cw deuteron beam to 5 MeV within 9.8 m
length. The power consumption per unit length is 56 kW/m. A nominal beam current of
125 mA deuteron beam was accelerated up to 5 MeV through the IFMIF RFQ at a duty
cycle of 0.1%.

China Material Irradiation Facility (CMIF), which is a compact neutron source with
less cost and low-level risk, is designed to provide a material test for fusion reactors. The
power consumption per unit length is 23 kW/m. CMIF RFQ has completed the acceleration
of a 7.8 mA 2H+ beam at the pulse mode.

973-RFQ is collaborating with PKU and the Institute of Modern Physics (IMP). It aims
to accumulate experience in the design and fabrication of high-current cw RFQs. 973-RFQ
adopts a 4-vane structure with magnetic coupling windows, which is more compact and
has sufficient mode separation. The power consumption of 973-RFQ is 27 kW/m. It has
successfully accelerated a 1.78 mA 2H+ cw beam.

Our RFQ will be used to study the migration and deposition of impurities on the first
wall of HL-2A/2M tokamak. The power consumption of our RFQ is 20 kW/m. The low
power consumption per unit length is beneficial to the long-term stable operation of the
RFQ. A 10 mA 2H+ beam was successfully accelerated through our RFQ.

5. Conclusions

In this paper, we have described the beam dynamics, RF conditioning, and beam
commissioning of a deuteron RFQ for plasma-material interaction on fusion devices. In the
beam dynamics design, the combination of a large aperture radial matching section and
weak focusing makes beam matching from the LEBT into the RFQ easy. Beam dynamics
parameters were optimized to minimize the emittance growth and also to maximize the
beam transmission.

The RFQ was successfully conditioned to the RF power of 55 kW required for deuteron
operation, with a sufficient power margin. The inter-vane voltage was calibrated using an
X-ray energy measurement technique. An inter-vane voltage of 70 kV can be achieved at a
cavity power of 48.6 kW. The intrinsic Q-value measured by the Ring-Down method after
high-power tests is 13,780.
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The beam commissioning with a 2H+ beam demonstrated that the RFQ is performing
well with the design parameters. A 10 mA 2H+ beam was successfully accelerated up to
1.5 MeV through the RFQ in May 2021. The acceleration of the D+ beam is programmed to
begin as soon as we obtain the safety authority's authorization.
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