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Abstract

Argonne National Laboratory and RadiaBeam have de-
signed the Advanced Compact Carbon Ion Linac (ACCIL)
for the acceleration of carbon an proton beams up to the
energies of 450 MeV/u, required for image-guided hadron
therapy. Recently, this project has been enhanced with the
capability of fast tumour tracking and treatment through
the 4D spot scanning technique. Such solution offers a
promising approach to simultaneously reduce the cost and
improve the quality of the treatment. In this paper, we re-
port the design of an accelerating structure, capable of op-
erating up to 1000 pulses per second. The linac utilizes an
RF pulse compressor for use with commercially available
klystrons, which will dramatically reduce the price of the
system..

INTRODUCTION

Radiation therapy with X-ray, electron and hadron
beams, is used to treat over 60% of cancer patients. Com-
pared to X-ray therapy, which is currently the standard
treatment method, hadron therapy offers significant ad-
vantages, such as a sharp Bragg peak and the capability to
treat “radioresistant” tumours [1]. Unless the position of
the tumour and treated organs are accurately known both
before and during the treatment, and the therapy system can
track the motion of the patient’s organs, the small beam
spot benefit of ion therapy may not be realized. However,
by combining ion beam therapy with real-time image guid-
ance and fast transverse and longitudinal (i.e. beam energy
variation) scanning is potential game changer in the future
of cancer radiation therapy [2].

Argonne National Laboratory, in collaboration with Ra-
diaBeam Technologies has been working on the develop-
ment of the Advanced Compact Carbon Ion Linac (AC-
CIL), an ultra-high gradient linear accelerator for cancer
therapy capable of delivering the full energy range from
ion source to 450 MeV/u for '2C®" and protons [3]. The lat-
ter can also be used for imaging. However, it’s design must
be adjusted for the pulse repetition and the beam energy
variation rates up to a thousand per second (~1000 Hz).
Such flexibility in beam tuning will enable the fast and ef-
ficient beam scanning and 3D dose painting, as well as
real-time image-guided range calculation and targeting of
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moving targets, while reducing the treatment time to sev-
eral minutes [4].

One of the key technical challenges of the ACCIL sys-
tem is the need for a high gradient accelerating structure to
limit the footprint to ~45 m and improve the overall effi-
ciency of the linac [5]. In ACCIL the high-gradient section
starts from the energy of 45 MeV/u ($=0.3), allowing to
replace ~3 meters of low-frequency DTLs with a 30 cm
long S-band structure, operating at 50 MV/m gradient. In
order to achieve such high gradients at so low velocity, the
beam is accelerated by the negative -1 harmonic. Such
negative harmonic accelerating structure (NHS), consist-
ing of 15 magnetically coupled cells [6], was build and
tested at ANL. The structure was conditioned up to 33-MW
peak power, corresponding to 50 MV/m gradient with RF
breakdown rate of 1 per 1000 pulses [7].

In this paper we will discuss the improvements made to
thus structure design to enable its operation at 1 kHz repe-
tition rates. The second challenge to be addressed is the re-
quirement for the RF power system. With the current pro-
totype, up to 33 MW of RF power is required for each ac-
celerating section. At 1 kHz repetition rate, this would re-
quire the development of a custom klystron and modulator
system. Instead, we have designed the accelerating struc-
ture for operation with standard medical klystrons
(~ 5-MW, up to 1% duty cycle) that are available at reason-
able costs. Such breakthrough improvement was enabled
by relaxing the peak gradient from 50 MV/m to 40 MV/m
reducing a peak power requirement to 20 MW. Thanks to
short 300 ns beam pulses such peak power can be achieved
by utilizing an RF pulse compressor (SLED) [8].

RF DESIGN

The goals of the upgraded negative harmonic structure
(NHS) design are to reduce peak power requirements from
34 MW to 20 MW and reduced the filling time to 300 ns to
be used with SLED. This was achieved by reducing the ac-
celerating gradient to 40 MV/m, improving the shunt im-
pedance (Rgn), and adjusting the group velocity of the struc-
ture.

In order to improve its shunt impedance, we modified
the cell design of the previous NHS [9]. We reduced the
gap between the noses, adjusted the nose shape, and in-
creased the blending radius of the outer wall (Fig. 1). These
modifications allowed to increase the shunt impedance
from 32 MQ/m up to 47 MQ/m while maintaining the peak
fields below 180 MV/m at 40 MV/m. The number of cou-
pling holes was reduced from eight to five, and the
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thickness of the iris (#) was increased from 3.0 to 3.9 mm,
which has improved the thermal conductance, and allowed
to keep the temperature raise within 26°C and mechanical
von Mises stress of 69 MPa, below the copper yield, as
shown in Fig. 1.
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Figure 1: Initial and optimized cell design of the NHS
(top). Thermal and stress maps for the optimized cell (bot-
tom).

The modulation of the group velocity in 15-cell section
in the range of 0.43%c-0.232%c resulted in 287 ns filling
time. The input and output couplers were matched by ad-
justing coupler cell diameter and coupling slot width indi-
vidually for both couplers. This corresponds two criteria:
high field flatness inside the structure, which we aimed to
be < 2%, and low reflection from input port 1 at operation
frequency <-30 dB.
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Figure 2. E-field profile along the axis (top) and S-param-
eters (bottom) for the new 15-cell NHS.
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Figure 3. Surface electric field of the improved 15-cell
NHS at 2856 MHz and 20 MW input power.
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Figure 2 shows the electric field magnitude along the
axis and the S-parameters of the tuned structure for 20 MW
of input power. The simulated field flatness is 1.37% and
S11=-50.45 dB. The cumulative phase advance error is
1.69°. The tuned 15-cells model is shown in Fig. 3. Accord-
ing to electromagnetic simulations of the full-length
model, the required peak RF power to achieve 40 MV/m
gradient, is 20-MW. Table 1 compares of the RF parame-
ters for the original NHS, designed for 120 Hz repetition
rate and the upgraded structure for 1000 Hz rate. The pulse
heating and modified pointing vector were also improved
in the new design.

Table 1: RF parameters for the Initial and New NHS

Structure Initial New
Repetition rate, Hz 120 1000
Group velocity, %c 0.12- 0.23-
0.33 0.43
Filling time, ns 450 287
Shunt impedance, MQ/m 32 47
Gradient, MV/m 50 40
Input RF power, MW 33.8 20
Average RF losses, kW 3.9 5.6
Peak E-field, MV/m 160 180
Pulse heating, K 28 12.2
<Sc>, MW/mm? 1.3 1.1
ENGINEERING DESIGN

The engineering design of the new NHS structure is
shown in Fig. 4. It includes the accelerating section, input
and output couplers, RF flange ports, transition to standard
WR-284 RF flanges, cooling channels, and tunning pock-
ets in each cell.

Figure 4. Engineering design of the new NHS.

We performed thermal analysis of the structure, which
included fluid dynamics, considering forced water cooling
with a flow rate at each inlet of 0.12 /s at 30°C and natural
convection of the outside surface of 2 W/(m?.K). The
steady-state temperature field is shown in Fig. 5, which
was further applied as an initial condition for transient ther-
mal analysis. We simulated 10 thermal pulse load cycles
were input as thermal load (Fig. 6), showing the maximum
temperature at end of a power cycle (location 1) and the
maximum temperature at the end of a heat pulse (location
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2), which are in agreement with preliminary estimations,
and are within the range of operational values.
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Figure 5. Steady state temperature field of the NHS with
0.117 kg/s water flow rate at 30°C.
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Figure 6. Results of the transient thermal analysis.

RF PULSE COMPRESSOR

We have designed a compact 2856 MHz RF pulse com-
pressor of a SLED type based on a E-plane polarizer and a
TE 12 spherical cavity [10,11]. To facilitate vacuum pump-
ing of the SLED we added a cut-off circular port opposite
to the circular waveguide. The whole device without vac-
uum pump will fit in a box with size 60x40x40cm. The E-
field and S-parameters of the device are shown in Fig. 6.
We have used the parameters of the SLED in a circuit
model to simulate its performance. The SLED will produce
a flat 18 MW 600 ns RF pulse from a 7 us 5 MW klystron
pulse, with 62% efficiency for pulse.
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Figure 6. The electric field inside the SLED at 2856 MHz
normalized to 5 MW input power (left) and its S-parame-
ters (right).
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The engineering design of the SLED incorporates cooling
channels distributed on the cavity and the polarizer. We
performed a thermo-mechanical steady state analysis con-
sidering an average water flow rate of ~0.53 I/s at 30°C in
ANSYS. The results shown in Fig. 7 indicate a 20°C tem-
perature raise, and 0.1 mm maximum deformation which
will cause a <1 MHz frequency shift which is manageable.
The SLED is currently being fabricated.

Figure 7. Thermo-mechanical analysis on the SLED.

SUMMARY

We improved the design of the S-band, $=0.3, negative
harmonic accelerating structure for operation at repetition
rates as high as 1 kHz at 20 MW RF power The design re-
duces treatment time and is compatible with guided ther-
apy methods. Engineering design of an accelerating mod-
ule which includes the accelerating structure and SLED RF
pulse compressor has been completed. The module will be
fed by 5 MW klystron, enabling its practical application.
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