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Abstract: In this paper, we illustrate the RF design and measurements of a C-band prototype structure
for an Ultra High Dose Rate medical linac. (1) Background: FLASH Radiotherapy (RT) is a revolu-
tionary new technique for cancer cure. It releases ultra-high radiation dose rates (above 100 Gy/s)
in microsecond short pulses. In order to obtain a high dose in a very short time, accelerators with
high-intensity currents (the order of 100 mA peak currents) have to be developed. In this contest,
Sapienza University, in collaboration with SIT-Sordina IORT Technology spa, is developing a new
C-band linac to achieve the FLASH regime. (2) Methods: We performed the RF electromagnetic
design of the prototype of the C band linac using CST STUDIO Suite Code and the RF low power
RF test at Sapienza University of Rome. The measurements of the field in the cavity have been done
with the bead-pull technique. (3) Results: This device is a nine-cell structure operating on the π/2
mode at 5.712 GHz (C-band). We report and discuss the test measurement results on a full-scale
copper prototype, showing good agreement with CST RF simulations. A tuning procedure has been
implemented in order to ensure proper operating frequency and to reach a field profile flatness of the
order of a few percent. (4) Conclusions: The prototype of a C-band linac for FLASH applications was
successfully tested with low RF power at Sapienza University. The fabrication and ad hoc tuning
procedures have been optimized and discussed in the paper.

Keywords: C-band; linear accelerator; RF design; RF measurements

1. Introduction

Nowadays, a large number of cancer patients, up to 50%, are treated with radiotherapy
(RT) [1,2]. A new RT paradigm has been introduced in the medical community since the
discovery of the so-called FLASH effect [3], which results in the higher sparing of healthy
tissues but maintains the same tumor-killing efficiency. In technical words, this effect
increases the therapeutic window. As a consequence, FLASH radiotherapy represents, at
the moment, the new frontier in cancer cure. The FLASH effect has been demonstrated in
pre-clinical experiments [4–6] and in clinical practice but for superficial tumors only [7].
The required average dose rate for the FLASH effect is much higher than that used today
in conventional (CONV) RT treatments. In particular, the new required value is well
above 100 Gy/s, versus CONV dose rates below 1 Gy/s, and with short beam-on times
(<100 ms) and large doses in each pulse (>10 Gy). In the accelerator community worldwide,
important efforts have started to allow the availability of radiation sources that can be
operated in ultra-high dose-rate modality. For this purpose, many linear accelerators (linac)
machines were employed [8–10]. Moreover, various existing clinical linacs were modified
to perform electron FLASH-RT experiments [11–13]. Our research group started in the
FLASH radiotherapy field with the first dedicated electron linac termed the ElectronFLASH
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for low-energy applications. The linac operates in the S-Band frequency of 2.998 GHz in
a standing-wave mode, the electron energies produced by the linac can reach 5 MeV or
7 MeV and it has two modes of operation, the FLASH modality and the conventional one.
It was commissioned and installed first at the Curie Institute in Orsay, and then in other
research centers. The paper which describes the design of this low-energy device was
published elsewhere [8,14,15].

More recently, our group started the investigation of a more compact and more
cost-effective linac in C-Band for low-energy applications, such as IOeRT. We performed
linac’s RF and beam dynamics design at an output electron energy of up to 12 MeV. The
accelerating structure is composed of 30 cavities or cells different in geometrical dimensions.
In the initial part of the linac, all cells have different lengths (bunching section) in order to
accommodate the low energy electron bunch generated from a thermionic cathode (electron
gun). In the following part, cells have the same lengths as the electron beam approaches
the speed of light.

The main linear accelerator parameters are indicated in Table 1.

Table 1. C-band linac parameters for IOeRT FLASH irradiations.

Parameter Value

Beam final energy 9–12 MeV
Frequency 5.712 GHz
Pulse width 4 µs
Repetition frequency 100 Hz
Peak current 50–120 mA
Instantaneous dose rate >106

Dose per pulse >20 Gy in ø10 cm
Quality factor 11,260
Eff. Shunt Impedance 115.94 MΩ/m
Waveguide-to-linac coupling β 1.9
Power Input 2.5 MW

Presently, the device has a pending patent and it will be realized and tested for
industrial purposes.

In this paper, we present the design and the tests of a prototype of the C-Band linac which
comprises five identical accelerating cells, representing the linac’s speed-of-light section.

2. Materials and Methods
2.1. Prototype Electromagnetic Design

The prototype linac, shown in Figure 1, operates at 5.712 GHz in the π/2 mode, and
is a standing wave, biperiodic structure, in this configuration the accelerating cells are
alternated with unexcited coupling cells. The electromagnetic field inside the prototype
structure is excited by a WR187 RF waveguide. The waveguide ensures efficient and precise
electromagnetic energy transfer from the power source to the linac. All cells are coupled
mainly via magnetic fields through properly designed coupling holes located off-axis (see
Figure 2) and secondarily via electric field through the cell’s irises. The basic component of
the accelerator, which consists of an accelerating cell, two half-coupling cells, and two pairs
of slots for magnetic coupling, was optimized. The length of the accelerating cell was fixed
and the cell diameters were determined to obtain a resonant frequency of 5.712 GHz for
each cell.

A detailed analytical and numerical study was conducted using CST Microwave
Studio SUITE [16] to optimize the design of a linear accelerator. The design of the prototype
made of only 5 identical cells was optimized to check the machining process, the low power
fields excited in the structure and the tuning procedure. The simulations were performed
with the high-frequency solver in CST. The used mesh type was the tetrahedral type, with
233,820 cells.
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Figure 1. 3D Prototype on CST for the electromagnetic design.

Figure 2. Slots located off axis for the electromagnetic coupling.

A nose-cone structure was adopted to maximize the effective shunt impedance per unit
length and efficiency of acceleration. The nose cone allowed for the concentration of high
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electric fields in the center of the accelerating cells and optimized the structure’s efficiency
by increasing the accelerating gradient. The resulting profile of the on-axis accelerating
electric field is shown in Figure 3. The accelerating electric field is at its maximum on the
axis, with the highest intensity occurring in the center (nose) of the accelerating cell. The
electric field is null in the coupling cells.

Figure 3. On-axis Accelerating electric field profile of the operating mode simulated with CST.

Figure 4 shows the 3D electric field contour inside the volume of the linac. Notably,
the electric field is concentrated in the nose of the accelerating cell, while there is no electric
field present in the coupling cells. It indicates that most energy localizes around the cell’s
nose cone, which is crucial for the beam’s acceleration.

Figure 4. 3D electric field contour inside the volume of the linac.

The coupler has been inserted in the central cell in order not to excite the frequency
closest to the π/2 mode. To reduce the coupler hole dimensions and, therefore, the
perturbation to the electric field on the central cell, the smaller dimension of the standard
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C-band waveguide has been tapered. A general parameter, which describes the waveguide-
to-cavity coupling strength, is the parameter β defined as [17]:

β =
Pext

Pc
=

Q0

Qext
(1)

where Pext is the RF power dissipated in the external load (connected to the cavity), Pc is
the RF power dissipated in the cavity lossy walls, Q0 is the unloaded quality factor of the
resonant cavity and Qext is the quality factor associated with the external load. In the case
of a beam-loaded RF cavity, as in the present scenario, we typically design the coupling
hole to have a β greater than 1 to compensate for the power Pb absorbed by the electron
beam according to the following formula (2) [17]:

β = 1 +
Pb
Pc

(2)

When β < 1 , it is typically said that the waveguide and cavity are under-coupled.
In the case of β > 1 the waveguide and cavity is said to be over-coupled. When β = 1 the
waveguide and cavity are said to be critically coupled and, as a consequence, we have that
Qext = Q0 and the corresponding loaded quality factor is QL = Q0/2.

The parameter β can be directly measured from the reflection coefficient S11 at the
port of the input waveguide as the following:

S11 =
β− 1
β + 1

(3)

In the undercoupled case, one has that |S11| = (1− β)(1 + β). In the overcoupled
case, one has |S11| = (β − 1)(β + 1). The case β = 1, and therefore S11 = 0, is called
the matched case (no reflected power back to the RF source). In Figure 5, we show the
reflection coefficient S11 for the linac prototype, made of five accelerating cells, which was
simulated by using the CST code with 247,011 tetrahedrons with the Frequency Domain
Solver. The plot shows five minima, as expected due to the same number of accelerating
cells. The accelerating mode is the central one, at the frequency of 5.7123 GHz, with a
value of S11 = −1.5 dB. The cavity is highly over-coupled, as shown from the smith charge
(see Figure 6) where the circumferences include the center of the chart. It follows that the
corresponding coupling parameter is equal to β = 11.6, which is about six times larger
than the one for the full linac which is β = 1.9, as listed in Table 1. The main reason is
due to the size of the hole between the waveguide and the central cell (coupler cell) that
was designed for the full linac structure, made of 30 accelerating cells, as explained in the
Introduction. It follows that since the RF power dissipated Pc in the prototype is about one
sixth of the power needed for the full accelerating structure, the parameter β results by a
factor of six larger than the one of the original design. Moreover, we report other main
RF parameters resulting from simulations. The unloaded quality factor, also calculated
with CST, is equal to Q0 = 11,260, which is averaged over all the cells, and the average
effective shunt impedance per unit length, which is related to the RF power-to-electron
beam power efficiency of the linac, equal to 115.94 MΩ/m, that is over 20% higher than
typical linacs in the same frequency band. This is due to the nose-cone geometry which
increases the effective shunt impedance per unit length, thus the linac efficiency, with
respect to other rounded nose-less cell geometries. There are also four additional modes in
the RF cavity, but they are outside the bandwidth of the RF power source, an RF pulsed
magnetron that provides the RF power through a standard WR187 waveguide and into
the accelerating structure through the waveguide-tapered section and the coupling hole
performed on the central coupler cell. Thus, these additional modes will not interfere with
the regular operation of the prototype, as they are not within the range that the RF power
source can support.
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Figure 5. The reflection coefficient S11 in decibels (dB), simulated using CST Studio Suite code in
Frequency Domain Solver.

Figure 6. Smith Chart of S11.

The main RF parameters of the linac prototype made of five accelerating cells are listed
in Table 2.

Table 2. Cavity RF parameters.

Parameter Value

Frequency 5.7123 GHz
Number of Accelerating Cells 5
Number of Coupling Cells 4
Prototype linac length 12.90 cm
Quality factor Q0 11,260
Shunt impedance r 115.94 MΩ/m
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2.2. Measurements Setup

A full-scale copper prototype has been constructed, and the low-power RF character-
ization of the C band prototype has been performed at the Radio Frequency Laboratory
for Accelerators at the Sapienza University of Rome. The prototype has been developed
basically to measure and verify the resonant frequency of the operating π/2 mode, the
waveguide input port reflection coefficient S11 coefficient and corresponding waveguide-
to-linac coupling strength parameter β (discussed in the following section), to evaluate the
on-axis accelerating electric field distribution of the working mode by using the bead-pull
technique [18], and to characterize the other resonant modes of the RF prototype in terms
of their frequencies in order to confirm that any interference is avoided. The last point is
very important because of the large frequency bandwidth of the RF power source, a pulsed
RF magnetron in our case, which in C-band is typically around 20 MHz.

A computer was used to control the Agilent N5230A network analyzer to visualize
and analyze the S11 spectrum. The S11 describes how much RF power is reflected from
the RF structure back into the source that transmits the electromagnetic wave towards the
linac prototype. Each cell is equipped with a tuner (metallic screw) used to compensate for
fabrication errors and thermal distortions in the structure. The cavity’s resonant frequency
can be adjusted by varying the depth of the screw inside the cavity walls. For the tuning
system, we used cylindrical tuners with a radius of 2 mm for the accelerating cells and a
tuner with a radius of 0.75 mm for the coupling cells.

3. Prototype RF Characterization and Results

Figure 7 shows the linac prototype on the work desk during the campaign of measure-
ments.

Figure 7. C-band linac prototype at Sapienza Accelerators Laboratory, on the work desk.

3.1. Tuning Procedure

The tuning process follows the completion of the construction of the prototype linac.
The tuning procedure starts by tuning each cell to the specified resonant frequency of the
π/2 mode, which is 5.712 GHz in our case. Then, the coupling cells are tuned to minimize
the reflection coefficient, suppress all unwanted modes at the same frequency, and obtain
symmetric peaks in the S11 spectrum. Understanding the properties of all modes of the
RF structure is relevant for a complete understanding of its behavior. Indeed, the power
source can excite the mode with a resonance frequency of 5.712 GHz and a bandwidth
of 10 kHz; hence, other modes in the frequency spectrum can also be excited. Tuning the
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side mode near the π/2 mode is necessary to minimize its impact on the operating mode.
During the tuning process, the π/2 mode is well recognized on the S11 spectrum in the
Vector Network Analyzer (VNA) due to its fixed frequency when screws are adjusted. Its
resonance frequency is less affected by changes in dimensions, making it easier to operate.

3.2. Resonant Frequency and Quality Factors Measurements Results

In Figure 8, we show the reflection coefficient of the linac measured at the input waveg-
uide port before the tuning procedure. The frequency of the operating π/2 mode results
equal to 5.7135 GHz (central peak) which is only 1.2 MHz higher than the simulated one,
as shown in Table 2. Nevertheless, from the figure, it is also evident that many unwanted
resonant modes are present, especially the two closest to the π/2 mode which can interfere
during high-power operation since they fall in the power source frequency bandwidth.
Moreover, these spurious modes affect the uniformity of the on-axis accelerating electric
field, which needs to be at a maximum in each accelerating cell and null in the adjacent
coupling cells. This condition is usually referred to as “field-flatness”.

Figure 8. Reflection coefficient S11 in dB before the tuning process.

In Figure 9, we show the comparison of the reflection coefficient between simulations
and measurements after the final tuning of the accelerating structure. All spurious, un-
wanted modes are cleared out of the whole spectrum, in particular the ones nearest to the
operating π/2 mode, which resonates at f = 5.7135 GHZ. This value did not vary from
the pre-tuning measurement, as expected, since the π/2 mode is characterized by high
stability in frequency. The reflection coefficient is equal to S11 = −5 dB, versus −1 dB from
simulations. It is important to point out that the waveguide and the linac are over-coupled,
as designed. This results in a corresponding parameter β = 3.57 which is a factor of 3.25
lower than a simulation of β = 11.6, as discussed previously. This discrepancy is due to the
fact that the waveguide-to-linac coupling involves many physical parameters (such as a
good RF contact between cells, cell-to-cell alignment, etc.) that are difficult to fulfill in an
un-brazed clamped structure. As an example, for an un-brazed structure, the difference in
coupling can be at least a factor of 2 which is usually always observed in measurements.

For the same reasons discussed above, the measured quality factor Q0 has been
evaluated and its maximum value is Q0 = 7019, which is 40% lower than the simulated one.
The discrepancy between the experimental and numerical results, as reported in Table 2,
is attributed to the poor RF contact between cells which is typical for a clamped structure
before brazing.
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Figure 9. Comparison of the Reflection coefficient S11 in dB after tuning process (in blue) and from
simulations (in red).

3.3. Bead-Pull Measurments Setup

The on-axis accelerating electric field is measured using the bead-pull technique [18].
A small antenna is used as a probe to introduce into the prototype to excite the electro-
magnetic field inside the cavity without altering the field distribution. In the bead-pull
technique was used a 1 mm diameter metallic sphere and a straight nylon wire were kept
in place by a 75 g weight. The perturbing object was attached to a horizontal fishing
line that lays in the same direction as the axis of the prototype. The measurement setup
was controlled by a PC, which managed the network analyzer Agilent N5230A and the
control circuit for the stepper motor, both interfaced through Labview [19]. The initial
alignment was done through visual inspection, followed by measuring the zero field in the
coupling cells to confirm that the perturbation object was correctly centered. In this case,
no frequency shift was present. A sketch of the bead-pull measurement setup is reported
in Figure 10.

Figure 10. Sketch of the bead-pull measurement setup.
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The bead-pull method that we utilized exploits the Slater theorem [20]. A small per-
turbing object inside the cavity causes a frequency shift related to the change in electric and
magnetic energy stored at the location of the object within the cavity according to the formula:

∆ f
f0

=

∫
∆V(sH2 − εE2)dτ∫
V(µH2 − εE2)dτ

=
∆UH − ∆UE

U
(4)

Here ∆ f is the resonant frequency variation with respect to the unperturbed frequency
f0, U the total energy stored in the cavity and UE and UH are the energy associated with
the E field.

3.4. Electric Field Measurements Results

The bead-pull technique is used to measure the electric field inside the prototype
before and after tuning. We report the results in Figure 11 which shows an almost equal
flatness of the electric field in the five accelerating cells. The π/2 mode, as expected, has a
high electric field in the accelerating cells and no field in the coupling cells. The double
peaks in the electric field profile per cell were predicted by the simulations discussed
previously. This behavior is due to the nose-cone geometry of the accelerating cells which
emphasizes the field values in the neighboring regions of the nose. Nevertheless, none of
these double peaks affect the electron beam acceleration process.

Figure 11. On-axis electric field from low-power RF tests before tunign (in blue) and after tuning
process (in red).

4. Conclusions

The FLASH therapy prototype C- band linac, carried out by the SBAI Department of
Sapienza University of Rome research group, has a worldwide interest. The proposal of
the C-band accelerator arises from the necessity to maintain compact structures that can
efficiently operate inside a hospital environment. A low-energy C-band linac (12 MeV) was
designed for FLASH IOeRT therapy applications in collaboration with SIT Sordina IORT
Technology Spa. In this paper, we presented the RF measurements and characterization
of the prototype of the low-energy linac. We realized the RF structure design for this
project using simulations code as CST. From the RF electromagnetic study, we get the best
geometrical configuration for the single cells to achieve the correct resonant frequency and
good flatness of the accelerating electric field. We characterized the device with a tuning
procedure to properly balance the coupling among the cells and reach a good field flatness.
These studies allowed us to start developing the complete linac, including the bunching
section, which will be part of an IOeRT device.
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