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Study of the phase dependency of RF cavities on gamma ray distribution

G. R. Montoya-Sott, G. H. I. Maury-Cuna, and V. M. Lizarraga-Rubio

Departamento de Bica, Universidad de Guanajuato, e 37150, Mxico,
e-mail: gr.montoyasoto@ugto.mx

C. A. Valerio-Lizarraga, S. Millan-Estrada, C. Duarte-Galvan, C. Aguilar, I. Leon Monzon, and J. E. Leyva-Cervantes
Universidad Aubnoma de Sinaloa, Culién 80000, Mxico.

Received 4 December 2024; accepted 30 May 2025

A front-to-end simulation study of a gamma irradiator was conducted, covering the entire process from the electron gun to the gamma rays
going into a collimator, to investigate the impact of the RF phase on the irradiation process for continuous wave (CW) beams. Instead
of considering an ideal monoenergetic beam to generate the gamma rays, we use a more complex simulation where initially, the electror
gun generates a continuous beam of 50 ke\2.5 keV energy, which then passes through a multi-cell S-band RF cavity, accelerating the
electrons to a final average energy of 6 MeV. Subsequently, the beam interacts with a tungsten plate downstream, generating gamma ray:
An integrated simulation system consisting of specialized software for different study aspects has been developed. Poisson Superfish an
CST Studio were used for RF cavity design, Travel for beam dynamics analysis, and Geant4 for simulating electron-gamma conversion and
tracking. All beam properties were exported between codes in such a way that the particles position, energy, and RF phase dependency wel
preserved throughout. This work aims to define the realistic limits of the electron beam quality in RF electron linear accelerators for gamma
irradiation.

Keywords: Electron-beam; gamma-rays; irradiation; beam dynamics; RF phase.

DOI: https://doi.org/10.31349/RevMexFis.71.051203

1. Introduction is absent and evaluate its necessity by comparing a realistic
beam with an ideal mono-energetic beam. This is all done
In various applications, irradiators take a continuous low-to see the feasibility of using this kind of layout in medical
energy electron beam and accelerate it to energies on the aipplications, such as breast cancer treatment.
der of MeV using an RF cavity. However, this continuous  In our layout, the electron beam is accelerated by an RF
beam cannot be fully transmitted due to the cavity’s limitedcavity. Then, it travels freely for 1 cm before colliding with a
longitudinal acceptance capacity. Electrons that are not capungsten target, producing a gamma-ray shower. The gamma-
tured are mostly lost to the cavity walls or are deceleratedray beam is then propagated until collimation using a square-
Our focus is on the electrons that successfully travel througBhaped iris. The collimator shape is kept as simple as pos-
the linear accelerator (Linac). sible to preserve the influence of the properties of the elec-
Several other works have studied how to improve thetron beam on the ones from the gamma-ray. This collimation
guality of the gamma beam produced by the Linac using &erves the purpose of limiting its energy spread and trans-
combination of collimators, and flattening filters, however,verse beam size. Finally, a water volume is placed at the end
these studies have not considered the quality of the electraof the layout to facilitate measurements of energy deposition
beam in their analysis [1-3]. in the region. A figure of the layout is shown in Fij.
In this work, we designed a compact electron Linac utiliz-
ing a (7+6)-cell S-band RF cavity operating in th& mode. > RE cavity
The design considered factors such as energy gain, energy
spread, emittance evolution, and particle transmission. Th&he RF cavity was designed using Poisson Superfish [4] and
S-band frequency is widely employed in accelerator appli-CST Studio (CST) [5]. The initial section of the Linac ac-
cations due to its balance between maximum beam intensityounts for beam velocity to improve beam transmission by
and size, making it particularly suitable for a range of scien-employing the half-cell length approach [6]. To preserve
tific and medical applications. Our project involved compre-good emittance, the cavity design constrains the transverse
hensive beam dynamics simulations to assess the behaviorlpéam size to below 1.5 mm [6].
an electron beam as it is accelerated through the cavity. The electromagnetic field map of the cavity was exported
In applications requiring small energy dispersion, ato the Travel code [7] for beam dynamics simulations. An
dipole is used to remove electrons with undesired energieslectron beam with an energy of 50 kel 2.5 keV and an
before the collision with the target. However, the magnet ig.m.s. size of 1 mm was used as the input beam for the cavity.
not employed in many other applications where the energy The beam particle distribution in the phase-energy plane
dispersion is not critical. In this study, we assume the dipol€longitudinal plane) after passing through the cavity is shown
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FIGURE 1. System layout. From left to right, the RF Cavity

(black), the target (orange), the gamma beam (green), the collima- 5 ,
tor (orange), and the water volume (blue).
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FIGURE 2. Energy phase space spectrum of the electron beam at
the output of the RF cavity before colliding on the target.

in Fig. 2. The color scale represents the density of particles
in a logarithmic scale. 8% of the particles range in energy
from 5.75 MeV to 6.8 MeV and in phase from7 to 10 de-
grees. The beam is bunched in an optimal phase but present | . 1y

a long tail of particles with a final kinetic energy below the —60 —40 —-20 O 20 40 60

ideal one. This indicates that, while a portion of the beam is

properly accelerated, a significant number of particles/15 FIGURE 4. Energy and emittance dependency of the RF phase.

of the population, are not reaching the optimal energy due to

the longitudinal acceptance of the cavity. This is the standar@nalysis provided insights into the evolution of emittance and
way of representing the beam’s longitudinal phase space, aryerage energy, revealing that the lowest emittance, observed
it is useful for synchronizing the cavity output with the next at 50 degrees, does not align with the phase of maximum ac-
part of the accelerator [8,9], while being readily verifiable celeration, which occurs at12 degrees. Furthermore, the
through energy- and time-based phase space measuremerigsults indicate two distinct emittance values for the same
However, one of its disadvantages is the loss of informatiorenergy, as shown in Fig. 4. This variability in emittance at
about the particle injection phase since there is a shift in theift given energy could result in differences in the focal point
RF phase as they travel along the cavity. when the electron beam is focused using a magnet.

Thus, to perform an end-to-end simulation, the injection  Figure 4 also shows that the energy plateau ranges from
phase information of the particles must be preserved as they40 to 25 degrees, this allows us to set the limits for applica-
traverse the cavity. This ensures the ability to study the detions where beam energy dispersion is important, and where
pendency of the final electron energy on the input RF phase} magnet or pulsed gun would need to be added [10,11].
resulting in an energy-phase space diagram that clearly illus-
trates the relationship between the input phase and the final _
energy of the electrons. This can be seenin Fig. 3. The coloB. Gamma conversion
scale, presented in arbitrary units, indicates the particle den-
sity, with yellow regions representing higher particle densi-Once the electron beam passes through the cavity, it col-
ties. The results show that particles within the phase range dides with a tungsten plate, generating gamma rays. To study
—50 to 40 degrees are effectively accelerated. these effects, the output beam from the cavity was exported

From this new phase space diagram, it becomes evidef® Geant4 [12].
how the final energy follows the RF phase. The maximum The Geant4 simulation is configured with a tungsten plate
energy is achieved when the electrons enter the cavity at gpositioned precisely at the output of the RF cavity, at a dis-
input phase equal te- 12 degrees. Additionally, the longitu- tance of 1 cm. At this point, the electron beam collides
dinal capture range, where electrons can be effectively accewith the 0.4 mm thick tungsten plate, producing gamma rays
erated, spans from50 to 60 degrees. through the bremsstrahlung interaction process

After identifying the output beam characteristics as a  The target thickness has been chosen to produce gamma
function of the RF input phase, a phase scan was performed tays effectively [13]. Its placement is as close to the cavity
analyze the temporal evolution of all beam parameters. Thisas possible to minimize the dependency on the output beam

Emittance 1 r.m.s [nm)]
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focal point. However, this configuration is known to gener-
ate back-scattered radiation, which will be neglected in thistagLe I. Gamma beam parameters after target collision.
work.

Once the gamma rays are produced, they travel a distance Parameter Ideal Realistic
of 0.4 m in a straight path before reaching a tungsten colli- Emittance (m.rad) 0.06 0.05
mator. This collimator has dimensions@f x 0.1 m and a Mean Energy (MeV) 0.99 0.95
thickness of 4 cm. To monitor the evolution of the gamma Energy Disp. (MeV) 1.02 0.99

beam, gamma-ray particle data is collected in three differ-

ent positions: the downstream surface of the tungsten platg;ye emittance values are similar, but the reason why the real
right before and after the collimator. This setup enables thgeam has a lower emittance can be attributed to the cavity
observation of collimation effects on beam quality, which is giing a profile similar to a Gaussian distribution, while the
critical for various applications that depend on uniform irra-;qea beam follows a uniform distribution.

diation. Some electrons may pass through the collimator; this

phenomenon, known as ‘electron contamination’, has been

excluded in this study. 4. Gamma beam and RF phase effect

In addition to shaping the gamma beam with the collima-
tor, further processing can be applied to enhance its unifordsing the two extreme cases of the electron beam proper-
mity [3,14,15]. However, our focus is on preserving as muchties presented in the previous section, we compared the effect
information as possible related to the beam’s source. Excesf the RF phase on the gamma beam after the tungsten tar-
sive hard cuts in the beam profile may lead to a loss of criticaget. Figure 6a) shows that the mean energy of the produced
data derived from these source-based differences. gamma beam follows a similar trend to that of the electron

To evaluate the generation of gamma rays of a realisti®€am, providing insight into the overall dependency of beam
beam, such as the one shown in Fgan ideal beam was quality. It is observed that the gamma beam energy never ex-
used for reference. The ideal beam has a kinetic energy ¢feeds 17 % of the electron beam energy within the RF phase
6 MeV (with no energy dispersion), is cylindrically symmet- range of—70 to 50 degrees.
ric, and has a uniform radial distribution with a radius of 1 Itis presented in Fig. 6b) that the gamma beam emittance
mm. In Fig. 5, it is shown that in both cases, 80of the  and energy spread do not share the same trend. This dis-
gamma beam has an energy below 1 MeV. Additionally, thecrepancy holds within the constraints of the beam dispersion
gamma beam energy distribution is observed to be identicaiven by the RF cavity, whereas the electron-gamma conver-
for the two cases studied. The energy spectrum indicates thagion, within the target, dominates the gamma beam quality.
as expected, only a small fraction of the gamma rays retain
the maximum e-beam energy. This suggests that the gamm¢

beam properties like the energy dispersion, and emittance are 4|
dominated by the target thickness, as summarized in Table = =
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FIGURE 5. Gamma beam energy spectrum at the collimator en- FIGURE 6. Average energy a) and energy spread b) at the RF cavity
trance with the beam generated using an ideal beam and the RButput for electrons, and immediately after the tungsten target for
cavity output from Fig2. gamma rays.
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FIGURE 7. FOM of the gamma beam power right after the target.
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FIGURE 8. Profile of the gamma rays energy deposition in a water
volume for the monoenergetic and cavity beam.
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a water volume from the gamma rays created by the ideal
monoenergetic and the realistic beam from the RF cavity.

The energy deposited by gamma rays was monitored in
a water volume sectioned longitudinally, allowing for precise
tracking of the energy distribution across different regions of
the sample. When the gamma rays interacted with the wa-
ter volume, the results revealed negligible discrepancies be-
tween the two beams. Figure 8 demonstrates the minimal
differences observed, which were expected due to the similar
characteristics of the gamma energy spectra from both beams.
This serves as a crucial consistency check for the irradiation
process.

6. Conclusions

The preservation of beam properties throughout the entire
process, from beam production to gamma generation, is
achievable for a better design of gamma-ray irradiators.

The analysis of the RF cavity phase allowed us to observe
how the electromagnetic fields within the cavity affect the
electron beam. This, in turn, directly influences the gamma
beam quality and the efficiency of the irradiation process.

One of the primary studies involved varying the input
phase of the beam into the cavity to examine how beam pa-
rameters change as a function of this phase. This analysis
identified the optimal acceleration region, which is critical for
optimizing the performance of the irradiator as the maximum
energy spread for the gamma production is at the maximum
acceleration gradient.

Setting the RF cavity to produce an electron beam with
a mean energy of 6 MeV, the FOM proves useful in setting
limits on the design so that the gamma beam can meet qual-
ity requirements when necessary, such as in radiotherapy and
other scientific applications in medical science.

For applications where only high gamma intensity is re-

We define a figure of merit (FOM) for the gamma beamauired and quality is not an issue, such as water irradiation,
power, calculated as the product of the gamma beam’s medfi€ €léctron to gamma conversion can be improved by de-

energy, £, and the conversion efficiency, Figure 7 il-

signing an RF cavity with higher longitudinal acceptance at

lustrates the correlation between the FOM and the optimdin® €xpense of beam quality. o
phase, showing that the beam power decreases to beldw 60 Thanks to the gamma beam similarities, future stud-

beyond the 50-degree phase window.
The inclusion of a dipole magnet after the cavity will al-

low us to select the electron beam energy that can be seen agqf

selection window on the RF phase from F3gproportional to

ies could focus on enhancing irradiation uniformity of the
beam produced by the RF cavity and layering through fur-
r gamma-ray beam processing in addition to the use of a
simple collimation.

the beam bending angle, as the bending angle increases, the

beam will tend to the monoenergetic beam previously stud
ied.

5. Deposited energy comparison
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