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The report presents the design of the linear electron accel-
rator for a complex of radiation therapy. The three-electrode
lectron gun and C-band accelerating structure are optimised
o produce a therapeutic electron beam with an energy of
MeV and a dose rate of 10 Gy/min and a beam with an
energy of 2.5 MeV to obtain a portal image. The beam size
at the bremsstrahlung target in both modes does not exceed
%< 2 mm. The total length of the accelerating system with the
£ electron gun does not exceed 330 mm. The accelerating
g structure is fed by RF power from a multibeam klystron at a
£ frequency of 5,712 MHz with a maximum pulsed power of
Z 3.5 MW.
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INTRODUCTION

This work describes the results of beam dynamics calcu-
lation in the linear accelerator with the maximum energy
of 6 MeV, intended for the complex of radiation therapy
KLT®6 [1].

The following requirements are specified for the linear
accelerator KLT6:

e Accelerator length, i.e. distance from the bremsstrah-
lung target to the radiation shielding exterior part: max-
imum 350 mm.

e Minimum lateral dimensions of the accelerating struc-
ture to reduce the radiation shielding weight.

¢ Sequential operation at two values of the accelerated
electron beam energy: 6 MeV in the therapeutic dose
delivery mode and 2.5 MeV in the portal image acqui-
sition mode.

* Maximum dose rate at the axis at the distance of 1 m
from the bremsstrahlung target without a flattening fil-
ter with the energy of 6 MeV in the therapeutic dose
delivery mode: at least 10 Gy/min.

* Electron beam diameter at the bremsstrahlung target:
maximum 2 mm at half height of charge distribution.

The accelerator, we are developing, differs from those
used in similar complexes by a possibility to switch energy
of the accelerated electron beam within a broad band, as
well as by small longitudinal and lateral dimensions of the
accelerating structure.

In order to achieve the declared characteristics of KLT6,
we have selected a 5-cm wavelength band of the accelerating
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field (C-band). As for a combination of a number of charac-
teristic of the accelerating structures (in particular, value of
the effective shunt impedance, maximum accelerating field
strength, diameter of the beam hole, overall dimensions),
the C-band is the most appropriate for the compact electron
accelerators with a relatively low average accelerated beam
power (no more than several kilowatts).

We plan to use as an RF source the multi-beam klystron
KIU-273 with reversed permanent magnet focusing, operat-
ing at 5,712 MHz with maximum pulsed power 3.5 MW [2].

PARAMETERS OF THE ACCELERATING
STRUCTURE

The basis of the accelerator is a bi-periodic accelerating
structure with on-axis coupled cells, operating at the fre-
quency of 5,712 MHz in the standing-wave mode, optimised
for operation in a broad band of energies of the accelerating
beam. The structure was developed earlier by Laboratory
of Electron Accelerators MSU Ltd (LEA MSU) for the ac-
celerator of the mobile cargo inspection system [3]. The
distributions of the electric field of operating mode within
the structure volume and along its axis are shown in Fig. 1(a)
and 1(b), respectively.
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Figure 1: (a) Geometry of the accelerating structure with
operating mode electric field distribution. (b) Distribution
of the electric field along the axis. (c) Relationship between
the output beam energy and the pulsed RF power loss in
cavities walls.
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The initial part of the accelerating structure was optimised
in order to ensure a longitudinal and transverse beam focus-
ing. The accelerated beam energy is regulated by changing
the level of RF power delivered to the accelerating structure.
With at least a double change in the accelerated beam power,
the value of the current capture efficiency of the electron gun
is at least 50% and the focal spot size at the bremsstrahlung
target does not exceed 2 mm at half height of current distribu-
tion. The length of the accelerating structure, including the
initial part, is 210 mm. The maximum electric field strength
along the axis for the energy of 6 MeV exceeds 50 MV/m
and the maximum field strength at the inner surface reaches
170 MV/m. Figure 1(c) shows calculated relationship be-
tween the accelerated beam energy and the pulsed RF power
loss in the walls. To obtain the energy of 6 MeV, the RF
power losses shall be about 2.3 MW; the energy of 2.5 MeV
is reached with the RF losses of about 0.8 MW.

The prototype of this accelerator [3] is designed for gen-
eration of the maximum dose rate of bremsstrahlung ra-
diation at the axis at the distance of 1 m from the target
D = 0.6 Gy/min with the duty-off factor O = 840. For the
KLT6 project, the dose rate should be increased almost by
20 times with the same duty-off factor.

The pulse current of the accelerated beam required for
generation of the specified dose rate may be evaluated based
on the empirical formula for the dose rate of bremsstrahlung
radiation at an angle of 0° at a distance of 1 m from the
bremsstrahlung target [4]:

D ~ 0.33E°I,415¢/Q (Gy/min),

where E is an energy of the electron beam at the bremss-
trahlung target, MeV; I, is a pulse current of the beam,
mA. For the values E = 6 MeV, Q = 840, D = 10 Gy/min,
we obtain /5. = 120 mA. This value of the accelerated
beam current can be obtained at the injection current from
the electron gun Ig,,, = 250 — 300 mA.

ELECTRON GUN

To generate the designed dose rate of 10 Gy/min with
the energy of 6 MeV and the beam spot size at the brem-
sstrahlung target of maximum 2 mm, the geometry of the
three-electrode electron gun has been optimised. The calcu-
lations have been made using the CST code [5].

The design of the electron gun optimised for KLT6 is
shown in Fig. 2(a). A cathode having the diameter of 4 mm
and the sphere radius of 5 mm and a flat control electrode
are used in the gun. Figure 2(b, c) show, respectively, the
beam current and the RMS radius at the enterence to the
accelerating structure as function of the control electrode
voltage. The current value, needed to generate the dose rate
of 10 Gy/min, is reached at the control electrode voltage
relative to the cathode of less than 3 kV. At the enterence to
the accelerating structure, the beam has the RMS radius of
no more than 0.6 mm and the moderate divergence, which
should ensure its acceleration with low loss in the beam
channel of 8 mm in diameter.
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Figure 2: (a) Design of the electron gun of the accelerator for
KLT6. (b) Beam current. (c) RMS radius at the enterence to
the accelerating structure as function of the control electrode
voltage.

BEAM DYNAMICS IN THE
ACCELERATING STRUCTURE

The beam dynamics in the accelerating structure with the
electron gun described in the previous section has been also
calculated using the CST code [5]. Figure 3 shows calculated
beam spots, histograms of current transverse distribution,
and energy spectra at the bremsstrahlung target for the ac-
celerated beam energies of 6 MeV and 2.5 MeV. The main
results of calculations are summarised in Table 1.

Table 1: Main Results of Beam Dynamics Calculation for
the Energies of 6 MeV and 2.5 MeV.
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Parameter 6 MeV 2.5 MeV
Dose rate, Gy/min 10.5 0.37
Current of the gun, mA 245 245
Accelerated current, mA 150 124
Capture efficiency, % 60 50
RMS radius of the beam, mm 0.7 0.84
RMS divergence, mrad 8.2 29
Energy spectrum width, keV 100 500
RF loss in walls, MW 2.3 0.8
Beam power, MW 0.9 0.25
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Figure 3: Beam spots (a, b), histograms of current transverse
distribution (c, d), energy spectra of the beam (e, f) at the
bremsstrahlung target for the energies of 6 MeV (left column)
and 2.5 MeV (right column).

As it follows from the calculations, the necessary dose
rate for both energies, calculated taking into consideration
the energy spectrum of accelerated beam, may be generated
with the same voltage at the control electrode of about 3 kV,
which ensures the gun current of 245 mA. If necessary, the
dose rate may be regulated by changing the duty-off factor
by means of regulation of beam current pulse duration or
pulse repetition rate.

CONCLUSION

The calculations of beam dynamics in the C-band elec-
tron accelerator for the complex of radiation therapy KLT®6,
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intended for the generation of bremsstrahlung radiation
with the beam energy switched over between the values
of 2.5 MeV and 6 MeV for procedures of stereotactic and 3D
conformal radiation therapy, have been made. The calcula-
tion data have been used for development of the accelerator
design.

ACKNOWLEDGEMENTS

This material is based upon work supported by the Min-
istry of Education and Science of the Russian Federation,
under Grant Agreement No. 14.582.21.0011, Grant Agree-
ment Unique ID RFMEFI58217X0011.

The authors thank N.V. Shvedunov for developing the de-
sign of the electron gun and accelerating structure; A.S. Si-
monov for helpful discussions and advice.

The authors are also grateful professor of the Moscow
State University B.S. Ishkhanov and academician of the Rus-
sian Academy of Sciences V.P. Smirnov for project support.

REFERENCES

[1] Grant Agreement between the Ministry of Education and Sci-
ence of the Russian Federation and JSC NIITFA, “Creation and
transfer for clinical studies of a sample of an complex of radia-
tion therapy on the base of 6 MeV accelerator and cone-beam
tomograph”, Grant Agreement No. 14.582.21.0011, Grant
Agreement Unique ID RFMEFI58217X0011, 2017.10.03.

[2] JSC NPP "TORIY", https://www.toriy.ru

[3] “Electron accelerator of the C-band for the mobile inspec-
tion complex UELR-6-0,2-D-0,6-1, TU 6912-001-17697883-

20177, Moscow, 2017.

W.P. Swanson, “Radiological Safety Aspects of the Opera-
tion of Electron Linear Accelerators”, IAEA, Technical Re-
ports Series, N. 188; https://www-pub.iaea.org/MTCD/
publications/PDF/trs188_web.pdf, ISBN 92-0-125179-
3,1979

[5] Computer Simulation Technology, https://www.cst.com

(4]

Beam dynamics, extreme beams, sources and beam related technologies

Beam Dynamics, beam simulations, beam transport



