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Abstract  [Background] Ultra-high dose rate (UHDR) radiation of electron or proton beam has been shown to
spare normal tissues surrounding the tumors while killing tumor cells effectively which is called the FLASH effect
(FE). However, the internal mechanisms of FE has not yet been fully revealed, and the optimal parameter range for its
use remains unknown. [Purpose] This study aims to design an UHDR cell irradiation experimental platform that
provides a stable, appropriate and wide range of adjustable dose and average dose rates for exploring the FE
dependence on total dose. [Methods] Based on a 7MeV medical proton linear injector, a single scattering nozzle was
designed and optimized using the Monte Carlo code FLUKA. A 40-pm-thick tantalum foil, acting as both a vacuum
window and a scatterer, was comprised in the nozzle with a source-to-surface distance of 26 cm. Finally, a single
pulsed shoot-through UHDR cell penetration irradiation experiment was conducted by simulation using optimized
parameters for this platform. [Results] The simulation results demonstrate that the experimental platform can provide
a 2 cm diameter irradiation field with a dose homogeneity of 4.9%. By adjusting the beam intensities (0.1~1 mA) and
pulse widths (20~200 ps) of proton beam pulses, the dose and corresponding average dose rate of this platform can be
adjusted within the range of 6~667 Gy and 3.3x10°~3.3x10° Gy-s™, respectively. Results of simulated UHDR cell
irradiation experiment show that the monolayer cells can be irradiated using a single pulsed shoot-through mode with
a dose rate of 3.3x10° Gy's™' and doses ranging from 7~40 Gy. [Conclusion] This platform enables UHDR
experiments to explore the FE dependence on total dose, providing further experimental data for clarifying the FE
mechanisms.

Key words FLASH, Proton therapy, Monte Carlo, Design of experimental platform, Medical linear injector
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Table 1 Some experiments that have observed the FE in vitro
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Radiation type Accelerator Energy /MeV ~ Dose/ Gy Average dose rate / Gy's™'
-7 Electron ™ Bk LINAC 10 0~25 600

%257 Carbon ion " [F]?5 Synchrotron 280 7.5 70

Jii-¥- Proton {71 Singletron accelerator 45 0~20 1 000

Jii-F Proton ! WO TR Laser plasma accelerator  2.7~5.8 10~40 10°

Jii-F Proton ! A FLHOE PW laser facility 2 7~37 0.15~0.25
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Table 2 Initial beam parameters set in FLUKA

RRZH FLUKA H )% B i
Beam parameters Set in FLUKA
HF-2R 7 Particle Proton

it Energy 7 MeV

RIS Beam size (o) 2.5 mm

B> B Momentum spread (FWHM) 0.35 MeV/c

173 B Divergence (FWHM) 5 mrad
Dose / 10° Gy
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0.8 225
1.97
0.6 1.69
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5]
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0.2
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Fig.1 Dose distribution in a 2-cm-diameter x 700-pm-long
water phantom irradiated by a single proton beam pulse
(7 MeV, 6.5 mA, 50 ps) passing through a 10-pm-thick
titanium vacuum window
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Fig.2 Structural schematic of the UHDR cell irradiation experiment
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Fig.3 Variation of multiple scattering angles with energy loss
for 7 MeV protons in various materials
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4. Calculate Two Indicators of the Dose Homogeneity
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b. Residual Range: Indicates the Homogeneity of Longitudinal
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Satisfy the Experimental
Requirements?

5. Calculate the 3D dose Homogeneity and Determine
the Most Suitable set of Parameters Based on it

End

El4 FET FLUKAZEAT IR Sk S H AL p i e ]
Fig.4 Flowchart for determining the optimal set of nozzle
parameters based on FLUKA
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(a) Nozzles with varying materials and thicknesses of metal foils and SSDs, (b) Nozzles with different thicknesses of tantalum foil
and SSDs
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Table 3 Simulation results for a single proton beam pulse (7 MeV, 0.1 mA, 50 ps) passing through a 40-um-thick tantalum
vacuum window and drifting different distances in air (SSD), with a simulation number of 1.6x10’

VR BB R R )R S A RIS ZHEFIEISIE TR
Source-to-surface distance Homogeneity of lateral Homogeneity of longitudinal Homogeneity of 3D dose Average dose / Gy
SSD /cm dose H, / % dose H,/ % Hy /%

25 3.4 1.7 53 17.3

26 32 1.9 5.1 16.7

27 3.0 2.1 5.1 16.2
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29 4.7 2.7 7.2 15.5
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Fig.8 Simulation results for UHDR cell irradiation experiments using a single proton beam pulse (7 MeV, 0.1 mA, 50 ps) on this
experimental platform
(a) Overall distribution of proton fluence in the experimental platform, (b) Energy spectrum distribution of the proton pulse directed
into the water surface, (c) Depth-dose curve in the 150-um-long x 2-cm-diameter water phantom of the proton pulse, (d) Dose
distribution in the irradiation field of the experimental platform
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Fig.9 The pulse dose rate as a function of beam intensity for this experimental platform (a), and the experimental plan for
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