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Abstract

The Photo Injector Test facility at DESY in Zeuthen
(PITZ) is preparing an R&D platform for electron FLASH ra-
diotherapy, very high energy electron (VHEE) radiotherapy
and radiation biology based on its unique beam parameters:
ps scale bunches with up to 5 nC bunch charge at MHz bunch
repetition rate in bunch trains of up to 1 ms in length repeat-
ing at 10 Hz. This platform is called FLASHlab@PITZ.
The PITZ beam is routinely accelerated to 22 MeV, with a
possible upgrade to 250 MeV for VHEE radiotherapy in the
future. The 22 MeV beam will be used for dosimetry exper-
iments and studying biological effects in thin samples in the
next years. A new beamline to extract and match the beam to
the experimental station is under physics design. The main
features include: an achromatic dogleg to extract the beam
from the PITZ beamline; a sweeper to scan the beam across
the sample within 1 ms for tumor painting studies. In this
paper, the beam dynamics with bunch charges from 10 pC
to 5 nC in and the preparation of the new beamline will be
presented.

INTRODUCTION

The FLASH radiation therapy (FLASH-RT) has drawn
worldwide attention in recent years for its reduced damage to
healthy issues [1,2]. FLASH-RT usually uses an ultra-high
peak dose rate (>40 Gy/s), that is two orders of magnitude
higher than that in conventional radiotherapy and thus needs
much shorter treatment time. While the underlying bio-
logical mechanisms are still not fully understood, a broad
parameter space study will help to define the optimal work-
ing window for FLASH-RT. Therefore, the Photo Injector
Test facility at DESY in Zeuthen (PITZ) has proposed an
R&D platform for electron FLASH-RT as well as very high
energy electron (VHEE) radiotherapy and radiation biology.
This platform, called FLASHlab@PITZ, will take advantage
of the unique beam parameters at PITZ. The PITZ accel-
erator runs in the RF burst mode, with an RF pulse length
up to 1 ms and a repetition rate at 1-10 Hz. The electron
bunches in the RF pulse repeat at a frequency of 1 MHz,
making a bunch train of 1000 at maximum. Meantime, the
bunch charge can be tuned from sub-pC to 5 nC. The 22 MeV
beam will be used for dosimetry experiments and studying
biological effects in thin samples in the next years [3]. The
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very flexible electron beam parameters and widely tunable
dose distributions and rates are summarized in Table 1. In
this paper, we report the beam dynamics studies performed
at a few typical bunch charges up to 5 nC.

Table 1: Parameter Space Summary for FLASHlab@PITZ

Parameters Low dose case High dose case
Energy 22 MeV 22 MeV
Charge 0.1pC 5nC
Single bunch single bunch train
or train bunch 1 ms x 1 MHz
RF pulse rep. rate 1Hz 10Hz
Dose per bunch 0.0002 Gy 10 Gy
Peak dose rate - 1x107 Gy/s
within train

Avg. dose rate 0.0002 Gy/s 1x10° Gy/s

* Assuming e-beam in water with 1 cm? irradiation volume.

DESIGN OF FLASH-RT BEAMLINE

The PITZ photoinjector consists of an L-band RF gun
with a CsTe semiconductor photocathode, a cut-disk-
structure (CDS) booster accelerator and various transport
and diag-nostic devices, e.g., momentum spectrometers,
phase space scanner, steerer and quadrupole magnets. The
gun runs at a gradient < 60 MV/m, providing a maximum
beam energy of 6.2 MeV. After acceleration in the booster,
the beam energy can reach as high as 22 MeV. Then the
beam will travel a long way before being sent to a
downstream undulator in the tunnel annex (~25 m
downstream the photocathode) for the generation of THz
radiations, as shown in Fig. 1.

The new FLASH-RT beamline will be installed in the
tunnel annex, in parallel with the THz free electron laser
(FEL). The electron beam will be translated by ~22 m with
a dogleg, which consists of two dipole magnets which de-
flect the beam in opposite directions with bending angles
of 60 degrees and two pairs of quadrupole magnets. To re-
move dispersive effects at the dogleg exit, the strengths of
quadrupoles in the dogleg should be properly chosen. This
can be done with transfer matrix method, as implemented
in the software Elegant [4]. By making it achromatic (i.e.,
7= 0, n; = 0), the beam quality degradation due to energy
dispersion is minimized, which is especially critical at high

MCS: Applications of Accelerators, Technology Transfer and Industrial Relations

U01: Medical Applications



13th Int. Particle Acc. Conf.

ISBN: 978-3-95450-227-1 ISSN: 2673-5490

IPAC2022, Bangkok, Thailand

JACoW Publishing
doi:10.18429/JACoW-IPAC2022-THPOMS008

X

wall I I I I I ’ wmdow .Water
Phantom
PITZ tunnel T“””e' J -
apture Triplet TDS Focus Triplet Sweeper B solenoid
43m g
> Bdipole | Sextupole, optional
\* N \m
> l quadrupole
Electron beam from PITZ injector \ Qo msolenoid
e, W 3
< > J‘:’L. ! Dlag
0.1-1s 1us

LCLS-I undulator

.

Figure 1: The layout of the FLASH radiation therapy beamline at PITZ.

charges. The transfer matrix of the achromatic dogleg has a
nonzero R56 (0.11 m here), which allows to manipulate the
bunch length by tuning the longitudinal phase space with
the booster accelerator phase. A pair of sextupole magnets
are being considered to minimize higher order effects. The
dispersion functions along the dogleg are shown in Fig. 2.
The dispersion was removed by the pair of quadupoles next
to the dipoles while the other pair focus the beam in the
non-deflection plane.
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Figure 2: The dispersion functions along the dogleg.

Following the dogleg is a quadrupole triplet that captures
the electron beam from it. The quadrupoles can also be used
to focus the beam in the measurement of longitudinal bunch
profiles by the transverse deflection system (TDS), which
prefers a small beam size in the streaking plane for better
resolution and also a tight beam in the other plane for higher
signal-to-noise ratio. Together with the second quadrupole
triplet, it will enable a widely controllable beam size at the
exit window: from sub-mm to cm RMS.

In the case of a small focused beam, the electric sweeper
can be used to kick the bunch train transversely to cover
the sample within less than 1 ms for tumor painting studies.
Besides, a short pulsed solenoid installed around the window
is under consideration for focusing the kicked electron beams
again to the sample, in order to produce a Bragg-peak like
dose distribution in the samples [5, 6].
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START-TO-END SIMULATION

To ensure the exploration of the full parameter space pro-
vided by the PITZ photoinjector, start-to-end simulations
have been carried out at four different bunch charges: 10 pC,
100 pC, 1 nC and 5nC. Below 10 pC, the space charge ef-
fects are negligible, therefore simulation results at 10 pC
also work for lower charges.

Optimization of Photoinjector

In the simulations, the initial beam distributions were
generated according to the photocathode laser at PITZ. The
Gaussian laser has a FWHM of 7-8 ps and an adjustable
RMS size (typically ~ 1 mm). A so-called beam shaping
aperture (BSA) can cut out an approximately uniform trans-
verse distribution when the BSA diameter is small, that
works for charges below 1 nC. At 5 nC, a Gaussian truncated
distribution is assumed instead, due to the large BSA size
necessary for emission. The BSA diameter was optimized
at each charge together with the main solenoid current, in
order to reduce the beam emittance right after the booster
(5.28 m downstream the photocathode). The simulations
were done by the particle tracking software Astra [7]. The
optimized beams were then matched to the dogleg (25.3 m
downstream the photocathode) with the Ocelot code [8], as
discussed below. After that, the booster phase was tuned to
minimize the energy spread at the dogleg. This step was not
done earlier because the space charge effects would change
the energy spread during the transport from the booster exit
to the dogleg.

In Fig. 3, it shows on the left the beam emittance as a
function of the main solenoid current at various BSA di-
ameters and on the right the RMS and correlated energy
spread at the dogleg as a function of the booster phase, for
the bunch charge of 1 nC. The correlated enegy spread, de-
fined as 05" = (E}z)/ o, measures the correlation between
the energy and longitudinal position of the electron bunch.
It will be studied in the future for tuning the bunch length
by the dogleg. At other charges, similar results have been
observed as well.
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Figure 3: Normalized beam emittance vs solenoid current vs
the BSA diameter (left) and correlated and RMS energy
spreads vs booster accelerator phase with respect to the

maximum mean momentum gain phase (right).

Matching of the Beam into the Dogleg

For the beam transport in the dogleg, a symmetric beam
envelop with respect to the midplane of the dogleg (dashed
line in Fig. 1) was considered, that means a, = a,, = O at the
midplane. By scanning the beta functions at the midplane,
various beam distributions could be found at the dogleg
entrance by back tracking. Under this condition the beam
is always converging in the deflection plane at the dogleg
entrance. Since the last matching quadrupole upstream the
dogleg is far, a small alpha function is favored in the deflec-
tion plane to avoid a too big beam size near the last matching
quadrupole. At 5nC, the smallest alpha function found from
beta function scan still resulted in a too big beam there due to
strong space charge effects, the alpha function was reduced
further, making a slightly asymmetric beam envelop in the
dogleg, as shown in Fig. 4. The matching process has
been simulated at each bunch charge, using a similar strategy
described in [9].

In Fig. 4, it shows the beam transport from photocathode
(s = 0 m) to the exit window (s = 33 m) for the four cases,
where a symmetric beam envelop can be found in the dogleg
(starting from ~ 25 m) for three low charge cases. For all,
the RMS beam size near the last matching quadrupole fits
well with a 35 mm diameter beam pipe.

Focusing of the Beam at the Exit Window

There are a few application scenarios for the FLASH-RT
study at PITZ. For example, the sample could be irradiated by
one high charge beam in tens of picoseconds, or irradiated by
many strongly focused low charge beams scanned across the
sample within 1 ms. The latter could mean better uniformity.
In Fig. 4, the beam has been strongly focused for all cases, the
resulting beam size ranging from 0.02 mm RMS at 10 pC
to 0.5 mm RMS at 5nC. To demonstrate the adjustable
beam size, the 1nC case has been studied in details. In
Fig. 5, it compares the strongly focused beam (left) with an
intentionally enlarged beam (right, by a factor of 10) at the
position of the exit window. Although the focused beam has
a square-like shape due to strong focusing and space charge
effects, it is worth noting that the scattering effects in the exit

THPOMSO008
2956

IPAC2022, Bangkok, Thailand

JACoW Publishing
doi:10.18429/JACoW-IPAC2022-THPOMS008

window will dominate the following beam transport, which
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Figure 4: Start-to-end simulations on the beam transport at
10 pC, 100 pC, 1 nC and 5 nC from top to bottom.

makes the transverse profiles into a Gaussian distribution
after drifting for a few cm in the air [10].
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Figure 5: Transverse distributions with the electron beam
strongly focused (left) and enlarged by purpose (right).

CONCLUSION

An R&D platform for exploring the wide parameter space
at PITZ for studying the FLASH radiation therapy is cur-
rently under design. By adding a parallel beamline to the
THz FEL in the tunnel annex, the new beamline has been
studied by start-to-end simulations and its capability of de-
livering widely adjustable beam profiles at various bunch
charges has been demonstrated. The bunch length manipula-
tion in the dogleg will be studied next and device acquisition
will be started in the meantime.

MCS: Applications of Accelerators, Technology Transfer and Industrial Relations

U01: Medical Applications



13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing

ISBN: 978-3-95450-227-1 ISSN: 2673-5490

REFERENCES

[1] V. Favaudon et al., “Ultrahigh dose-rate FLASH irradiation
increases the differential response between normal and tumor
tissue in mice”, Sci. Transl. Med., vol. 6, no. 245, p. 245ra93,
2014.doi:10.1126/scitranslmed.3008973

[2] B. Lin et al., “FLASH Radiotherapy: History and Future”,
Front Oncol., vol. 11,p. 644400,2021. doi:10.3389/fonc.
2021.644400

[3] F.Stephan et al., “FLASHlab@PITZ: New R&D Platform with
unique Capabilities for Electron FLASH and VHEE Radiation
Therapy and Radiation Biology under Preparation at PITZ”,
submitted for publication.

[4] M. Borland, “elegant: A Flexible SDDS-Compliant Code for
Accelerator Simulation”, APS, IL, United States, Rep. LS-287,
Sep. 2000.

[5] L. Whitmore et al., “Focused VHEE (very high energy
electron) beams and dose delivery for radiotherapy applica-

doi:10.18429/JACoW-IPAC2022-THPOMS008

tions”, Sci. Rep., vol. 11, p. 14013, 2021. doi:10.1038/
s41598-021-93276-8

6] K. Svendsen et al., “A focused very high energy electron beam

[7]

(8]

(9]

for fractionated stereotactic radiotherapy”, Sci. Rep., vol. 11,
p. 5844,2021.doi:10.1038/s41598-021-85451-8

K. Flottmann, ASTRA particle tracking code, http://www.
desy.de/~mpyflo/

1. Agapov, G.Geloni, S.Tomin, [.Zagorodnov, “OCELOT: A
software framework for synchrotron light source and FEL stud-
ies”, Nucl. Instrum. Methods Phys. Res., Sect. A, vol. 768, pp.
151-156, 2014. doi:10.1016/j.nima.2014.09.057

X. Li et al., “Matching of a Space-Charge Dominated Beam
into the Undulator of the THz SASE FEL at PITZ”, in Proc.
IPAC’21, Campinas, Brazil, May 2021, pp. 3244-3247. doi:
10.18429/JACoW-IPAC2021-WEPAB257

[10] Z. Amirkhanyan ez al., “Heating and Beam Impact of High In-

tensity Exit Windows for FLASHIab@PITZ”, presented at the
IPAC’22, Bangkok, Thailand, Jun. 2022, paper THPOMSO010.

MCS: Applications of Accelerators, Technology Transfer and Industrial Relations THPOMSO008

U01: Medical Applications

2957

©

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



