Progress on the R&D platform
FLASHlat@PITZ:

- we aim to provide uniqgue R&D capabilities for studying
electron FLASH radiation therapy and radiation biology

for you !

Frank Stephan (frank.stephan@desy.de) for the PITZ team,
Head of the Photo Injector Test facility at DESY in Zeuthen (PITZ)
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Outline of the talk

Introduction: FLASH RT, DESY + PITZ
Beam parameters details are important
FLASHlat@PITZ capabilities

Status of realization:
A) Commissioning of mother beamline - tight control of beam properties
B) Start-up beamline for FLASHEat@PITZ - first experiments done
C) Design of full beamline for FLASHlat@PITZ
D) Preparing in vivo lab

E) Idea to detect tumor location and treat it within 1 ms

Summary: you are invited to come and exploit the unique PITZ beam parameter range
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What is FLASH radiation therapy ?

FLASH effect is an experimental observation (Favaudon, 2014), underlying mechanism still under study

* Maedical/biological definition of the FLASH effect (in vivo):

- Sparing of healthy tissue by radiation with short, high intensity pulses (e, p, ion, x-ray)
while having at least the same tumor control as with conventional radiation

100 >
Local tumor 4
control
. L Il Normal tissue
S complication : .
= " <%’%| / (NTCP) - Opening therapeutic window
3,; Ok D> 74 m —> Strongly reduce treatment time,
I / simply life for patients
Q.
/ N - Treating radiation resistant cancer
/ Therapeutic ratio
- o =Pl - With online imaging (e.g. via XFI):
Dose confine dose to moving cancer (e.g. lung)

Basic sketch from M.R. Ashraf et al., Frontiers in
Physics, 2020, doi: 10.3389/fphy.2020.00328
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DESY

Largest accelerator center in Germany, one lab -two locations: Hamburg + Zeuthen (near Berlin)
(ARES: single e bunches, 50Hz, 160 MeV)

Facts and Figures DE&Y@ﬂ&m Uﬁf 3 | pETEXﬁ‘EETzEm &
« publicly funded national research centre of the ‘ ..
Helmholtz Association

« Employees at DESY
« approximately 2700, including 1180 scientists

 Research at DESY in 4 areas:
« Accelerators
* Photon Science (focus in Hamburg)
« Particle Physics
« Astroparticle Physics (focus in Zeuthen)




New activity: = FLASHlat@PITZ

Where we come from and where we go ?

« The Photo Injector Test facility at DESY in Zeuthen (PITZ) was+is used
to test and optimize high brightness electron sources for Free-Electron-
Laser user facilities (FELS) like the European XFEL in Hamburg

« Wealsodo (general accelerator R&D + applications of high brightness beams free space for
= R&D on electron FLASH radiation therapy (FLASHlat@PITZ) FLASHlab@PITZ area:
>6x2x3m3(Ixwxh)
<7 MeVIc /<22 MeV/c lots of beam diagnostics + beam manipulation N
/ Bunch compressor
Gl;n Booster EMSY EMSY TDS EMSY THz undulator
EPT AN
o g0~ 300~ TR O O e (000 0o 00 G O o 4 SN
" Mgl a
& y I 2 Z separated tunnels will
Symbols: ' Eﬂi:‘itz‘r’"e”‘ ~ a?r:j"gv‘:"“ m " Tunnel 1 || Tunnel 2 allow access to |
e- source \ Screen  [|Quadrupole == Kicker oS treatment area while
accelerator is running

O O Faraday cup/ Integrated current = Safety Beam stop

beam dump lransformer magnet
)

\
T

34m Use existing accelerator
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e.g. CLARA,

Thermionic electron source versus photo injector |CLer Pz

SRFgun@HZDR
emittancg |

bucking TPl e st

Standard: B
o — N\ (T _ _ = ser
thermionic electron source  yg()- (- RE High brightness ELE}_ A
. . . & L photo injector: N T soctons

* Heating + grid defines Upias I_r%

. Photocathode laser [ ][ |

length of radiation pulse Uace
defines time structure of electron beam
 RF frequency of
accelerating cavity defines micro structure inside « Length of RF pulse defines maximum length
radiation pulse of radiation pulse

» Repetition rate of RF defines repetition of radiation pulse + total irradiation time during session

This results in very different
* time structure of radiation pattern => experimentally study very different
- possibilities to change the time structure flexible time scales in RT
* bunch charge = instantaneous dose and dose rate
« beam quality =» capability to focus beam for mico beam RT + scanning
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Definition of relevant beam parameters

Here: concentrate on timing parameters for one application period (treatment session / positioning of patient)

treatment

1:b.train thunch
——

time

Aty 1roin
3 GHz linac, therm. emission 1. 3 GHz linac, photo emission
I Time needed for one treatment session < 200 ms for FLASH <1 ms possible
ty train Length of bunch train (in RT commonly called ‘pulse®) e.g.0.5-4 ps O0-1ms
#ounch Number of bunches in bunch train e.g. 1500 — 12000 1-4500
At . in Separation of 2 neighboring bunch trains e.g. 0.003-0.1s 01-1s
Aty ch Separation of 2 neighboring bunches 0.3 ns 0.2-10 pus
thunch Length of individual electron bunch, FWHM e.g. ~30 ps 0.1 —60 ps
Apunch Charge per bunch = average current in train * t, i..in / #ounch e.g. 0.1 -100 pC 0.1 - 5000 pC
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General: characterize beams used

Definition of relevant beam parameters as precise as possible !1!

Here: concentrate on timing parameters for one application period
Examples for bunch trains (‘pulses’):

3000
Ttreatment 5 i iuz A R e T
BE 4; 2500
t . g :%2000— PITZ bunch trains !
b.train . % ., With100bunchesof
r— 3 s charge 2700 £ 15 pC
‘ i 5 E 1000
Atb.train ' 2001

0 2 4 C 8 10
Time [us]

o

0 20 40 60 80 100

C. Bailat, private communication derived from t us

R. Oesterle at al, DOI: 10.1002/acm2.13433

guantity | description mainly used till now | e.g. PITZ
3 GHz linac, therm. emission 1.3 GHz linac, photo emission

I Time needed for one treatment session < 200 ms for FLASH <1 ms possible
ty train Length of bunch train (in RT commonly called ‘pulse®) e.g.0.5-4 ps O0-1ms
#ounch Number of bunches in bunch train e.g. 1500 — 12000 1-4500

At . in Separation of 2 neighboring bunch trains e.g. 0.003-0.1s 01-1s
Aty ch Separation of 2 neighboring bunches 0.3 ns 0.2-10 pus
thunch Length of individual electron bunch, FWHM e.g. ~30 ps 0.1 —60 ps
Apunch Charge per bunch = average current in train * t, i..in / #ounch e.g. 0.1 -100 pC 0.1 - 5000 pC
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Unigue beam properties at PITZ

. Possibility of buNch trains with up to 1 MS length: _HHHHHHHH‘ stms
* Bunch repetition rate within train 0.1 — 1 MHz (opt. 4.5 MHZz)

0.1-1s

—_

* Kicker can be used to distribute the bunches of the

bunch train (1ms) over treatment area
= “painting” tumor with mini beams within 1 ms

= ~no organ motion

» Kicker system is already existing

This is not science fiction !

—

\ Similar kicker system is in every day
o< 1 mm operation at European XFEL !!!

1-2 mm
-> possibility of spatially
fractionated radiation therapy

(SFRT) Courtesy of_—AngeIes

Faus-Golfe
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Unigue beam properties at PITZ

allow extremely flexible treatment parameters and dose distribution (in space + time)

<1 ms //

«  Possibility of bUNCh trains with up to 1 MS length: _HHHHHHH‘H

* Bunch repetition rate within train 0.1 — 1 MHz (opt. 4.5 MHZz) 011
1=1S

L

« Trains can be repeated with up to 10 Hz
= 1 —-1000 bunches in 1 ms (opt. up to 4500)
=> 1 — 10 000 bunches in 1 s (opt. up to 45 000)

* Depending on bunch charge (fC — 5nC) indiv. bunches have
a) length of ~0.1 — 60 ps (bunch compressor)
b) spot size down to ~100um

Bunch charge

Single bunch
OR train

RF pulse rep. rate

* Kicker can be used to distribute the bunches of the
bunch train (1ms) over treatment area
= “painting” tumor with mini beams within 1 ms
= ~no organ motion

Bunch length

Assumptions

Dose per bunch
for table:

» Kicker system is already existing

o : ~20MeV | D r r bunch
- possibility of spatially  beam ose rate pe' OUAE
fractionated radiation therapy ; inwater Dose per train(ms)
ith Imm? :
(SFRT) Courtesy of Angeles V:lrlradg':lr:n Dose rate per traln(ms)

Faus-Golfe
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Dose per second

Two examples:
Options @PITZ: low dose | high dose
case case

0.1 pC 5000 pC
single 1ms train
bunch (1MHz)
1Hz 10 Hz
<1 ps ~30 ps
0.02 Gy 1000 Gy
2010°Gy/s 46103 Gy/s
0.02 Gy 1e10° Gy
20 Gyl/s 110° Gy/s
0.02 Gy/ls 1e107 Gy/s



Parameter space available at PITZ st )

e.g.0.1s
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Courtesy of James David Good,

Marie-Catherine Vozenin, Jean-Francois Germond
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dose rate [Gws] Assumptions for PITZ dots in the plot:

~20 MeV electron beam in water with

1mm? irradiation volume. EI:TZ



Status of realizing FLASHlabt@PITZ

A) Commissioning of mother beamline: lasing at THz SASE FEL, = tight control of beam properties

<7 MeVic <22 MeV/c lots of beam diagnostics + beam manipulation
_ @PITZ
Bunch compressor &
Gun Booster TDS .
- EY EY EY Q\’ THz undulator
: - T INITLNG NIRRT NN NN TR 10 \
U U
i N N I T
\ 0 ]
Symbols: .Dark,cu"ent — Beam exit m Tunnel 1 || Tunnel 2
monitor window Wire scanner
€ source \ Screen DQuadrupole == Kicker
Farad / Int ted t Safet
OO b:;am?:,lfnupp I [:aig;gr?ne‘r:urren = magn)t(at Beam stop

Mother beamline = THz SASE FEL:

 Mother beamline for FLASHlat@PITZ - 17m new beamline were built + commissioned - lasing

—

* Uses bunch charges up to 4 nC + bunch trains FLASHlab@PITZ uses strong synergy

> > Beam properties measurements:
_ o bunch length, bunch charge,
* Needs high reproducibility — transverse beam distribution, beam position
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* Needs tight control of beam properties




Bunch length measurement

Using transverse deflecting structure (TDS) to reach <ps time resolution

Deflecting field

 Measuring principle:

D. Malyutin, Ph.D. thesis,
screen Universitdt Hamburg, (2014)

« Measurement results:

a)3nC MW———r——————7——7  b)1pC 02—
: —— 158.0 deg - i —— 154.0 deg
-22.0 deg | =— -26.0 deg
0, : _
= | - - Peak dose
g 100 ¢ ; g 1o ; distribution !
s | S
o - o
50 - - 0.05 -
| FWHM = 19.8 ps ] : | ]
R T R B T
time (ps) time (ps)
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Typical beam properties from current PITZ beamline

ch | bunch trai Beam distributions for different focusing Beam position stability
arge along bunch train conditions along bunch train
ICT measurement 5.0 [ 15.0 1 &
~3.06 [ ! ' ' ' 7 oyy = 0.7mm7¥Y _
SR ~10 ] Xy
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Status of realizing FLASHlabt@PITZ

B) Start-up beamline for FLASHlab@PITZ - first experiments are done

<7 MeV/c <22 MeV/c lots of beam diagnostics + beam manipulation S
Bunch compressor &S
Gun Booster TDS T
X EY EY EY \:/ THz undulator
: ' GrINELNGY N NIE YNNG N N TN f P
U U a
i BN i il ' 5/ )
& 0 | 5
Symbols: . Dark' current - B:eam exit m Tunnel 1 Tunnel 2
monitor window Wire scanner
€ source \ Screen DQuadrupole == Kicker
00 S e’ et curent gy Soey [ am s

Start-up beamline for FLASHlat@PITZ.

« Allows early experiments on FLASH RT R&D

 Beam characterization
* Dosimetry

» First experiments with chemical, biochemical and biological samples

« Dispersion limits minimum horizontal beam size, only vertical kicker installed
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Start-up setup for radiation beamline
Dipole deflects the beam by 60° to the left

Experiments started
In November

Page 17 EIT%
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Wmdow Lead Gaf. film

Electron beam and dose distributions - /

electrons
_#

Beam measurements: Dose simulations: Dose measurements: -1

0 20 40 60 80 100 140

| Dose Distribution At The Film | Bunch Charge: 2nC |

10 | | I 4.0
Dose [Gy]

5[ 1 3-0 2nC  Shadow of eppi | §
2 ﬁ
2 E 0 - B 2.0 E :? 50
s £ '
£ & w
-5 “® 10
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_10 ! 1 | 0 7 6 5 4 3 2401 2 3 456 7 = p E @ <3 B 4 s 0 1 b t . th 75 b h 10
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7 6 5 4 32 10 1 2 3 4 5 6 7

x[mm] x (mm)

See E-Poster:
“First dosimetry tests at PITZ” by Felix Riemer

Dose Distribution At The Film | Bunch Charge: 12 pC |

10 T T T 1.4 : 50
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6
5
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3
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0.6 ~: ‘ :
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First chemical / biochemical experiments at FLASHlat@PITZ

First proof-of-concept for doing chemical and biological research at PITZ

® -~ lzﬁ ‘ .‘ C ) lzﬂ ‘
© ] S i

in water

H,0, DNA strand break
H,0, generation DNA plasmid conformation
20 100
S %
15 80 THE; a0
- IbaddbtLLEEE Ity e + X Supercoiled, 10° Gy/s
= e 60 *
i 10 e - % Supercoiled, 0.05 Gy/s
S e ° -
£ #o 0 e " Crouanioteys
5 z e 20 ._qmc oooooooo O e o = Circular, 0.05 Gy/s
¥ preliminary £ preliminary
0 Dose 0
cases ?9? 20 40 60 80 100 0 10 20 30 40 50 > comparable for
Dose, Gy Dose, Gy both dose rates

e 0.05Gy/s ®10% Gy/s
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Status of realizing FLASHlabt@PITZ

Design update of full beamline FLASHlat@PITZ

<7 MeV/c <22 MeV/c lots of beam diagnostics + beam manipulation
Gun l Booster J TDS Bunch compressor
N X EMSY EMSY EMSY
K X g
5 0
Symbols: § Dark ourrent Beam exi ] . Tunnel 1
Wire scanner
\ Screen DQuadrupoIe == Kicker
Farad / | d Safet
00 ceamump. ¥ vanatormer ™ magnet [ Beam siop

» Tiny beam size reachable in huge charge range
« Sweeper system allows 2D painting within 1ms

= arbitrary transverse distribution,
no loss from flattening

« Scattering system allows generation of
symmetric beam of several cm width,
~50 % loss due to flattening

Electron beam from PITZ injector

_> 4—
v > @D
0.1-1s > 0.2 us

\ .

B dipole
B quadrupole
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Tunnel 2

* new photo cathode
laser system to be
installed in 2023

- even tighter beam

control
+ higher flexibility

Mlnlmum beam S|ze\

vs charge

051” R | T T T TTT
—o— XYrms
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Example beams (the beam field size is easy scalable):

Water
Phantom

a) From 2D sweeper

o Beam at sample (z=10 cm)
——— e

b) from scattering foil

o Beam at sample (z=30 cm)
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Status of realizing FLASHlat@PITZ YO Michgy,

KOpk e

« Acontainer solution is the

P R i quickest way of allowing
R it a in vivo experiments at PITZ
7 -

SR EITREENS)
ol i  Money was allocated

L JEPN . A

(©)] * In contact with building
companies
Anlleferung |

Schnitt A-A

« Operation of in vivo lab
planned in close collaboration

o, [T @
Laborraum T Dampfsterilsator | | \
| Zone

wn
Q
g
@
2
&

I

ca 1,
carE 50

: with MDC, TH Wildau and
local partners
A
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Courtesy of Florian Gri
= . ner, ili
Status of realizing FLASHlat@PITZ THIESa Staufyy  mrminr o TS

- tightly confine dose to moving cancer -
Principle:
High « detect tumor location by X-ray fluorescence imaging (XFI):
4 19
§ « gold nanoparticles (GNPs) are accumulated in tumor by tumor markers
E » Pencil electron beam scans object and creates ,X-ray echos” by exciting
E fluorescence of these [abels F. Gruner et al., Sci. Rep. 8, 16561 (2018)
S low
=2 <1 ms
© | —JII ;

Example of non-invasive, high sensitive
and quantitative analysis:

measurement of natural iodine concentration
in the thyroid of a mouse via XFlI

Realization: use bunch train

« first part (low dose) - scan narrow pencil beams over sample by x-y kicker

- Check XFl signal for each kicker setting: yes = tumor, no = no tumor

« second part (high dose) - send it exactly to those kicker settings where XFlI
signal was found during scanning in first step = kill tumor

N
o
lodine Mass [ng]

* should be possible within 1 ms = ~no organ motion at this time scale

10

= tightly confine dose to moving cancer (e.g. in the lung) > try @PITZ

0
C. Sanchez-Cano et al., ACS Nano 2021, 15, 3754-3807
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Current cooperation partners of FLASHlabt@PITZ :
~zoR dlkfz, ¥Cu

crmeizersee Universitdt (3 Miinchen

CHARITE
/
iti ) . .o
/ . Universitat Hamburg

UNIVERSITATSMEDIZIN BERLIN
DER FORSCHUNG | DER LEHRE | DER BILDUNG
MANCHESTER
1824

sanne

;;mschmln wnd Bt UHDpU% /
/ I C R The Institute of
Cancer Research

The University of Manchester

WILDAU

cccccccc
Technology
Facilities Council

@ Work strongly
TOPAS | NAPTA: J supported by

|_|3|\||_ UCSF, LLU Yerevan DESY directorate
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With FLASHab@PITZ we ...

offer

« worldwide uniquely wide parameter space to study FLASH radiation therapy

« extremely flexible pulse structure of the radiation (ps 2 yus 2 ms =2 s, min) =» to be chosen by user
« tight control and high stability of radiation (feedback algorithms)

« access for all scientifically interested groups

aim to (together with cooperation partners)

« systematically study under which conditions the FLASH effect is present
« understand the mechanism of the FLASH effect

* push the R&D on FLASH radiation therapy on the next level

« finally find the optimum treatment conditions for curing different types of tumor
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Summary

« Currently collecting interests from FLASH RT community about doing experiments or model tests at PITZ

« to check that we are on the right path
 to align research capabilities to the interests of the FLASH RT community

=>» If you are interested to exploit the unique beam parameter range by doing experiments or model testing
(theory/simulations) at FLASHlat@PITZ and have not been contacted yet

=» send email to frank.stephan@desy.de

=>» | send you short description of capabilities at FLASHlat@PITZ and questions for feedback

=» Deadline for feedback 15.12.2022 oV’
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