SAPIENZA - 7N S A ENRIGO PeRMA

Test beam results of a fluorescence-based
monitor for ultra-high dose rates

Angelica De Gregorio, Micol De Simoni, Gaia Franciosini,
Marco Garbini, Marco Magi, Michela Marafini,
Annalisa Muscato, Vincenzo Patera, Angelo Schiavi, Adalberto Sciubba,

% Marco Toppi, Giacomo Traini, Antonio Trigilio, Alessio Sarti
~ * M &4 REGIONE " s&e
FLASH Radiotherapy with high N /e -

- 0 LAZIO L ER
Dose-rate particle be/Ams |
Antonio Trigilio Test beam results of a fluorescence-based monitor for ultra-high dose rates IWoRID2023 E

. W
a‘ S \
N




Radiotherap

Goal: destroy tumors while

Tumor control

Complication

saving the healthy tissue

 Therapeutical beam (electrons, photons,
light ions) release energy inside the human
tissues — dose — following an optimized
treatment plan.
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Antonio Trigilio

Test beam results of a fluorescence-based monitor for ultra-high dose rates

iWoRiD2023 El




FLASH effect

* The usual way a radiotherapy treatment is delivered is

o)

through a pulsed structure. The total dose is delivered "é

in tens of fractions (~2 Gy, ~minutes or hours), each © 108

made of a sequence of pulses (~1 ys) carrying a small 3

amount of dose. O _We are done!

33 10

* Recently, a new approach has gained great attention, S <J

to the point of being considered the next paradigm in S {00

the future of RT. "é And so on...
* An increased radio-resistance — reduced toxicity — is g 0 5 10 15 20 25 30 35 40 45 50 55 Time (ms)

observed in normal tissues when delivering a single

irradiation at ULTRAHIGH dose rates in a very short Beam

time (keeping anti-tumor efficacy). characteristics CONV FLASH
* This has been named FLASH effect. Its biological

mechanisms are not yet understood, and there is a lot Dose per pulse 0.4 mGy >1Gy

of investigation going on.

| o Inst. dose rate ~ 100 Gy/s > 106 Gy/s

 New accelerators are entering commissioning and (single pulse)

operation, new theories are emerging awaiting Mean dose rate

idati . . ~ 0.1 >
validation... (single fraction) 0.1 Gy/s 00 Gy/s
Total treatment
J. Wilson, et al., Ultra-high dose rate (FLASH) radiotherapy: Silver bullet or ~
fool’s gold?, Front. Oncol. 9:1563 (2020). doi:10.3389/fonc.2019.01563 time days <100 ms
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FLASH effect
H

° Currenﬂy the RRLLEELEETTRYTLEETYEPTLEEE "™,
experimental evidence Conditions to obtain or miss the FLASH effect ; ~&-Christie o (1962-82) -
points to the description il . : @ St.Bartholomew e (1967)
of FLASH as a th_reshold T X NG 350 pulses : e Curie e (2014)
effect. HO.WG\./eI', .ItS ) 1 50 pulses X)i y - -#-Lausanne e (2017-19)
CharaCterlzatlon IS v\ Illlllllllllllllll IIIIII?IIIIIIIIIII | H N EEEENE :
. >, G+ * - Stanford e (2017-2019)
complicated by many ® \ ® -2 :
uncertainties: - m 5 ; @ Stanford e (2020) | FLASH
I= : o : ELBE e (2021) effect
b 1 g [ ] = n
In measurement S . : @ Febetron e (1969-78) ‘;'
S..tr.ategles: I.t IS .8 1pu|se E IIIEIISIRIIFIIRIXII(IZIOI1Ié; ----- |
difficult to evaluate S : m CTFEL MV- X (2021)
quantitatively the 2 : S (000
sparing effect during < [10° - 1 pulse ey ¥
in vivo evaluations; < : CCHMCUC PBS (2021)
g E ¢ Dresden Oncoray p (2019) 7
 In dose g E MD Anderson e (2019)
g,‘fef,as‘f[rf"ée“t& IS 10 ‘ | - _Tpulse @ o Christie e (1962-82) *glf(f)eitLASH
ITMCUIT 10 de- 0 102 10° 104 105 06 107 10°  10° 107  x-Lausanne e (2017-19)
convolute the role —_— —— . ANETO R (2012
playec by the dose \wate In macro-puls@ , X ) & & 203
within each pulse _ F Germond, Lausanne
Jean Bourhis FRTP 2021

and the time of
irradiation.
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FLASH effect

« Beam monitoring is a cornerstone of this research, that
must provide the reliable assessment of the (sometimes

extreme) beam parameters.

 Problem is, BM can be hardly operated in FLASH

environment. |Cs undergo substantial energy
dependencies due to volume recombination.

 (There are attempts to characterize this saturation effect by introducing correction factors.)
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pulse
(= 108 Gy/s
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(a) Advanced Markus, (b) EWC2, (c) EWC1, (d) EWCO05. doi: 10.1002/mp.14620
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Fluorescence for FLASH BM

* According to data in literature, air fluorescence can do the job for us.

* In general, fluorescence is a form of luminescence. It is the emission of light from an excited atom or molecule,
with a lifetime of the excited state around 10-8 s.

* In air, fluorescence occurs on the nitrogen molecule and it is excited via electron impact.
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Fluorescence for FLASH BM

* Pressure and temperature dependencies, as well
as the impact of different percentages of
quenching elements, are present in literature, and
can be accounted for with detector calibration.

beam axis |

* Above all else, the philosophy of using air as the
active volume is to be as “invisible” to the beam
as possible. The system should have minimal

impact (the empty box approach).

<4 Detector filled with Air

» Conceptually, it would fit nicely with the ultra- Fhoton emission Isotropic
high dose rate regime of FLASH-RT. Excited state lifetime 10 ns
extensive air showers in atmosphers. Wavelength spectrum 290-430 nm
for medical BM purposes; s hus a father Fluorescence yield CoEE AR
open field for research. Signal-to-#e~— relation LINEAR
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The first mandatory step is the validation of detection technique (linearity
with the dose rate per pulse) with dedicated test beam at FLASH facilities.

iy it — —— —

— —— = =
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FLASH beam monitoring B

/

_______ _ _ / FLASH DC
100 .
. = MR @e)lseislel Slagils Centered
| B Entries 3000 ] ]
L W s * The first test is always the
L0t IN-OFF beam validation.
E Entries 3000
Mean 112.6
10 =
: Off beam
i Entries 3000
1 E!L | Mean 16.17
TR '5|o' . '1([)o' l1éo' | '260' = '2.;’0' = '3(|)o' - '3éo' . '4(|)o
Charge [pC] |

* Beside the detector geometry we have to
be able to prove that the signal that we see
s really the fluorescence... not trivial at all!

* \Various test beams performing systematic
analysis of signal-to-dose linearity,
background reduction, geometry
optimization...
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FLASH beam monitoring /

The signal is sensitive to the' position with respect to the 2020: SIT
beam (shift, in/off beam)

]

N
o
o

X2 / ndf 17.25/10

Prob el © We verified the expected geometry

dependencies of the detector
response in different positions.

Further indication that the signal is
Indeed due to the production of
optical photons inside the active 4
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* Plot obtained gradually moving
the detector off the beam to
reconstruct the transverse shape.

detector response [a.u.]
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FLASH beam monitoring P

FLASH DC

A linear response is observed over the full range of
Intensities explored.

 The machine available at Pisa is the first electron beam
accelerator that can provide different beam currents => it is the
best place to verify the detector linearity!

x? / ndf 6.605/9
Prob 0.6782
p0 —0.6109 £ 0.04133
p1  3.499e-07 +1.271e-08

P

* However the background induced by the PVC box forced us to 1= S -~
remove the material from the beam line. dose rate per pulse [Gy/s]
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detector response [a.u.]

8.49/3
0.03689
-0.01545 + 0.01068
2.002e-07 + 5.035e-09
ol P g

4 4.5 5
dose rate per pulse [Gy/s]
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FLASH beam monitoring

* Optimized detectors are under development in order
to reduce both the background correlated with the
beam and the impact on the beam line

* A new detector based on optical fibers could allow
to drive and collect the fluorescence light far from

the beam line.

* A preliminary measurement at SIT demonstrated that, even if
we distance the light collection system from the beam, we are
still not able to “switch off” the signal.

* Cherenkov light is produced inside the fibers [1]. The
background is still too important.

* We need to further distance the system from the beam,
carrying the light outside the room.

[1] Journal of Biomedical Optics, Vol. 18, Issue 2, 027001 (2013).
Kyoung Won Jang et al. Application of Cerenkov radiation generated in plastic optical fibers for therapeutic photon

beam dosimetry. https://doi.org/10.1117/1.JB0O.18.2.027001

J ' \.“Tr -\. ‘. ‘ by \... { ‘\.
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https://doi.org/10.1117/1.JBO.18.2.027001

FLASH beam monitoring

* For our second round of testing at Pisa, we
verified that, even at 2 m away from the
machine, the fibers still produce
background, so we remove them and put
the PMT at 2 m from the beam exit window.

* The setup Is, as usual, equipped with the
possibility to measure also the background
for each configuration and perform a
background subtraction to evaluate the
fluorescence contribution.
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LASH beam monitoring
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M S/N is still large.. but this is due to the readout system
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FLASH beam monitoring

S 0.05:
g - Beam current
FLUORESCENCE B ol 1.5 Gy/pp
'; B | 5 - Beam current
s i ¥2 / ndf 15.2/7 : - 0.9 Gy/pp
— | Prob 0.03347 I j -
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O B pO 0.000467 £ 0.0001576 | bl oy i :'
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25 [ The statistics is very low... only 30 pulses

Beam current [Gy/pp] h :
ave been acquired (for each current).
O 3% syst. err on current . ( )

O 3% syst.err@stat.err on charge
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Conclusions

4

/ FLASH DC

M Definitely strong evidence that fluorescence
signal has the expected linearity as a
function of the beam current.

[ The background in the readout system (PMT)

is not negligible also at very large distances * FLASH has all the
credentials to be the

(only behind the wall of the room is zero). o
next revolution in

] With this setup we have background of oncological treatments...
about 30%. but it is a long way...
M Fluorescence is huge (we saturate easily at » Tools and detectors for monitoring and

high currents). dosimetry are eagerly needed at such

] We had to reduce the acceptance with a ?:ir?awl gr?sii r?tes... and they are
diaphragm... this feature is necessary to ging:
avoid saturation of the PMT at high currents.

i  aectorht 0084004404

M We have a detector that has NO MATERIAL
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Thank you for your attention!

THATS A 600D QUESTION !




Backup

Ashraf MR, Rahman M, Zhang R, Williams BB, Gladstone DJ, Pogue BW and Bruza P (2020) Dosimetry for FLASH Radiotherapy: A Review of
Tools and the Role of Radioluminescence and Cherenkov Emission. Front. Phys. 8:328. doi: 10.3389/fphy.2020.00328
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A Dose Rate: Single Pulse (Dp) B
| CONV = 100 Gy/s ! i
| FLASH = 105Gy/s 4 Ts at 360 Hz | Beam Characteristics CONV FLASH
l< L t t l t t I‘ t t I > ! Dose Per Pulse ~0.4 mGy ~1 Gy
y, 0 1 2 3 4 5 6 7 8 9 | De
Dose Rate: Single Pulse ~100 Gy/s ~1OSGy/s
Do
Mean Dose Rate: Single Fraction Mean Dose Rate: Single Fraction ~0.1 Gyls ~ 100 Gy/s
(D) D
Dose Rate : Total Treatment | = TL AS? E) 675 -
Radiosurgery | Total Treatment Time ~days/minutes < 500 ms
20 Gy/dy l T
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o L |||||||6O|||||||| > <l |
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Backu

.5
- Response Detectors Measurement FLASH study Instantaneous dose-rate/dose per Spatial Time-resolution Energy 7
| type pulse (D) dependence resolution dependence }
_ 1D, 2D e [15, 37, 71] Independent (~10° Gy/s) [80, 137] ~1mm _ Tissue-equivalent %
1D, 2D, 3D p[13, 18] Independent (~10° Gy/s) [29] ~1mm ~Ns Tissue-equivalent ;
1D, 2D, 3D e [29] Independent (~10° Gy/s) [29] ~1mm ~pSs :
2D NA Independent (~108 Gy/s) [85] ~1pum _ %
“Charge lonization 1D, 2D p[13, 18, 19] e ~3-5mm  ~ms Energy dependence
chambers [15, 37, 71] ph shows up > 2 MeV §
[16, 17]
Diamonds 1D p [18] ~ 1mm ~IS Tissue-equivalent 3
Si diode 1D, 2D NA ~1imm  ~ms -
1D e Independent (10° Gy/s) [69] Tissue-equivalent
| [12, 15, 37, 139] |
:. ]
2D p[18, 19] Independent (10° Gy/s) [70, 71] ~1pum Tissue-equivalent §
| e [10-12, 15, ’?
§ 30, 37, 71, 140] g

ph [16] ,
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Backup

Di Martino Model

25
= Ks pm(75V), p = 0.038 * - = ks (75V), a = 0.668, B = 1.086 e
- = ks pm(200V), p = 0.091 * - Ks ((200V), @ = 0.764, B = 0.898 ,/*
-~
—— ks om(350V), p = 0.14 X M —— ke(350V), @ = 0.832, B = 0.796 %~ K
20 l - ks,DM(GOOV), p=0.221 ’*_ ”””” 20 d = ks‘L(GOOV), a = 0.967, B = 0.66 o
* ks'abs(75\/) - - ’*’ * kS,abS(75v) }///*
¥ ks. abs(200V) //’/ X ks,abs(zoov) R
¥ ks.abs(3sov) /,’/ X ks,abs(350V) ///
15 o * ks,abs(eoov) /// * 15 - ) 4 ks,abs(ﬁoov) *,//
// 7
e -’
) 0 ”’
X " X X X
r 4 o
- B ’ e
0 /// X p A _5———&}-' 10 *// - =X "~
¢ e == R X -
/ - -
Nl X 4 - ——
R X @ mmm———- 2L Shaduinie Pa X _x==X"TTX
5- 3 ” -——‘__—-——*_ > 4 5- // ”” 'x ——————— \ —
// - ;’”px —————— Y— ______ X o D o e _),(_2.<_ // X”’x PSR s X___}{___/{.——;(—X
w//’ T % 208 ——_’(———_X_____.}(_
i%’f”§ X *2$:Z§-—"""<—
O E 1 I 1 1 1 I O - 1 1 1 1 1 I
0 1 2 3 4 D 0 1 2 3 4 D
Dose-To-Water (Gy/pulse) Dose (Gy/pulse)
a doi: 10.1038/s41598-020-65819-y b

Logistic Model
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Backup

—

o~ = 3
é, arXiv:astro-ph/0409727 . %
« How many photons we expect at > 116 o
typical 10eRT and VHEE energies? - — Kakimotoetal. | 344 8
e, - o
w . —
° Nagano et al. E g
g= S
EPE
Ex ph./m (Fluor.) ph./m (Ch.) i 8
10 MeV 4 (@4) Under thr. :
20 MeV 4 (@4n) 6 (@0.1°) T
130 MeV 5 (@4m) 70 (@1.4°) Kinetlc Energ
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Backup
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Backup

* A MC simulation has been developed to perform a S 5ol
model of the detection technique. = Dati
| 3 h MC
* It works well with the expected beam parameters (some 3 a0l
of which are not present in the simulation, secondaries g - ;
and uncertainties in the energy and angular S L
divergence...) 2
= 30—
* Introducing the measured parameters in this model we i |
will continue with the optimization of the geometry. 20l
10/ \
i T
L | | | | | |
IOIIII5IIII1OIIII15IIII20IIII2511

posizione x [cm]
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