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Thesis

There ARE numerous reports on intense or/and multi-MeV beams
(up to 100 MeV/amu) generated in laser plasma.

There ARE several perspective_ methods and various approaches how to get
hardon beams with preset parameters from laser-plasma source.

Laser-based hadron beams ARE widely used in scientific research
(f.e for radiography diagnostics of ultra-fast phenomena in plasma,
for induced radioactivity and materal science)

Today there IS NO “favorite” approach to provide laser-based hadron source
to be _certainly_ suitable for conventional technological applications
and medical treatment
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Radiation therapy with hadrons

Most of the energy deposited in cells by ionizing radiation is channeled into the
production of abundant free secondary electrons with ballistic eneries 1~20eV.

Pa3pbiB uenoyku AHK B sgpax
naToreHHbIX KeToK.

CwwuBka AHK

Noteps

MoTtepa HykneoTuaa
C pa3spblBOM HUTH

[=}
o
E
[=}
@
Q
I
=
n

Moaudumkauma
ocHoBaHMA

PaspbiB 0g4HOW HUTK
AHK

Il H. Lodish, Molecular Cell Biology (2003)

L

MoHusunpyrowee nsnyvyeHme

PaspbIiB AByX Huten [H

4
-~

Cytoplasm can tolerate 250 Gy (Gy =1 J/g)
Hit to Nucleus: 1 to 2 particles Kkill cell.

. . . o 2 nm
Issue with radioresistive cells/tumors




Hadrons vs X-rays

The linear energy transfer (LET)
from x-ray photons occurs in the
course of one

single reaction per photon, which
results in an exponential
attenuation.

The heavy protons loose their
energy due to multiple
interactions with the electrons,
resulting in Bragg peak in LTE(l).
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CT scan of a tumor in the head overlaid by
a treatment plan giving the dose in a linear
color scale: a scanned carbon beam from
two entrance ports (left) is compared to
x-ray treatment plan using 9 entrance
channels (right).



A cancer therapy center - construction cost

Proton Synchrotron | Laser-based —
facility source, source ons
min$ (estim), min$
Building and 40 2
shielding
Accelerator 25 S
Siemens
Beam delivery 30 10 Heidelberg
to patient
Carbon facility X3 X1.5
“factor”




Requirements for ion beam therapy

-M

Maximum energy

Protons MeV 250
Carbon ions MeV/u 430
2 Number of particles/sec pp/s  5x1010
10°
3 Energy spread - 10-2
4 Discrete step of the MeV 5
beam energy control
5 Bunch duration ms 400~1000
6 Repetition rate Hz PDDS -0.15
ADDS - 20
Vi Dynamic range of control — PDDS - 10°
of particle per bunch ADDS - 10

// G. Kraft, Prog. Part. Nucl. Phys. 45, S473 (2000)



Treatment possibilies with lower energy hadron sources

Novadays «average record» value for laser accelerated proton energy
is in the range of 50-80 MeV

Stopping range of 80 MeV protons in water exceeds 50 mm.

Small tumor <50mm depth from surface of skin:

— Ocular disease
(melanoma, age related macular degeneration)
— Paranasal/nasal tumor
— Thyroid cancer
— Laryngeal cancer
— Skin cancer
— Chest cancer
— Superficial LN tumor |
— Lung cancer near the chest wali | v =,

DOSE DELIVERED

DEPTH IN TISSUE ° ©



Other requirements for ion beam therapy

Dose: 40 - 80 Gray distributed over 10-20 fractions
-> 1€9-1e10 ions per fraction and few minutes

Spatial and energy control: mm-scale @ 20cm depth
-> 200 MeV @ percent level control

-> mm pointing (contour shaping)

-> 5% position dependent dose control

Clean beam (no other species, X-rays...)

High pulse repetition rate for scanning



Proton and ion acceleration

Advantages of mass-limited targets
(MLT) are obvious

Maximum ion energy achieved is
proportional to laser intensity —
confirmed

With laser systems providing

> 1e20 W/cm? intensities the fastest
part of accelerated ions reaches
100 MeVs energies suitable for
therapy applications,

however the vield of such ions is
far below reasonable demand yet.

with lasers - overview
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ns for various ion acceleration mec

Different mechanisms dominate the ion accleration depending on target
surface density (or thickness of the foil) and laser parameters.
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rget normal sheath acceleration (TNS
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Maximal energy (MeV)

Particle number (a.u.)

Target normal sheath acceleration (TNSA)

TNSA acceleration is extremely sensitive
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TNSA distinct signatures

[ the acceleration dominantly happens in a virtual cathode at the back side
of the target with reported energies of up to 67 MeV (protons)

0 the dominant species is protons due to their high charge to mass ratio
0 protons originate from nm-thin surface contamination layer

0 the energy spectrum is typically exponentially decaying with a sharp
high energy cutoff (at up to 67 MeV for protons)

0 acceleration of heavier ions requires removal of the contamination layer
with target heating

[ the target is opaque to the laser during the whole laser interaction



Radiation Pressure Acceleration (RPA)

Electron
ne compression area
Circular I /
Polarization R Electron
n / 1\ deletion area
Laser . -

// T. Esirkepov et al. Phys. Rev. Lett. 92, 175003 (2004)

Another regime of RPA - for targets
of sub-skin-depth thickness

(d <L), where the laser light leaks
through the target and accelerates
electrons on the back side of the
target into the vacuum - results in
less efficiency and broad energy
spectra.

// A. Henig et al. Phys. Rev. Lett. 103, 245003 (2009)



Break-out Afterburner (BOA) Mechanism
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Break-out Afterburner (BOA) Mechanism
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Break-Out Afterburner (BOA) Mechanism
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Precise attenuation of target thickness is
demanded.

Proton energy of 120 MeV is achieved.

BOA mechanism coupled with CP laser beam
provides the conditions for multi MeV

proton and sub-GeV Carbon beams with
remarkable energy spectra bandwidth.
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phisticated target design, and actively-shaped targe

Double-layer targets — High Z to increase electron yield, Low Z — as proton source
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Sophisticated target design, and actively-shaped targets
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Proton and ion acceleration

Advantages of mass-limited targets
(MLT) are obvious

Maximum ion energy achieved is
proportional to laser intensity —
confirmed

With laser systems providing

> 1e20 W/cm? intensities the fastest
part of accelerated ions reaches
100 MeVs energies suitable for
therapy applications,

however the vield of such ions is
far below reasonable demand yet.

with lasers - overview
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issue with laser pulse



Laser pulse temporal profile - key issue in practice

plateau All the approaches above consider

true solid target irradiated by single
ultrashort laser pulase

[Laser ASE and prepulses preheat, shape

and partially destroy the target

| ———————> | > |

Se £

Prepulse

Main‘pulse
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100 0 -100 -200 -300 -400 ps



Toward high quality hadron beams

Magnetic selector (chikcane)

s // C.-M. Ma et al.
BLICOKOH Med. Phys. 28, 1236 (2001)
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Disadvantages of solid thin foil targets

Laser-solid interaction:

Relatively low absorption laser radiation (~10-50%)

Target ablation - debris danger for optical elements

Not easy to change the target - prevents high repetition rate source
Most prospective nm-foil targets are expensive and fragile

Laser pulse _
Solid target X rays

Debris . " % High energy electrons

Widely used in science but less suitable for applications



Increase of X-ray yield in cluster targets

pm clusters

Target O Hep O Lya
photon photon
yield, yield,
Isr*shot | /sr*shot

Bulk SiO2 1.3 E9 0.9 E9

Si02 4.7 E9 4.3 E9

aerogel

CO2 20 bar |4.1E9 6.6 E9

no clusters

CO2 60 bar | 3.1 E10 3.0 E10

The targets of submicron or
nanometer scale structures

provides the increase of X-ray yield
up to an order of magnitude

Ay Sum—

Reflection ~ 5 -10%

// V.P. Efremov et al. Phys. Res. A577 (2007)

Due to Coulomb explosion of each

Plasma with density significantly
exceed critical laser density and

cluster or bead the source radiates consist of multicharged ions and

almost isotropically in full spatial

electrons with keV energies

angle, so provides wide field of view

and homogeneous illumination of
investigated object.



The option - submicron gas cluster targets

clusters (@ 1 - 1000 nm) High efficiency of laser
© energy absorption by

submicron clusters (90-95%)

plasma
Huge total surface of

the target = the
increase of X-rays and
fast ions yield.

©

Increase of electron density
where cluster expansion

O interacts with each other =
gas nozzle X-ray yield increases

© Almost isotropic ion flow due to Coulomb explosion of clusters

)

Reduced or even negligible debris production

Easily and fast renewable target = inexpensive realization
of Mass Limited Target concept



The role of laser pulse contrast

. Laser pulse:
5 main
5 -2
51 prepulse
§ 10% \
<
10°® T T r T T
0 200 400 600 800 1000
fs
| ~10'-10'® W/cm?
main
Contrast: | /I ~ 10%-10°
main’ prepulse
~ 10!2-101 W/cm?
prepulse
I |
|
Prepulse

would be enough strong
to destroy the clusters
and create a plasma

Conical nozzle, co, clusters, P= 20 bar

Low contrast High contrast
Pinhole FSSR Contrast
i SR 3x10¢
pulse

i C 0
10

§
7

Lyﬁ LyY

A. Faenov et al., Proceedings of SPIE, 4504, 14-25 (2001)

To employ the advantages of cluster target

it is necessary to provide high contrast
laser pulse ( 2 107 for I = 10'® W/cm?)



The role of ambient gas

During cluster production in supersonic gas jet a fraction of gas, which turns into
clusters is not higher than 30 % (typically it is about 20 % only)!

Transmission

CO, gas fraction

Absorption by residual gas significantly decreases

w5l L 7 the soft x-ray radiation output
o " y {7 ° X-raV
< * —> Use of the He gas in mixture strongly
SQ(M L reduces soft X-ray radiation absorption
\2
| CO, cluster fraction Clusters concentration
e gas 410,
| 10% CO, +90% He
1.0 % ///7 3x10°
038 \N\m% CO, +90% He N 7 T
2 ° ® O ) 2X10
0.6 < . 3
o> 1x10°
0.2 o CO, clusters OO 1 o 2
, ,

Wavelength, Angstrems

100 ~ 200 300 Contains of ambient He gas sufficiently
improves clusterization process!



Dependence on cluster size

2.5x1018 W/cmZ, 30

fs,

—

)

x

—

o
L2
|

d

cluster

webisl

Intensity (arb. units)

d, . ~01pum

cluster

~0.75 pm
Ar=60 bar

Ar=50 bar

Ar=40 bar

Wavelength

// Y.Fukuda,Y.Akahane,M.Aoyama et al.
Laser Part. Beams 22, 215-220

| I |
39 40 41 42 43

(A)

Cluster size should be >100 nm,
preferably >500 nm

Cluster cloud should be of
several mm in diameter to
realize laser radiation channeling

—Jpepecial nozzle design and
choose of gas pressure
and composition are of
great importance

Theoretical model of cluster
formation has been developed

in IMM RAS // A.S.Boldarev et al.
Rev. Sci. Instrum., 77, 083112 (2006)
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AI203 substrate

Frozen nanodroplets

ﬂzo frozen droplets Mo substrate

Substrate Absorption coeff.
Clear Snow
surface | coated

Molybdenum | 0.5 0.5

Sapphire 0.58 0.94

Nanoscale solid cluster structure can

O be easily produced by freeze of water

o

condensate at well-polished surface.

Two times better laser absorption
efficiency (94%) is provided

// with A. Zigler group, Hebrew University Jerusalem



Ton acceleration achieved in gas cluster targets

Nozzle top

Density of atoms (x10'® cm-3)

The choose of optimal conditions both
for submicron gas clusters creation
and for laser beam focalization
provides in-order higher energy

of generated ion flow.
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absorbed in 1 pm gas
clusters initiated fast ion
flow with energy ~10 MeV

Fast ion energy linearly
dependent on laser intensity

With 10-20 TW laser facility
we can expect (107 ions/shot)
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Features of the acceleration methods - summary

Coulomb explosion of cluster targets:

+ Most easily renewable target, no debris in the interaction area allowing
frequent and long lasting ion burst generation

+ Inexpensive realisation of MLT concept
+ Effective transfer of laser energy to ionizing radiation yield
- Broad angular distribution, very broad energy spectra.

Target Normal Sheath Acceleration:

+ High yield (1e10-1e12 p/bunch),

+ Low transverse emittance (15-20 deg. divergence)

- Broad energy spread, few % efficiency

- Expensive targets especially when sophisticated geometry is applied,
- A lot of debris, doubt with high repetition shots

- Limited use with next generation of ultra-intense lasers

Radiation Pressure Acceleration:

+ Quais-monoenergetic beams, Low transverse emission

+ High energy hadrons expected

- Demand ultra-high laser contrast and few nm-scale target thickness
- No practical realization yet



EM-field measurements by proton deflectometry
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Proton radiography for laboratory astrophysics

Proton radiography method is applied
to measure EM field distribution in
laboratory astrophysics experiments
with colliding plasma flows initiated
by kJ ns laser pulses
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Transverse diagnostics

Il together with LULI Ecole Polytechnique
and Osaka University

The appearance of vortex

' inhomogeneities along the

| interaction interface is registered
caused by the development of

| Kelvin-Helmholz instabilites

- Collisionless interaction area
imaged by proton radiography
with ~ 4 MeV protons

2 mm// Phys. Rev. Lett. 108, 195004 (2012)



Energy of transmitted ions:

Polypropylene ,
t=1pum
150 > 320 keV
2C > 270 keV

Images of the 1 micron thickness
polypropylene foil obtained with the low
energy ions:

lication of cluster based source for ion radiogra

CR-39 (1) CR-39 (2)

Experimental conditions (14-05-08):

Laser: 36fs, 4.7 TW, 4x10Y W/cm?
Target : 90%He + 10% CO, (Pgas = 60 bar)
N shots = 2800

Samples: CR-39 plates, covered by polypropylene
Distance to the target:

CR-39(2) - 140 mm
CR-39(1) - 160 mm
Angle of irradiation (to the laser beam axis):
CR-39(1) - 30°
CR-39(2) - 90°

Estimated number of ions:@ ions/shot

CR-39 low ions energy observations confirmed
isotropic ion distribution from the cluster plasma

37



Proton and ion acceleration

Advantages of mass-limited targets
(MLT) are obvious

Maximum ion energy achieved is
proportional to laser intensity —
confirmed

With laser systems providing

> 1e20 W/cm? intensities the fastest
part of accelerated ions reaches
100 MeVs energies suitable for
therapy applications,

however the vield of such ions is
far below reasonable demand yet.

with lasers - overview
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Delivery methods

Passive dose delivery
system (PDDS)

PDDS means the simultaneous
irradiation of a whole target (or
irradiation of the most part of
the target) by a wide ion beam

Active dose delivery
system (ADDS)

ADDS-consecutive irradiation of
the target voxels by the narrow
ion beam using the 3D
raster-scan or spot technique:
beam is stopped on the voxel up
to full accumulation of required

dose
// G. Kraft, Physica Medica 17, 13 (2001)
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Expositions of biosamples to laser-accelerated hadrons

f il oIS windoy ULITUR  DNA double-strand breaks induced by
the irradiation of laser-accelerated
protons, y-H2AX centers appeared due to
in vitro irradiation of cancer cells.

// A. Yogo et al. Appl. Phys. Lett. 94, 181502 (2009)

The fraction of surviving cells after the

§ . | irradiation with the laser-accelerated

o R ‘ i protons, with the reference to x-ray dose
e efficiency

S

a0 3 // K. Zeil et al. Apl. Phys. B. 110, 437 (2013)
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Conclusion - key issues to be solved

Coulomb explosion of cluster targets:

+ Most easily renewable target, no debris in the interaction area allowing
frequent and long lasting ion burst generation

+ Inexpensive realisation of MLT concept
+ Effective transfer of laser energy to ionizing radiation yield
- Broad angular distribution, very broad energy spectra.

Target Normal Sheath Acceleration:

+ High yield (1e10-1e12 p/bunch),

+ Low transverse emittance (15-20 deg. divergence)

- Broad energy spread, few % efficiency

- Expensive targets especially when sophisticated geometry is applied,
- A lot of debris, doubt with high repetition shots

- Limited use with next generation of ultra-intense lasers

Radiation Pressure Acceleration:

+ Quais-monoenergetic beams, Low transverse emission

+ High energy hadrons expected

- Demand ultra-high laser contrast and few nm-scale target thickness
- No practical realization yet









Frozen nanodroplets target

H,0-nanodroplets on Sapphire substrate

100 fs 500 fs
H,O - snow — A
Snow Sapphire
— Parameter
100 fs 500 fs 100 fs 100 fs
500 fs
— |N_cm? 1020 1020 1020 Jeling
O He, T eV 90 88 93
Tion keV 7 3 3 oLy,
T, keV 90 40 50
b,,./b, 4 4 4

9 190

186 187 18.8 18.9 19.0
Wavelengths, A

Wavelength, A

o According to X-ray spectroscopy measurements the improvement in
fast ion acceleration increases correspondingly to absorption efficiency



JTazepHbIn kOMnnekc agpoHHon Tepanumn (JIKAT)

HasBaHue = JlazepHbIn komnnekc agpoHHon Tepanuu (JIKAT)

= [peumr3noHHoe paanaLnMoHHOE paspyLleHne 3r10KaYeCTBEHHbIX ONyXoren ¢ MUHUMarbHbIM

Ha3HauyeHue 0
BO3AENCTBMEM Ha 300POBbIE TKaHU

= |/|CI'IOJ'Ib3yPOTC$I MOHbI, YCKOpPAEMbIE B CBerI'IJ'IOTHOIZ HepaBHOBeCHOIZ nnas3me, KoTopad B
CBOIO o4epenb co3gaeTcd npu BO34ENCTBUMN n3ny4yeHna MOoLHbIX CbeMTOCGKyH,D,HbIX
Jla3epoB Ha HAHOCTPYKTYpPbl — TOHKNE (bOJ'IbFI/I M ra3oBble KJ1lacTtepbl

MpuHUKMN
paboTbl

= MowHocTtb umnyneca, TBT — ot 200 XapakTepucTukm
= [nutensHocTb nMmnynsca, gc — ot 30 chemTOCEKYHAHOrO Nnasepa
= OHeprusa npotoHoB, MaB — ot 100
OcHoBHbIe 9
napameTpbl = [1noTHOCTb NoToka, wrt./c.— 10 XapaKkTtepMCTUKM Ny4Ka
= MoHo3HepreTnyHocTb, AE/E (%) — >0.01
= [nybwuHa 3aneraHus onyxnu, cMm — ao 15 MoTpebutenbckue
= [ponyckHasa cnocobHocTb, Yen./rog — 250-300 | xapakTepucTUKU
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JTazepHbIt KOMNNEKC aapoHHOW Tepanumn
[MpnHUMN gencTens

= Tepanus NPOTOHHLIMW W YrnepogHbIMu nyykamu  [lo3a, nornoweHHasa 6Monornyeckon TKkaHbHo, B
npu3HaHa Ha cerogHsi Hanbonee 3aPEKTMBHON N  3aBUCUMOCTU OT FMyOMHbI MPOHUKHOBEHMUA U TUNA
caMon npeunsmoHHon dopmMon pagnaumMoHHOM WMOHU3UPYHOLLEro u3ny4veHus
Tepanun rnyboKo pacnonOXeHHbIX ONyXoren

= OTO CBA3aHO C 0COOON 3aBUCUMOCTbLIO BEMUYUHBI
3Heprun, nepegaBaeMon TKaHAM, OT  MyOuHbI "0_1oos
MPOHUKHOBEHUS AOPOHOB B BELLECTBO - Tak ' ,
Ha3blBaembIM “nukom bperra”. ok bSO MeVia 1

= [lonoxeHune nuka bperra (rnybuHa pacnonoxeHus ; 1
B 00ny4aemon TKaHu) 3aBUCUT OT SHEPTUKN YacTul,.
N3mMeHsAss 3Ty SHEeprum, MOXHO MNPELM3NOHHO
CkaHupoBaTb 0Ony4aemyto ob6nactb, nony4as
NpakTUYeCKNn OOHOPOAHOE pacnpeneneHve Oo3bl
obnyyeHuns C  OTHOCUTENbHO HebonbLNM
0bny4YeHneM OKpyKatoLLMX 340POBbIX TKAHEWN

HUNA
w

obnyye

[lo3a
[ 3=}

= [Npober oo ocTaHOBKKU B Terie nauneHTa npoTOHOB 18 mev |
C aHeprnen 75 MaB coctaBndaet 3 cMm, a aHepruen
230 MaB — 25 cm. JlazepHble NCTOYHUKM BbICTPbIX
WOHOB  [OIXHbl YOOBMETBOPATb  XKECTKUM
TpeboBaHVsaM: ONA  Uenen Tepanuu 3Heprus
npoToHoB formkHa gocturate 100 — 250 MaB, a nx

konmyecTtso 10" wr. e R TR o

photons |

120 keV

My6uHa NPOHUKHOBEHUS (CM)



JTazepHbIt KOMNNEKC aapoHHOW Tepanumn
HaHopa3mepHbie MULLEHU

[na nosbiweHna adpPEKTUBHOCTN Harpesa nnasmsol
NCMNonb3yHoT HaHOpa3MepHbIe 00BbEKTHI c
MacwTabamm Ha 1-2 nopsiaka MEHbLUMMMW OfNHBI
obny4aroLmx BosH

MuweHb nony4yarT nyTemM BrpbiCKa ra3oBOW CTpywm
BbICOKOrO [JaBrfieHns 4epes cneuuanbHoe CcOonmno B
Bakyym. B pesynstatTe B rasoBom cCTpye
POPMUPYIOTCS  JIOKamnbHbIE  KMacTepHble  CryCTKU
TBEpPAOTENbHOW MOTHOCTU, COCTOSILLIME U3 AECATKOB
TbICSY MOMEKYS, C XapakTepHbiMK pa3mepamu oT 50
Ao 100 HM M paccTosHMEM Mexay Kractepamu B
eOUNHULbI MKM

Mockonbky MacwTab HaHopa3MepHOW KracTepHoMn
CTPYKTYpbl Ha MOPSiAOK MeHblle [OfWHbI  BOSHbI
NnasepHOro U3nyyeHusl, Takagd MULLEHb SBNSeTCA
3(PPeKTUBHBIM NOrNOTUTENEM, YTO YyBeENu4MBaeT
KMO cxembl U NOBbLIWAET 3HEPru YCKOPSEMbIX
yacTtuy

Hannune oOrpoMHONW BHYTPEHHENW MNOBEPXHOCTU
nos3BonseTr Ha  NopsagkM  yBenuuUTb  MOTOK
00OpasyloWmnxca MOHOB B CpPaBHEHUW C MSTIOCKOWN
MWLLEHbIO

[Mpoctas  KOHCTPyKUMS M BO30OHOBMSAEMOCTb
ABMNSAOTCSH CYLECTBEHHbIM NPENMYLLIECTBOM MULLEHU
M3  rasoBbIX KNacTepoB  cpeau  pasfuyHbIX
peanusaunin KOHUENUUN HaHOMULLEHEN N MULLEHEN
C orpaHudeHHoun maccou (MLT)

Cnoco6 obpa3oBaHUA U XxapaKTepHble napameTpbl
KSTaCTePHOWU MULLEHMU

AdhekTUBHOE NornoLweHne BHYTPU CTPYKTYpPbI €
MaclwTaboM, MeHbLUIMM AJNIUHbI BOSMHbI nasepa

OTtpaxeHune ~5-10%
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JlasepHbIn KOMMNeKc agpoHHOW Tepanum

PaspbiB ueno4ku AHK B sagpax
NaToreHHbIX KIeToK.

CwwuBka AHK

MoTepa HykneoTMaa
¢ pa3spbIBOM HUTK

Moaudukaumsa

OoCHOBaHUA -

i S o

L

MoHusunpyrowee nanyyeHme

Pa3pbiB 0gHON HUTK
AHK

PaspbiB ABYX HuTen OH

2 nm

[MpumeHeHne

» MexaHnam TepaneBTUYECKOro BO3AENCTBUA — paspbiB LIENOYeK

OHK B siapax naToreHHbIX KeTOK KYNOHOBCKMM Monem ObICTpbIX
MOHOB 1 0ObpasylWmnMnUcsa B KreTke CBOOOAHbIMM pagukanamu.
Mocne BocnpousBoacTBa knetkn ¢ gedopmuposaHHon OHK oHa
TEPSET XKM3HECNOCOOHOCTb.

NOHHbIM Ny4yoK Ha BbIXOAE M3 YCKOPUTENS HanpaensieTcs CUCTEMOM
MarHAUTOB ANs OCYLIEeCTBMEHMSI CKaHMPOBaHUS B MJIOCKOCTU Ha
ueneBou rmybuHe B nauueHTe. ocne 3aBepLlUeHUs CKaHMPOBaHUSA B
OOHOW NIIOCKOCTU B My4OK BBOAMTCS MOMMOTUTENb, YMEHbLUAKOLWWIA
9Heprmio nyyka ana obnydeHus 6nwke 3anerawowen obnactu
onyxonu. MNMpoueaypa ckaHMPOBaHUS B NIIOCKOCTU NOBTOPSIETCS.




CT scan of a tumor in the head overlaid by a treatment plan giving the dose
in a linear color scale: a scanned carbon beam from two entrance ports (left)
is compared to x-ray treatment plan using 9 entrance channels (right).



Even electrons with energies well below ionization thresholds induce substantial yield

of single- and double-strand breaks in DNA

DNA breaks per 10000 incident electrons

loss of
- supercoiled
DNA
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B. Boudaiffa, et al., Science.287, 1658 (2001



JIKAT

lNMepenoBbie MNMpoOBLIE LLEHTPbI, Co34arolue rasepHblie ycKkopuTenu ans
npuKnagHbIX 3agay, CpoK caayuum B akcnnyartauuito: 2012-2013 rr.

. [poeKkT MmeamumnHcKoro LeHTpa Ha ocHose JIKAT:
pM R ¢ Photo Medical Research Center JAEA, nogaepaH npaBnTensCTBOM ANOHUN.

photo medical research center

. http://wwwapr.kansai.jaea.go.jp/pmrc_en/,
npeanonaraeTcs okasaHne MeauLMHCKUX YCNyT.

CosgaHne MHOroyHKLMOHANBHOIO JTa3epHOro YCKOPUTENS 3NEKTPOHOB U
B‘EEH\ MOHOB, B T.4. AN MEOULNHCKNX NPUNOXKEHWIA:

BERKELEY LAB Berkley Lab Laser Accelerator (BELLA), Lawrence Berkley National Laboratory,
HASER ACCELERATOR dmHaHcupyeTca dHepretTudeckum areHcteom CLUA, hitp://loasis.lbl.gov/

KoH KYPEeHTHbIe TEXHONMOInu.

- NINHENHbIE YCKOPUTENN He 0DecneyYmBaoT SHEPINIO MOHOB, OCTATOMHYIO AN Tepanuu
- CUHXPOTPOHHbIE YCKOPUTENWU: B COOTBETCTBUM C Mf1IaHOM, KOMNaHUsA Siemens

peanusyeTt CTPOUTENbCTBO LEHTPOB agpPOHHOW Tepanuu.

3anyweH B paboTy 1 obcnyXnsaeT naumueHToB SIEMENS
Heidelberg lon Therapy Center (FTepmanus),

cTposaTcs ewle 4 ueHTpa B Shanghai Proton & Heavy lon Hospital (Kntan),

Particle Therapy Center of Marburg (fepmanusi), Centro Nazionale di Adroterapia Oncologica
(MTanus), North European Radiooncological Center Kiel (F'epmaHus)
http://www.medical.siemens.com/webapp/wcs/stores/serviet/CategoryDisplay~q_catalogld~e -11~a_categon
d~e_1033668~a_catTree~e_100010,1008643.1033666.1033668~a_langld~e_-11~a_storeld~e_10001.htm
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ProtonEnergy(MeV) = LaserEnergy (J)

A.Ogura et al., Opt. Lett. 37, 2868 (2012)



TNSA Static mode
ion acceleration in thin layer at the target rear surface
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TNSA Dynamic mode
ion acceleration at the front of the plasma cloud expanding to vacuum
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Using these relationships we find that for generation of 510 protons per second
with the energy of 250 MeV the required 1 Hz laser should have the energy of 3 J.
For 30 fs laser pulse duration this corresponds to the laser power about 100 TW .

The acceleration efficiency in this case is about 0.7
T. Esirkepov, et al, Phys. Rev. Lett. 92 (2004) 175003



HIMAC:
Heavy lon Medical Accelerator in Chiba
http://www.nirs.go.jp

lon Energy(MeV/u) Intensity (pps)

| Preparation room

He | 100 [ 180 | 230 | - - - - - 1.2 x 1010

‘ Control room

2]
§ C | 100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.8 x 10°
< N | 100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.5 x 10°
% O [100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.1 x10°
g Ne | 100 [ 180 | 230 | 290 | 350 | 400 | 600 | - 7.8 x108
§' Si | 100 | 180 | 230 | 290 | 350 | 400 | 600 | 800 4.0 x 108
< Ar - - - | 290 - | 400|650 | - 2.4 x108
Fe - - - - - | 400 | 500 | - 2.5x108

Heidelberg lon Therapy Center
http://www.klinikum.uni-heidelberg.de/




JlasepHbI KOMMSIEKC agpOHHON Tepanun
CpaBHeHMe TEXHOSOMMN

CHHXPOTPOHHBIN

Xapakrepuctuku NKAT
ycKopuTenb

KonunyecTBo naumeHToB, Yen./roq 1000 - 1300 250 - 300
KanutanbHble 3aTpaTthl Ha co3fanue yckoputens (6e3 yyeTa ocHalleHus 3 500 - 4 000 380
TEpaneBTUYECKOrO LieHTpa), MITH. pyo.
YoenbHble kanuTanbHble 3aTpaThl Ha co3aaHue yckoputens (6es yyeta 110 70
OCHalLLIEHNst TepaneBTUYECKOro LieHTpa), Thic. py6. Ha 1 naupenTa!
MNoTpebnsiemas anekTpuyeckass MOLHOCTb, KBT 900 -1 200 50
MoTpeGrsiemast anekTpueckast MOLHOCTb B pacyeTe Ha 1 nauuenTa, kBT yl2 3000 200
KonunyecTtBo nepcoHana, 06enyxumBatoLLero HeNOCPEACTBEHHO YCTAHOBKY, 35 40 54
yern.
Tpyaoosatpatbl 06CnyxuBatoLLero nepcoHana B pacyete Ha 1 naumeHTa, .

yen./uac.2!




Shaped foil targets
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HIMAC:
Heavy lon Medical Accelerator in Chiba
http://www.nirs.go.jp

lon Energy(MeV/u) Intensity (pps)

| Preparation room

He | 100 [ 180 | 230 | - - - - - 1.2 x 1010

‘ Control room

2]
§ C | 100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.8 x 10°
< N | 100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.5 x 10°
% O [100 | 180 | 230 | 290 | 350 | 400 | 430 | - 1.1 x10°
g Ne | 100 [ 180 | 230 | 290 | 350 | 400 | 600 | - 7.8 x108
§' Si | 100 | 180 | 230 | 290 | 350 | 400 | 600 | 800 4.0 x 108
< Ar - - - | 290 - | 400|650 | - 2.4 x108
Fe - - - - - | 400 | 500 | - 2.5x108

Heidelberg lon Therapy Center
http://www.klinikum.uni-heidelberg.de/




