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Abstract A new laser-based acceleration structure forop®twith characteristics appropriate for the
radio therapy is proposed in the present work. §thecture is designed in two stages of acceleration
— the first one accelerates electrons to GeV eegmnd the second one uses these electrons in order
to accelerate protons in the hundreds of MeV raligeses commercial available pulsed lasers and it
is expected to have the geometrical sizes thainfd a usual oncological treatment room. The
accelerated proton beams have energies of hundfédsV with a medium to large spread, a high
repetition rate, geometrical dimensions and entttaadequate for a small size medical accelerator
facility. The present proposal is mainly an atterging from the medical community to bring into
the attention of accelerator scientists the hugelrfer small size treatment accelerators, nowadays
feasible grace to the last decades progress intlg@ologies.

Key words: pulsed laser, two-phase acceleratictelarated electron beam, capillary device,
"bubbles" of accelerated electrons.

1. INTRODUCTION

A major technical challenge of the hadrontherapidfis the reduction in the
sizes of the protons and carbon ions acceleratersvell of the radiotherapy
devices. The huge progress in the high power t@asénology in the last decades is
mainly due to the advent of the Chirped Pulse Afigaliion (CPA) technique. It
opens a realistic perspective for designing smiakk snedical accelerators for
protons and heavier ions. Two proton acceleratmmcepts which might lead to
compact and cheap alternatives to the conventitadib-frequency accelerators
and could solve the “one room accelerator” probégendiscussed in the literature -
the laser-driven ion acceleration in the TargetrhdrSheath Acceleration (TNSA)
process that is discussed since the 1970's [1{lendaser Wakefield Acceleration
(LWFA) proposed by Tajima and Dawson [2].

In this paper it is advanced the idea to combine F&Wand TNSA
techniques in order to design a two-step acceteradtructure that can deliver a
beam of protons with energies in the 100 MeV rangeensities and geometrical
characteristics required by radio therapeutic agial treatments. In the first step a
pulsed laser beam increases the energy of a festrats beam by a LWFA
mechanism (see section 3.1 and Figure 3) whileersecond step the pulsed beam
of electrons obtained in the first stage increabesenergy of a proton beam
originating from a small energy ion source by a In@gism similar to the one of



TNSA (see section 3.2). According to our knowledips is the first time when
such a two-stage laser based acceleration systgopwsed, and we strongly
address the accelerator community to investigateeihnological feasibility.

2. PRESENT STATUS: TNSA and LWFA

2.1 TNSA

From an energy-balance perspective, TNSA appears agquence of
processes of losing the energy of the incident lasam in stages that do not serve
entirely to accelerate target electrons, as itclsematically shown in Figure 1.
Examples are generation of hot-electrons, peneftraif these electrons in solid
target and the loss of an important part of therough their inhibition by the
internal electric field of the target, ionizatiohaioms from the surface layer of the
target, etc. It is observed experimentally that ANSimultaneously produces
accelerated electrons, accelerated protons, otheiclps, along with secondary
products of the intense heating of the target st in a quasi-hemispheric
volume. From this volume, the useful particles mustextracted by subsequent
processes, implying another power loss (see Rgf.1[@]).
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Figure 1 - Schematic representation of the TNSA mechanism arttie corresponding laser bean
power consumption flow diagram (based on Ref. [156])



Although beams of accelerated protons have beatupeal by TNSA, proving the
principle of this technique, there is still a lowgy ahead to reach the proton beam
parameters required by medical therapy.
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Figure 2 - TNSA, generation of electrons and ions fi] with the electrostatic field created
between them — a schematic representation (based Bef. [14]).

As the schematic view of the TNSA mechanism preskirt Figure 2 shows, the
laser-driven electrical field between electrons &nts is the one responsible for
creating a “tractor” force on the ions (protonshisTprocess from TNSA, can be
seen as ion acceleration produced by the electoudcan idea exploited in the
present proposal for the second stage of the aatete- the proton acceleration
from tens of keV to 100 MeV range. Since the respiirequipment for
hadrontherapy has to be relatively cheap and dolapta the possibilities and
needs of the medical oncology in a short time penee propose a TNSA—-inspired
technique for increasing the energy of protonsvduld require lasers with pulse
power in the tens of TW range which are commergiallailable nowadays and
have “tabletop” dimensions.

2.2 LWFA

LWFA technology has usually two ways of implemeiatat as illustrated in
Figure 3. In the first (and most often proposed),anpulsed laser beam is injected
into a capillary (glass or other material) place@icell with gas whereby pumping
Hydrogen (Ref. [7,10,12]), Helium (Ref.[6,10]) oittégen (Ref.[9,10]) into it.
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Figure 3 - Schematic representation of the LWFA-baskacceleratorin the two version:
discussed in the text. By using the external edtron source the gas cell is no longer neec
simplifying the acceleration model (based on ReflP, 13 and 8]). See text for details.

The laser beam ionizes this gas producing ionizasl lgubbles and electrons,
particles that are subsequently separated. In ¢ltensl approach, are injected
simultaneously in the capillary a pulsed laser baadchan electron beam (produced
by another source of electrons) with the same #Bqy, but in counter-phase,
generating bunches of accelerated electrons.

In both acceleration methods, TNSA and LWFA, aredpced also
accordableBremsstrahlungradiation and radiation with even lower frequency
(terahertz) [5] that have to be separated frombig@ms of electrons and protons
through a magnetic stirring. In a medical faciiitys worth to develop technigues
for using these radiations for macroscopic andferescopic Imagistics [22].

In LWBA-based electron acceleration scenario priegkiin Figure 3, a
critical problem discussed by several authors,rsefe the synchronization of the
pulses of electrons with the pulses of photons le# incident laser beam.
Khachatryan et al., [3] have introduced the conadptdistance of capturing" as
the distance between a cluster of electrons andbdigening of the next pulse of
photons, as a key parameter in adjusting the timgilition of the pulses of
photons and electrons. There are several studigeihiterature approaching from
an experimental perspective the acceleration dftreles to the GeV energies by
using LWFA techniques with TW lasers. We presentatle 1 the main features
of the incident laser beams and the emerging beafmaccelerated electrons,
together with the characteristics of the capillampe in which acceleration is
produced, as are reported in Ref. [5-14].



Table 1
Ref. laser Puls | Energy | Wicn? | Frecv | gas | plasma output ang. | Capill. | Capill.
el fs . Hz density[cmi®] | electro | div. diam length
ns
energy
5 10-50 | 40 > 13| 10® - - 2.7x1% 1 GeV - 190 33 mm
TW J/pulse um,
225
pm,
310
pm
40- 30 - 10° 10 He | 1.5x16° 300Me | 100 | - -
TW V urad
40 35 -]0127 16 - H, 1.2 x106° 1-10 - 50pum | 1.2 -8.1
TW 45 GV/m cm
16 40 - - - - - 300 - - -
™ MeV
- 100 | 3.5kJ 15 x| - N2 - 1 GeV| - 100 less than
- 500 10% up to 1 um 10 cm
10" TeV
10 - 20 150 mJ 1.5 100 H - 50-250 | - - -
10% or MeV -
He,
11 |10 224 | - - - - 27 x 1622 | 10GeV | - - -
PW x 10
12 |55 55 |32 -4.2| 10" - H, | 22x16° -|900Me |35 |[200- | 33mm
TW J 128.9x10 3.2x167 \Y mra | 300pm
d
13 |18 42 750 - - - - 200- | - - -
™ 300
MeV
14 |- 45 | 410" 3| - - H | 3-10° 200 - 200 15 mm -
cn? MeV 1 Om or | 33mm
GeV 300
Jm

The last column of Table 1 shows that the lengtkthef Capillary tube needed to
reach GeV energies for the electron beams is snth@ 10 cm, a very important
fact regarding the small geometrical dimensionsuired by the medical
accelerators. Overall, a tabletop laser with poefeiens of TW combined with a
small size keV electron accelerator and tens otarg Capillary could provide a
pulsed beam of GeV electrons in a room of few sgjuaeters, a convenient size
for the current medical facilities.

3. DESCRIPTION OF THE ACCELERATION MODEL

3.1 The first stage of acceleration: accelerate ekeons by using photons

In the proposed model, we consider a pulsed laghrtive power between
10 to 40 TW, Ti:sapphire or Nd:glass laser, infdaleeam, 1,08m or 0,&m



wavelength, pulse duration between 20fs to 40fer@nper pulse ranged from
120mJ to 150mJ, power dissipation on the surfaceddetween 1§ W/cnt to
10" Wicn? , the pulse frequency between 10Hz to 100Hz. Labmtons are
focused at the entrance (by a parabolic, concavemiand injected into a glass
capillary (capillary diameter about 200 microns)géh between 12 mm to 100
mm) simple or integrated in a cell gas. This inpttgenerates an intense
ionization produced by the action of the laser @u® the gas cell (hydrogen,
25mbar in average), or it is simultaneous with atemmal pulsed electron beam
(accelerated by an external small accelerator Wit same frequency but in
counter-phase, with an energy of approximate 3 Meharge of 100 pC, a pulse
duration 11fs [11], 27 fs [10] or 100fs [3]). Thaskr beam creates a region of
cavitations followed by a Wakefield, electrons mamund the bubble and are
injected behind the laser pulses, as describeéXample in Ref. [20]. A smaller
electron density occurs on the beam axis due toptreleromotive forces, as
discussed for example in Ref. [21].

Electrons, either injected from an external soummeproduced by the
pulsed laser interaction with the gas in capillamg structured in space as bunches
or "bouquets” of electrons. For the protection apittaries, these electrons are
confined near the central axis, minimizing the ggeiosses [3-17]. The energy
transfer takes place in the interaction betweertgtsocoming from the laser and
the electrons injected, through a process sinoléiné Compton Effect.

When exiting the capillary, the short bunches dafcebns have few
microns in diameter with high energy (hundreds @3] or 1-2 GeV [11]), the
charge 0.5 nC/1fs, the angular divergence of theteln beam emerging ranging
between 100 microrad and 3.5 mrad.

Even during their route through the capillary, #lectrons bunches can
emit X-rays or high-frequency waves (THz). In orderbe used in the following
stage of acceleration (acceleration of protonsketeetron beam must be separated
from the beam of electromagnetic radiation by eryipigp a magnetic field (0.25-
1T [6, 12]). As described in Ref. [21], the eleattmeam will generate also an axial
current, which can lead to a thoroidal magnetitdfigith mega-Gauss amplitude
that can produce spurious effects into a radiatestment facility environment.

3.2 The second stage: accelerate protons by usirlgarons

The pulsed beam of electrons accelerated at 1 GeNd first stage is
injected in counter-phase with a pulsed proton beatow energy (MeV) into a
“proton acceleration tunnel”. Protons are produdsda low energy source-
accelerator configuration as shown schematicallyFigure 4. By the Coulomb
attraction, a tractor force acts on the protons tu¢he electron bunches. It is
important to underline the conditions in which fiteenomenon of towing is likely
to occur with high efficiency:

(i) the pulses of electrons and protons have thedaequency;

(i) the pulses of electrons and protons are imbauphase;

(i) the intensity of a bunch of electrons is sciffntly large to be able to
attract and accelerate protons bouquet to an emexyired for a proton beam
dedicated to the proton therapy.



The current intensity of protons should be at #heel of nA, i.e. a mean
value of about 18-10'? proton/s on average per cycle. In the treatmef®y 2lose
in a field of 25 x 25 c/in 2 minutes, leads to approximately 5 ¥"j@rotons that
must be delivered in the distal layer (see e.g. R&f 19]).

When the "bouquets" of electrons reach an energyuofireds of MeV, it
will be injected a proton pulsed beam with an eparfy1-3 MeV produced by a
source, and this beam is curved in to the direatibthe electron beam by coils.
The protons are attracted to the "bouquets” oftieles and in this place they act as
a tractor beam, which results from the initial dexaion of electrons. Protons are
left behind because of inertia.

The process of acceleration of protons lasts timir energy is high enough
for medical treatments (~250 MeV), then the eledroare stripped away
magnetically, generating at the end of the protesspulsed beams with closed
energies. Electron beam can be reused, by reiojeaito the process for the first
phase of acceleration. A schematic representafidheoentire process is given in
Figure 4.

.electron beam
accelerated electrons

clusters proton-glectrons accelerator tube v )
bunch - - £
. ®
/ e S g. fic strippi
i ) o .., magnetic stripping
@ .. > [ &% afc ol - >
[]
[

: g !
roton beam
bent e N |

B

/ N *--y volumes under vacuum

protan source Electrostatic

\ LEGEND ® haeﬁé ) proton-elecirons
/ . .—b cluster under
N / @ electron . proton electrans bunch 9 .. acceleration
~ g :
\‘--..__4_,_,/ unch BSRIE

Figure 4 - The schematic representation of the secdrstep of accelerating protons by using
electrons.

Electron and proton groups should be introducedh& acceleration tunnel in
counter-phase at a distance greater than 5.29*%riGto avoid the formation of
dipoles (Ref. [21]). Between the groups of elecdrand protons appear Coulomb
interactions ("Coulomb explosion” [21]) that wi#lad to slower electrons and the
protons will increase their speed by the principfeenergy conservation. To
describe the second phase of acceleration we m@kestinto account the attractive



force exerted between the two distributions of gearand the tractor force actions
of electrons on the proton bounces, as shown iar€i§.
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Proton accelerator tunnel Protons

The distance between the electrons and protons must be greater than 5.29 x
10- m but less than the distance between the protons and electrons located in
the behind group

Figure 5— Goups of GeV electrons and protons on theccelerator tunnel. The
relevant geometrical distances are shown.

In the current models, the distance of 5.29 %'1@ is theoretically valid
only if the clouds of charge are very dense andlsmige. are considered as two
point-like electrical charges (see e.g. Ref. [2Mpre realistic models are expected
to provide predictions leading to the basic engimgeconcept of this accelerator
structure.

3. CONCLUSIONS

A two-stage accelerator structure for protons bazedhe LWFA and
TNSA principles is proposed in the present papke firoposal is motivated by the
huge need of small size protons accelerator for ttkatment of cancer by
irradiation. Major reduction in the sizes of the TlAsers (table-top lasers
nowadays) make the aim of this work hopeful. Theaatages of the proposed
accelerator structure are the very small sizes raads in comparison with the
known cyclotrons which can lead to build up protbarapy facility with size and
mass approximately equal to that of an electrorelacators currently used in
hospitals. Another advantage of the proposed faasgi the possibility to use it in
conventional radiotherapy with X ray and electransl also for medical imaging
with tunable X ray and terahertz radiation. Thisgwsal is made by a team of
scientists working into a radiation treatment figgihaving a deep conviction that
the accelerator experts will consider its techniieakibility in details.
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