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Abstract

Research and development of advanced electron acceleration
techniques providing higher accelerating electric field
gradient than the present radio-frequency (rf) based technique
is of current interest, and worldwide efforts are being made
towards this with an aim to reduce the size and cost of
accelerators, and hence to facilitate its wider availability. In
this regard, Laser Plasma Accelerator (LPA) is being seen as a
promising candidate, which could also be further used for
development of compact Laser Synchrotron Radiation
Sources using various techniques. At RRCAT, being a centre
working on both lasers and accelerators, this laser and plasma
based advanced acceleration technique is being pursued
intensively. Using high-power (150 TW), ultra-short duration
(25-100 fs) Ti:sapphire laser, and gas-jet plasma targets of
4 mm length, acceleration of electrons to >500 MeV energy
has been achieved. Suitability of LPA for radiography and
radiotherapy applications was also explored. Setting up of a
1 PW Ti:sapphire laser facility is also under progress and
could facilitate generation of > GeV energy electron beams
for various scientific and applied research.

1. Introduction

Charged particle (electron/proton/ion) accelerators have
found several potential applications in various applied and
research fields viz. industrial, medical, nuclear and particle
physics studies etc. [1], and has shown immense progress
over the years. The currently used rf acceleration technique
suffers from limited acceleration gradients of ~50 MV/m,
leading to large accelerator size and huge costs, forcing the
scientific community to explore alternate acceleration
techniques providing comparatively higher acceleration
gradients. In this regard, various advanced acceleration
techniques are being investigated, many involving ultra-short
intense laser pulses. Among these, Laser Plasma Accelerator
(LPA), based on intense ultra-short laser plasma interaction,
has been found to be promising. Plasma being in the broken
state has the advantage of sustaining very high accelerating
electric field gradients of > 100 GV/m [2,3], thereby could
facilitate development of comparatively compact and cheap
accelerators.

The unique advantage of LPA is the generation of ultra-short
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duration electron bunches of the order of femtosecond which
could further be used for generation of ultra-short x-ray/y-ray
radiations. While being accelerated, relativistic electrons
make betatron oscillations in the plasma channel (in
transverse channel as well as laser electric field) leading to
emission of synchrotron like radiation known as betatron
radiation. Intense, tunable, x-ray/y-ray radiation could also be
generated through inverse Compton scattering process using
ultra-short electron bunches generated through LPA.
Alternatively, using a magnetic undulator and LPA, compact
Free Electron Laser (FEL) could also be set up. Hence, using
LPA, so called Laser Synchrotron Radiation Sources could
also be developed using the above described techniques. LPA
has also been considered for various other possible
applications of relativistic electron beams e.g. electron beam
radiography and radiotherapy.

LPA is associated with highly non-linear and complex laser-
plasma interaction processes [4]. Electron beam generation in
various parametric regimes were explored to investigate
underlying acceleration mechanisms viz. Laser Wakefield
Acceleration (LWFA) [5], Direct Laser Acceleration (DLA)
[6] and hybrid acceleration mechanism (LWFA+DLA) [7].
The primary emphasis of the initial investigations was to
achieve higher and higher electron energy and also to have a
control on the accelerator performance leading to the
generation of stable, high-quality electron beams. Generation
of quasi-monoenergetic electron beams of sub-GeV to multi-
GeV energy accelerated by wakefield has been studied
extensively with TW-PW laser systems [2,3] demonstrating
maximum energy of ~8 GeV [8]. On the other hand, electron
acceleration through DLA mechanism is sparsely studied [9].

At RRCAT, being a centre working on both, lasers and
accelerators, this vital area of research and development is
being intensively pursued [10,11,12]. Initial experimental
studies on LPA were carried out using 10 TW, 45 fs
Ti:sapphire laser system providing focused intensity of
> 10" W/em’. Through interaction with plasma of density in
the range of 1-10x10"” cm”, generation of high quality,
stable, quasi-monoenergetic electron beams with energy of
20-50 MeV were demonstrated in He [13,14] and also in N,
gas-jet target of 1.2 mm length [15], and also from plasma
plume target with peak energy of 12 MeV [16].

In this theme article, we present our recent investigations on
LPA in underdense gas-jet plasma using 150 TW Ti:sapphire
laser system with emphasis on determining role of different
acceleration mechanisms in generating high-energy electron
beams, and also exploring its applications. Experiments
were performed with laser pulse durations in the range of
~25-200 fs in different gas-jet plasma targets e.g. He, mixed
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gas-jet targets of He+N,, N, and Ar with plasma density in the
range of ~10"°-10" cm”. A pure DLA regime of acceleration
was identified with long laser pulse duration of 200 fs in He
gas-jet target [ 17] and most interestingly, also with short laser
pulse duration of 55-60 fs in high Z gas target of N, and mixed
gas target of N, and He [18,19]. Generation of quasi-
monoenergetic electron beams (energy spread ~21%) with
peak energy of ~168 MeV accelerated through DLA were
demonstrated [19]. Hybrid regime of acceleration was also
identified with He gas-jet target where an enhancement of
electron energy to >500 MeV was observed [20]. Further,
application of relativistic electron beams generated from LPA
was also explored and electron-beam radiography of metallic
and biological plant samples was performed demonstrating
suitability of LPA for radiography, radiotherapy and
interrogation purpose [21].

2. Laser plasma accelerator: components and diagnostics
In this section, we discuss the systems and diagnostics
requirements for LPA along with basic physical processes
associated with it.

2.1 Ultra-shortintense laser as a driver

In LPA, an ultra-short, intense laser pulse is used as a driver.
Mostly, Ti:sapphire laser system (A=800 nm), based on
chirped pulse amplification (CPA) technique [22], providing
few tens to few hundreds of fs duration pulse of extreme peak
powers from few terawatt (TW) to petawatt (PW) level is
used. The pulse, when focussed to a spot size of few um to few
tens of um, provides focal intensities of ~10"*-10" W/cm’, i.e.
a,~1-4, where a, is the normalized laser vector potential.

2.2 Plasmatargets

Various types of plasma targets are used in LPA, such as the
supersonic gas-jets (rectangular/circular nozzles), gas-cells,
pre-formed plasma channels e.g. in gas-filled capillary
discharge etc. Typically, plasma of lengths few mm to several
cm have been used. For underdense plasma, various gases e.g.
He, N,, Ar or mixed gases such as He+N, are mostly used.

Typical plasma density varies in the range of ~10""*’ cm™.

2.3 Diagnostics

LPA requires precise characterisation of laser and plasma
parameters to have controlled operation of the accelerator.
Therefore, variety of diagnostics are used for laser parameters
measurements e.g. second and third order autocorrelators for
laser pulse duration and contrast measurements respectively
in the ultra-short regime, laser beam profile and measurement
of'laser focal spot of size few microns to tens of microns using
focal spot imaging setup etc. Plasma electron density is a very
sensitive parameter which affects the accelerator
performance, and therefore plasma targets are characterised
using interferometry technique both for neutral gas density
measurement of gas-jet targets, as well as of the plasma
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channel formed by laser pulse. Stable and long length
propagation of laser inside plasma is important for stable,
high-quality, high-energy electron beam generation, and
therefore several optical diagnostics such as 90° Thomson
scattering, shadowgraphy and transmitted laser spectrum are
recorded to study the laser plasma interaction. LPA generated
electron beam has unique characteristics viz. ultra-short (fs
regime) pulse duration, high peak current (kA range), and
therefore special electron beam diagnostics are required for
its single shot characterization. Phosphor screen imaged on a
CCD camera, or image plates (IPs) are used for detecting and
recording electron beam profiles. Electron beam charge is
estimated using Integrating Current Transformers (ICT)
developed for ultra-short electron bunches at CERN, Geneva,
by M/s Bergoz, and/or phosphor screens/IPs calibrated using
that at conventional accelerator facilities. Suitable magnetic
spectrograph is used for measuring electron beam energy and
its spectrum [23].

3. Experimental setup and details

Experiments were performed using 150 TW, Ti: sapphire
laser system, at Laser Plasma Division, RRCAT, Indore. A
photograph of the laser system is shown in Figure T.5.1. The
laser operated at a central wavelength of 800 nm, providing a

maximum energy of ~3.5 ] in a shortest pulse duration of
~25 fs, full-width at half maximum (FWHM).

Fig T5.1: 150 TW, 25 fs, Ti:sapphire laser system.

Schematic of the experimental set up used for investigations
on LPA is shown in Figure T.5.2. During experiment, laser
pulse duration was varied from 55 fs to 200 fs and focused to a
focal spot of size 6.5-12.5 pum, providing peak laser power of
7.5-20 TW and peak laser intensities of 2x10" - 4.3x10"
W/em’ (a,=1-4.5), on the gas-jet target.

Underdense plasma target of He, mixed (He+N,), N, and Ar
gas-jet was used with density in the range of ~10"-10* cm”
using supersonic rectangular gas jet nozzle (length: 1.2 and
4 mm). The gas-jet nozzle was characterized using offline
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Mach-Zehnder interferometer for different gas targets.
Phosphor screens (DRZ and Lanex) and imaging plates were
used to record electron beam profiles. Two types of magnetic
spectrographs were used: (i) circular magnet (B~0.45 T,
diameter~ 5 cm, pole gap~ 9 mm) for detection of electron in
the range of 10-60 MeV with resolution of ~34% at 30 MeV
and ~67% at 60 MeV (for 10 mrad beam). (ii) C-shaped
rectangular magnet (B~ 0.9 T, dimensions 10x10x20 cm, pole
gap~15 mm) to cover a broad energy range of ~15 MeV - 1
GeV, with a resolution of ~8% at 100 MeV and 25% at 300
MeV (for 10 mrad beam) [23]. Electron beam profile and
spectra were recorded simultaneously. GEANT4 simulations
performed showed negligible loss in electron beam
divergence and energy by different components in its path
[23]. Laser plasma interaction was studied through 90°
Thomson scattering, shadowgraphy and laser forward
scattered spectrum.

Fig. T.5.2: Schematic of the experimental set up.

4. Laser plasma accelerator: acceleration mechanisms

When intense laser pulse is focused on a gas-jet target, plasma
israpidly created at the foot through tunnel ionization, leading
the peak to interact with the plasma. Inside plasma the
propagation distance is limited to Rayleigh length Z ,=nr,"/A,
(r, is initial laser spot radius at 1/¢’ value of peak intensity and

A is the laser wavelength) due to natural diffraction. It ranges
from sub mm to few mm and is not sufficient to accelerate
high energy electrons. Laser propagation is also limited by
ionization induced defocusing effects, which can be
minimized using low Z gas targets such as H, and He.

Guiding and propagation of intense laser pulses in underdense
plasma beyond Z, can be achieved through various non-linear
processes, such as relativistic self-focusing and
ponderomotive channeling, when laser power exceeds critical
power for relativistic self-focusing, P, (GW) =17.4 x (n/n,),
where n_ is the critical density and n, is the plasma density
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[24]. Formation of non-linear wakefield (bubble: a region
deprived of electrons) and use of preformed density targets
[8] helps to guide laser pulse to long distances. Various
mechanisms of electron acceleration applicable in LPA
depending on laser and plasma conditions are described
below:

4.1 Laser wakefield acceleration

Most widely investigated scheme in LPA is wakefield
acceleration (LWFA) [5], in which intense ultra-short laser
pulse excites large amplitude electron plasma wave
(wakefield). It moves behind the laser pulse with a phase
velocity (v¢) equal to the group velocity (v,) of the laser in the

plasma given by:
o
— — __p
p =V =C 1 e

v

where ¢ is the speed of light in vacuum, ® is the laser
frequency, and o, is the plasma frequency given by:

o, :«/nee2 /me, =5.64x10*n,(cm ™ )rad | s

where m and e are the electron rest mass and charge
respectively, and g, is permittivity of free space. For o, <<w,
v¢=c, and hence can be used to accelerate electrons to
relativistic energies. The maximum electric field that the
plasma wave can sustain is called the cold wave breaking field

given by:
E, (V/m)= m(op%

Plasma waves are said to be linear when E<<E,, executing
simple sinusoidal oscillation with frequency ®,. On the other
hand, when a,>1 the wave becomes highly non-linear with
steepening of density profile and exhibits a sawtooth profile.
Efficient excitation of wakefield requires L~ , where L=ct is
the laser pulse length, t is the FWHM laser pulse duration and
A, is the plasma wavelength. For electron densities of ~10"

cm’, this matching requires a laser pulse length of ~30 fs.

Initially, the available laser pulse lengths were much longer to
satisfy the resonance condition and plasma beat-wave LWFA
was suggested [5]. Later, with comparatively shorter laser
pulses of hundreds of fs and several tens of fs duration, L>>A,
and L>\ regime could be achieved respectively, and Self-
Modulated LWFA (SM-LWFA) scheme was proposed. SM-
LWFA generally operates at high plasma densities (10" cm™)
and electron beams both with broad continuous (L>>2,) [25],
and quasi-monoenergetic spectrum (L>A)) were observed
[26] with maximum achievable energy of few tens of MeV.
Later, bubble or blow-out scheme of acceleration was
proposed [27,28], applicable for the condition of L<A,
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regime, with comparatively shorter laser pulse duration of
few tens of fs and lower plasma densities of ~10""* cm’
fulfilling the matching condition [28]:
ki, =kR=2Va,

where k = 2n/A,,. Several investigations in the bubble regime
of acceleration demonstrated generation of good quality
quasi-monoenergetic sub-GeV to multi-GeV electron beams
with the highest achievable energy of 8 GeV [8] and has
therefore proved to be a promising technique. Electrons
accelerated from LWFA gains maximum energy upto the
dephasing length (propagation length up to which electrons
remain in the accelerating phase of the plasma wave), beyond
which electrons loose energy. This maximum dephasing
limited energy gain in the linear [5] and non-linear limit [28]
respectively are given by:

E, (linear) =
E,(non-linear) =

2(n/n,) mc’
2/3(n/n,)a, mc’

4.2 Directlaser acceleration

In LPA electrons could also gain energy by DLA mechanism
[6, 9], in L>>) and even L>)A,, i.e. when there is significant
overlap of laser pulse with the injected electrons. Electrons
oscillating at betatron frequency in the self-generated static
electric and magnetic fields of the laser created plasma ion
channel resonantly gains energy directly from the laser field.
DLA is particularly attractive as it can generate high-energy
x-ray compared to LWFA due to comparatively higher
oscillation amplitude of the electrons. In case of DLA, energy
oftheaccelerated electrons y with phase ¢ is given by [29]:

dy _ edy 4 cosd
@ 2m02[m—wbo—kv J )
\/? z

Integrating Eq. (1) we get F (y) =Psin ¢ + C, where

1 [0
Fy)=7 -nyJ(1-0 )y* -1 - oy (2
(v)=v —nyJ(I1=a, )y* =1 +ncos . s )

Here A, is the electric field amplitude, vu is the on axis

velocity of electrons, k=(w/c)n is the wave number, ©,g=w,
represents the bounce frequency of the oscillation,

n=(1-o, [o’(1+a [2)")"
is the ratio of group velocity ofthelaserinplasmato thatin
vacuum. P=ayv,/2c G =F(y,)+ Psing, is the
integration constant, v, is the initial energy of electrons, ¢, is
the initial phase of the wave seen by electron, and o= Wi 1263

The separatrix (y vs ¢) is given by
F(y )= Fy, = P(1-sind) 3)

where, F, is the minimum value of F(y).

5+ min
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4.3 Hybrid acceleration (wakefield + DLA)

Recently, in the regime of L>A,, dominance of both wakefield
and DLA i.e. hybrid acceleration mechanism have been
suggested in mixed gas-jet target (He+N,) [7]. Renewed
interest in hybrid regime of acceleration was due to the fact
that DLA can double the electron energy in a LWFA and can
even have lower energy spread.

4.4 Injection mechanisms in LPA

In LWFA, self-injection of electrons into the wake occur
through wave-breaking mechanism [30], which being a
highly non-linear process, leads to unstable beam generation
with poor beam qualities. Among various other injection
schemes, ionization induced injection mechanism [31] using
mixed gas (e.g. He + few percent of high-Z gases) and high-Z
gas (e.g. N,, Ar etc.) targets has gained significant interest as it
allows to operate the accelerator at comparatively lower
density and intensity thresholds. Also, ionization of inner
shell electrons of the high-Z gas at the peak of the laser pulse
leads to injection in the centre of bubble (wakefield) and also
has been found favourable for DLA.

5. Experimental results

Experiments were performed on generation of relativistic
clectron beams covering L~A, to L>>) regimes and
conditions suitable for applicability of different acceleration
mechanisms were explored. Generation of collimated,
directional electron beams was observed. Typical electron
beam profiles recorded are shown in Figure T.5.3, showing
beam divergence (mrad) varying from several mrad to few
tens of mrad.

Fig. T.5.3: Typical electron beam profiles, gas jet length:
1.2 mm, (a) He, 200 fs, a,=1: div. ~30 mrad (b) He, 55 fs,
a,=1.5: div. ~16 mrad, and for gas jet length: 4 mm, (c)
N,+50% He, 60 fs, a,=4.5: div. ~ 8 mrad and (d) He, 100 fs,
a,=3.5:div.~11.5 mrad.
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5.1 Generation of high-energy, quasi-monoenergetic
electron beams

Generation of relativistic electron beams through LPA was
studied in a variety of laser and plasma conditions using
1.2 mm and 4 mm gas-jet targets. By varying various
parameters, optimum conditions for generation of stable,
quasi-monoenergetic electron beams were identified. This
also leads to observation of high-energy (>500 MeV) electron
beams using 4 mm gas-jet target. Figure T.5.4, T.5.5 & T.5.6
show the generation of stable and reproducible quasi-thermal
and quasi-monoenergetic electron spectra with energy spread
in the range of 10-20% and maximum energies of ~30 to
>500MeV in various experimental conditions.
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Fig. T.5.4: Typical quasi-thermal electron beam spectra for
He gas-jet target of 1.2 mm length:1~200 fs, E, :~30 MeV:
n:1.1x10" em”, a,=1.
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Fig. T.5.5: Typical quasi-monoenergetic spectra for He gas-
jet target (i) 1.2 mm length, t~55 fs, E, ,~28 MeV:

n,:5.8x10" cm”, a,=1.5; (ii) 4 mm length, t~100 fs, E,...~500
MeV:n,:6.8x10" cm™ a,=3.2.

5.2 Relativistic self-focusing and guiding of laser pulse

Side imaging (Figure T.5.7a) and shadowgram of the laser
created channel inside plasma (Figure T.5.7b & c) shows laser
interaction length with plasma varying from 0.5 to 4 mm.
Relativistic self-focusing and guiding of laser pulse was
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observed in He gas-jet target (Figure T.5.7a & b) whereas,
ionization induced defocusing was observed for high Z (N,)
gas targets (Figure T.5.7¢).

20 40 &0 80 100 100)
Eoergy(Mev!

Fig. T.5.6: (a) Typical broad electron beam spectra for N, gas-
jettarget of 1.2mm length, E,, ~55MeV:n,: 2x10" cm”,
1= 00 fs, a,=1.5. (b) Typical quasi-monoenergetic electron
beam spectra for mixed gas-jet target of N,+50%He of 4 mm

length, E,,,~168 MeV:n,: 2x10" em” 1=60fs, a,=4.5.
(@)

eak

600 (um)

2 3 mm
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Fig. T.5.7: Typical laser created channels recorded from (a)
90° Thomson scattering in He gas-jet target of 1.2 mm length:

=200 f5, n,=8x10" cm’, a,=1. Shadowgram of 4 mm plasma
in (b) in He gas-jet target: ©=60 fs, n,=5.8x10" cm”, a,=4.2;
(c)in N,gas-jet target: 1=60fs, n,=1.5x10" cm”, a,=4.2.

6. Discussions: theoretical analysis and PIC simulations

Initial investigations were performed in He gas-jet target with
long laser pulse duration of 200 fs (L>>A,), where generation
of quasi-thermal electron beams were observed with
maximum energy ~30 MeV with increase of energy with
plasma density (Figure T.5.4) which is higher than that
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estimated from wakefield (~5 MeV), suggesting DLA could
be dominant over SM-LWFA [17]. However, on reducing the
laser pulse duration to ~55 fs (L>,), wakefield contribution
was found to strengthen as we observed generation of quasi-
monoenergetic electron beams (Figure T.5.51). Since laser
pulse is still long, contribution of DLA could not be neglected,
and hence, hybrid acceleration was identified as the dominant
mechanism [18]. In another experiment, with 100 fs laser
pulse, hybrid regime of acceleration in He has demonstrated
acceleration of electrons to >500 MeV (Figure T.5.5ii) [20].
Generation of electron beams were also studied in a density
range below the self-injection threshold with the assistance of
ionization induced injection using mixed (He+N,) and N, gas-
jet targets. Interestingly, a pure DLA acceleration in short
laser pulse duration of ~55 fs was identified, however,
electron beams with maximum energy of ~55-60 MeV and
broad spectra were observed (Figure T.5.6a) [18]. Hence, in
another experiment [19] (L~ ) in high-Z N, and mixed gas
targets, through optimization of electron beam properties
interestingly, we could observe generation of stable and
reproducible quasi-monoenergetic electron beams (average
energy spread of ~21% ) with average peak energy of
~168 MeV from an optimum gas mixture of He+50%N,
(Figure T.5.6) in a pure DLA regime. Such interesting
observations, in different parametric regimes and applicable
acceleration mechanisms, were demonstrated for the first
time.

6.1 Theoretical analysis

The maximum energy gain of electrons through DLA was
estimated using the formalism in Eq. 1-3. The largest value of
the right hand side of Eq. (3) is 2P. Therefore, a horizontal line
was drawn in Figure T.5.8a at a height of 2P from F_,, which

cuts the F(y) curve at two points R and S corresponds to the
bottom and top of the separatrix (Figure T.5.8b) respectively.
The cross points of the separatrix occur at y=y,,, which is the
optimum energy required for electrons to get trapped in the
laser field. Figure T.5.8a and T.5.8b show that the maximum
energy acquired by a trapped electron is ~34 MeV (y~67.5),
close to the energy of ~30 MeV observed in the experiment
(Figure T.5.4b). The total energy gain from wakefield and
DLA was compared with the experimentally observed values
over the density regime in case of short laser pulse duration of
~55 fs, good agreement of which shows the dominance of
pure DLA and hybrid regime of acceleration (Figure T.5.9).

The theoretical model was further extended to estimate the
dephasing length of electrons in the laser field for which
coupled differential equations were derived and plotted in
Figure T.5.10. The dephasing length was estimated to be 100 -
200 pm.
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Further, rate of dephasing of electrons (R) in case of DLA was
also derived to study its dependence on plasma density [19].
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Fig. T.5.8: (a) Plotof F(y) vsy, (b)Separatrix (yvs ¢) plot.
N = 0.983 (average value for the density range used), a,=1.
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Fig. T.5.10: (a) Plot of vy vs z; n=0.983 (average value for the
density range used), a,=1.




6.2. 2D PIC simulation results

2D PIC simulations were performed using code EPOCH [32]
and OSIRIS [33] and were found to be in good agreement with
experiments. Results of 2D EPOCH simulations performed in
He plasma (L>>X,) shows clear channel formation (Figure
T.5.11) suggesting pure DLA acceleration. At shorter laser
pulse duration, formation of bubble was observed (Figure
T.5.12a) signifying strengthening of wakefield and betatron
oscillation of bunch of self-injected electrons inside the
bubble structure signifies energy gain by DLA also i.e. hybrid
acceleration. This is also confirmed from Figure T.5.12b
where we have estimated the separate contribution of
wakefield (y,) and DLA (y,) to the total energy gain, given by:

t 2€fy’Ev dr jZe‘REY ;
: by, =— X

0 (mc)Z 0 (mc)z

where E,, P and E, P, are transverse and longitudinal electric
field and momentum respectively. Similar hybrid
acceleration with maximum energy of 500-600 MeV is
observed using code OSIRIS with 100 fs (Figure T.5.12 ¢ &
d). This is consistent with experimental observation of Figure

T.5.51 &ii.

]
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Fig. T5.11: EPOCH: Electron density plot along laser
propagation direction: n,=7x10" cm”, t=200fs, a,=1.
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Fig. T.5.12: Electron density plot and corresponding energy
contributions separately from DLA and wakefield of He at
n,=5.8x10" cm’ 1=55f5, a,=1.5, plasma length=1mm using
EPOCH (a & b), and n,=6.8x10" cm”, t=100 fs, a,=3.5,
plasma length=4 mm using OSIRIS (c & d).
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A pure DLA regime was also identified in N, (Figure T.5.13a
& b) and high Z N,+50%He plasma target (Figure T.5.13¢c &
d) with quasi-monoenergetic electron beams (Figure T.5.13
d). The results are consistent with that observed in Figure
T.5.6a&Db.
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Fig. T.5.13: EPOCH: (a) Electron density plot and (b)
corresponding separate contribution of N, at n,=2x10" cm”:
1=55 15, a,=1. Plasma length=1 mm and (c) N,+50%He at
n,=2.6x10" cm”, 1=60 fs, a,=4. Plasma length=4 mm (d)
corresponding energy spectra.

7.Relativistic electron beam radiography using LPA

LPA is now being considered for various potential
applications, e.g. as a compact electron injector for a
conventional accelerator, generation of synchrotron
radiation, and radiography, interrogation of dense objects,
and radiotherapy. In the present investigation also,
radiography applications of relativistic electron beams
generated from the laser plasma interactions with Ar and He
gas-jet targets was explored [21]. Electron beams with large
divergence and broad spectrum with maximum energy of
50 MeV were observed from Ar gas target whereas collimated
electron beams with quasi-monoenergetic spectra with peak
electron of ~150 MeV were observed from He gas target.

Fig. T.5.14: Images of samples and radiographs of (a) IC
chip, (b) Cu mesh using Ar electron beams and (c) Key kept
behind an Al block with He electron beams.
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GEANT4 Monte Carlo simulations were performed to
reconstruct the radiographic images and were found to be
consistent with the experimental results. Images of different
samples and corresponding radiographs are shown in Figure
T.5.14. Effects of two different electron beams on radiographs
were studied (Figure T.5.15a & b) and verified with GEANT4
simulations through reconstruction of the images (Figure
T.5.15¢). Minimum resolution of ~75 pum was achieved
(Figure T.5.154d).

fitted curve

il 1200 2400

600 1200 1800 2400 3000
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Fig. T.5.15: Images and radiographs of 5 cm thick brass
groove: (a) Samples, (b) Corresponding radiographs, (c)
GEANT4 reconstructed image and (d) Estimation of
resolution of radiograph (b) recorded using Ar electron
beams.

Further, radiographs of some biological plant samples were
recorded (Figure T.5.16a & b), showing finer veins of the
leaves used. Finally, suitability of LPA for radiotherapy
applications was explored, by estimating energy deposition in
adipose tissue (Figure T.5.16c) through GEANT4
simulations.
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Drepihicm)
Fig. T.5.16: Images and radiographs of biological plant
samples of a thick leaf and cross-section of aloe-vera: (a)
samples. (b) radiographs, (c) Estimation of penetration of
electron beams in adipose tissue.

THEME ARTICLES

8. Future perspective and use of PW laser

It has been now more than one and half decade since the first
demonstration of possibility of generation of quasi-
monoenergetic electron beams through LPA. Subsequently, it
was realised that stable, and high-quality electron beams
could be obtained through LPA, by precise tuning of the laser
and plasma parameters, and acceleration length. Based on
that, generation of sub-GeV and more than GeV electron
beams have been demonstrated in various laboratories across
the world. Most of the earlier investigations were performed
using 100 TW class laser systems, and now investigations are
being performed using PW class laser systems [34]. Recently,
using a PW laser system, acceleration of electrons to 8 GeV
energy has been demonstrated at BNL, USA [8]. At the same
time suitability of LPA for generation of intense x-ray/y-ray
radiation using various techniques and for other applications
has also been investigated.

In nutshell, during last decade, worldwide efforts have led to
generation of high-quality, quasi-monoenergetic electron
beams of energy up to several GeV level using LPA. In future,
large accelerators (colliders) may also be based on plasma
acceleration technique. Further advancement in the field of
laser technology, facilitating availability of ultra-short laser
systems with high peak and average power (repetition rate of
tens of kHz), would provide impetus to the practical
applications of LPA.

At RRCAT also, initial investigations were performed using
10 TW laser, followed by recent results shown in this article
with 150 TW laser system. A 1 PW, 25 fs, Ti:sapphire laser
system (Figure T.5.17) is under installation at RRCAT, and
shall be used to perform further investigations with longer
(>10 mm) plasma targets to generate GeV and higher energy
electron beams.

Fig. T5.17: 1 PW, 25 fs, Ti:sapphire laser system under
installation at RRCAT.
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9. Conclusion

We have performed detailed investigation on generation of
relativistic electron beams from Laser Plasma Accelerator
(LPA). Stable, reproducible generation of quasi-
monoenergetic electron beams from few tens of MeV to
>500 MeV energy was observed with varying laser and
plasma parameters. In addition, various physical aspects of
the laser plasma interaction and LPA were also investigated,
particularly role of different acceleration mechanisms was
identified. Further, radiography application was explored
along with suitability of LPA in radiotherapy applications.

Studies performed at RRCAT, using 150 TW laser, and further
investigations planned using 1 PW laser, would be of
significance for development of compact, and comparatively
low cost electron accelerator, and also laser synchrotron
radiation source providing intense, ultra-short (fs regime),
tunable x-ray/y-ray radiation for various possible
applications.
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