Chapter 3

Proton acceleration from

magnetized overdense plasmas

Proton acceleration by an ultra-intense short-pulse circularly polarized laser from an
overdense plasma target in presence of an axial magnetic field has been investigated
with the help of three dimensional (3D) particle-in-cell (PIC) simulations. A dif-
ference in the behaviour of the ponderomotive force is observed in case of a right
circularly polarized (RCP) and a left circularly polarized (LCP) laser in presence of
magnetic field due to the modification of dielectric constant of plasma caused by the
cyclotron effects. Ponderomotive force gets enhanced in case of a RCP laser which
enhances the hot electron generation at the target front side. These hot electrons on
reaching the target rear side can accelerate protons via. target normal sheath accel-
eration (TNSA) mechanism. On the other hand, in case of a LCP laser, reverse
cyclotron effects causes a suppression of the ponderomotive force at a short distance
strengthening the laser piston which enhances the effect of radiation pressure. An
axial magnetic field can thus help in achieving higher radiation pressure at the target
front side which can lead to effective acceleration of protons via. radiation pressure
acceleration (RPA) mechanism in case of a LCP laser. The gyration of protons
around the axial magnetic field due to cyclotron effects causes a reduction in the
transverse proton momentum which increases the beam collimation to some extent.
The optimum thickness of the overdense plasma target is observed to be increased in

presence of an axial magnetic field.
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Chapter 3. Proton acceleration from magnetized overdense plasmas

3.1 Background of the study

Cyclotron effects induced by a magnetic field can have a considerable effect on the
dynamics of hot electrons generated in intense laser-plasma interactions. This can
cause a change in the dielectric constant of the plasma which can have a dramatic
effect on the acceleration of ions. Generation of ultra-strong magnetic fields has
gained a lot of interest recently. Magnetic fields of the order of 100 T sustainable up
to longer time duration can now be readily produced using conventional techniques
[1, 2]. Higher strength fields operating at shorter timescales are also produced [3].
Huge magnetic fields of the order of 10® G are produced during the interaction of an
intense ultrashort laser pulse with a solid target [4H7]. Magnetic fields of the order of
kT can be produced experimentally in the interaction of kilo-Joule high power lasers
with a capacitor-coil target [8, @] which is significant for a number of applications
such as inertial confinement fusion [10]. These magnetic fields have more impact
on the high energy electron flow as they get nonlinearly saturated. Recently, the
study of laser plasma interactions in presence of strong magnetic field has gained
the interest of researchers. Hosokai et al. [I1] have experimentally investigated the
effect of an external static magnetic field on the electron beams generated by laser-
wakefield acceleration. They have observed that the emittance and total charge of
electron beams gets significantly enhanced on applying a static magnetic field directed
along the axis of laser pulse propagation. The formation of solitons during the the
interaction of an intense laser pulse with plasma in presence of a strong magnetic
field has been studied [I12HI4]. Bulanov et al. [I5] have presented an analytical
description of the strongly nonlinear oscillations in magnetized plasmas which show
that the magnetic field prevents closing of the cavity formed behind the laser pulse.
Sharma and Tripathi [16] have observed that the self-focusing of an intense right
circularly polarized Gaussian laser pulse increases significantly in presence of an axial
static magnetic field. Sharma et al. [I7] have studied the generation of high energetic
ions from an overdense plasma target in presence of an axial magnetic field. They
have reported that the polarization of the laser pulse has a remarkable effect on
ion acceleration. Right circular polarization (RCP) and left circular polarization
(LCP) has different effects on ion acceleration in presence of an axial magnetic field

as the plasma dielectric constant gets changed due to cyclotron effects, which in
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turn enhances or reduces the ponderomotive force. They have also reported that the
optimum thickness of the foil is sensitive to the left and right circular polarization as

well as the applied axial magnetic field.
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Fig. 3.1: Schematic diagram of the cyclotron effects in case of (a) RCP and
(b) LCP.

Literature reveals that most of the phenomena related to laser plasma interactions
in presence of magnetic field has been investigated analytically. In the present work,
we investigate the acceleration of protons from an overdense plasma target in presence

of an axial magnetic field with the help of 3D-PIC simulations using the code Picpsi-
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3D [18]. RCP and LCP laser pulse have different effects on the plasma particles in
presence of an axial magnetic field due to cyclotron effects. It is observed that the
protons are accelerated more effectively by a LCP laser pulse, whereas the maximum

proton energy gets reduced in case of RCP.

3.2 Electron dynamics induced by a circularly po-

larized laser in presence of an axial magnetic

field

A RCP laser and a LCP laser act differently on electrons in presence of an axial
magnetic field due to cyclotron effects. In case of a RCP laser, the direction of rotation
of electrons by the laser electric field and the direction of electron gyrations by an
axial magnetic field are same, which enhances the effect of the laser ponderomotive
force. Hence, the electrons gain more energy in case of a RCP laser. On the other
hand, in case of a LCP laser, the direction of electron rotations by the laser electric
field and the axial magnetic field gyrations are opposite, which reverses the cyclotron
effects as shown in Fig. [3.1] This opposes the electron motion and causes a reduction
in the electron energy. Thus, the electrons move longer distances on gaining higher
energy in case of a RCP laser. Whereas, in case of a LCP laser, the electrons tend to
get accumulated at the tip of the laser pulse, which may increase the local electron

density at the laser pulse front.

3.3 3D-PIC Simulation Model

A circularly polarized laser propagating along Z direction of wavelength A = 1 pm,
normalized electric field amplitude ag(= eEy/mewc) ~ 10 which corresponds to an
intensity of 1.36 x 10** W /cm?, pulse duration 7 = 30 fs (FWHM) is incident on an
overdense plasma target of density 1.15x 102 ecm™ (10.32 n.). Here, n. = m.w?*/4me?
is the critical density where e and m, are the charge and mass of an electron respec-
tively, w is the laser frequency, Fy is the laser electric field amplitude and c is the

speed of light. The spot size of the laser pulse is 3 yum (FWHM) and the laser period
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3.4. Acceleration in the presence of magnetic field

Tp is 3.3 fs. A simulation box of dimensions 20 ym x 20 pmx 12 pm consisting of
200 x 200 x 120 cells has been used. The overdense plasma slab of height and width
10 pm and thickness 5 um is sharply edged and is located at a distance of 2 um
from the left boundary of the simulation box as shown in Fig. 3.2l A vacuum gap

2pum. Spm 5 pm
e

Magnetic Field (B)

Fig. 3.2: 3D-PIC geometry of the simulation box.

of 5 pm is maintained across the rear side of target. A magnetic field of B = 50 MG
(wee/w = 0.5) is applied along Z which is the axial direction. Absorbing boundary
conditions have been incorporated along all the three directions. The simulations
are done with 50 macroparticles per cell. The ions considered in these simulations
are protons with mass m; = 1836 m.. wp = \/W and w. = eB/m.c are
the electron plasma frequency and electron cyclotron frequency respectively where
n. is the electron plasma density. The plasma is initially assumed to be cold with

T, =T, = 0 where T, and T; are the electron and ion temperatures respectively.

3.4 Acceleration in the presence of magnetic field

The high-intensity laser exerts high radiation pressure at the target front side and
accelerates the protons via. RPA mechanism. The radiation pressure deforms the
front surface of the target by pushing it inwards and the laser then behaves as if it is

incident obliquely on the target. The laser then starts getting absorbed by vacuum
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heating [19] which leads to the formation of sheath fields at the target front surface.
These sheath fields cause the formation of microstructures which can penetrate the

piston [20]. Thus, the hot energetic electrons are able reach the target rear side
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Fig. 3.3: Proton density distribution (al-a3) and axial electric field (b1-b3)
in the central YZ plane (X = 10 um) at time 51 Tp respectively for B = 0,
RCP with B = 50 MG and LCP with B = 50 MG. The proton density n, is
normalized by the critical density n. = 1.12 x 10?! cm™ and the axial electric
field E, is normalized by the laser electric field Ej.
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and accelerate the protons by the TNSA process. The formation and the motion
of the laser piston can be observed clearly in Fig. (al), (a2) and (a3) which
show the normalized proton density at time 51 Ty. In case of RCP, the direction of
rotation of electrons by the laser electric field is same as the direction of gyration by
the axial magnetic field, which enhances the effect of the laser ponderomotive force.
Thus, the electrons become more energetic in case of RCP as shown in Fig. (a)
and as a result, they do not tend to remain in the electron sheath and move with

high velocities towards the upstream plasma and accelerates protons on reaching the
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3.4. Acceleration in the presence of magnetic field

target rear side as observed in Fig. (a2). On the other hand, in case of LCP,
the cyclotron effects get reversed as the direction of electron gyrations by the laser
electric field and the axial magnetic field are opposite to each other which restricts

electron motion and hence reduce electron energy as shown in Fig. (a). As
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Fig. 3.4: (a) Electron energy spectrum (b) Electron density distribution along
Z direction (X = 10 pm, Y = 10 pm) at time 51 Ty for B = 0 (red solid), RCP

with B = 50 MG (green solid) and LCP with B = 50 MG (blue solid). The

electron density n. is normalized by the critical density n, = 1.12 x 10?*cm™.

a result, the electrons get accumulated at the tip of laser pulse which causes an
increase in local electron plasma density as shown in Fig. (b). This electron
accumulation strengthens the laser piston which decreases the transmitted laser field
in the electron sheath. Hence, the laser ponderomotive force gets suppressed at a
short distance which increases the radiation pressure. The magnitude of the electric
field of the piston is about ~ 2 times the fundamental laser electric field as observed
in Fig. (b3) which is comparatively higher than the other two cases as shown
in Fig. [3.3| (bl) and (b2). Thus, at the initial stage, the protons get accelerated by

Interaction of high-intensity short-pulse lasers with plasmas 83



Chapter 3. Proton acceleration from magnetized overdense plasmas

radiation pressure more effectively rather than by TNSA and hence generates more
energetic protons at the target front side.

Fig. 3.5 (a), (b) and (c) show the normalized electron axial momentum (p./mec)
phase space plots for the cases with B = 0, RCP and LCP in presence of magnetic

field respectively. In case of RCP, it is observed that the flow of energetic electrons
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Fig. 3.5: Normalized electron Fig. 3.6: Normalized proton
axial momentum p,/mc.c phase axial momentum p,/myc phase
space for (a) B =0, (b) RCP with space for (a) B =0, (b) RCP with
B = 50 MG and (c) LCP with B B = 50 MG and (c) LCP with B
= 50 MG at time 51 Tj. = 50 MG at time 95 Tp.

towards the upstream plasma is comparatively higher in number than the cases with
B = 0 and LCP. However, in case of LCP, a comparatively sharper peak at 7Z =~
2.3 pm show that the energetic electrons get confined at a short distance due to
cyclotron effects. This leads to a strong charge separation region which accelerates
the protons from the target front side more effectively as compared to the other two
cases. Hence, the protons accelerated by the LCP laser pulse in presence of magnetic
field are more energetic as compared with the other two cases. Fig. [3.6| (a), (b) and
(c) show the normalized proton axial momentum (p,/m,c) phase space plots for the
cases with B = 0, RCP and LCP in presence of magnetic field respectively at time
95 Ty. It can be observed that, the protons accelerated from the target front side
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by the radiation pressure of LCP laser pulse in presence of magnetic field gain more

energy and travel faster as compared to those with RCP and B = 0. The direction of
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Fig. 3.7: Proton density distribution in the central YZ plane (X = 10 um)
for (a) B = 0 at time 98 Tp, (b) RCP with B = 50 MG at time 101 Tj and (c)
LCP with B = 50 MG at time 95 Tp. The proton density n, is normalized by
the critical density n. = 1.12 x 10>'cm™.

proton gyrations and the rotation of electric field vector is same in case of LCP and
opposite in case RCP which may also contribute towards the gain and decrease in
proton energy respectively. However, in case of RCP, it can be observed from Fig.
(b) that the energy gained by the protons at the target rear side via TNSA process
is comparatively higher as compared to those with LCP and B = 0 and they travel a
distance at the target rear side almost equal to the distance travelled by the protons
accelerated due to the radiation pressure. Thus, it can be concluded that a RCP laser

pulse in presence of magnetic field favours TNSA and the TNSA accelerated protons
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Chapter 3. Proton acceleration from magnetized overdense plasmas

although lower in energy, travel along with the radiation pressure accelerated protons
at the target rear side. Fig. [3.7 (a), (b) and (c) represents the normalized proton
density for B = 0, RCP and LCP at times 98 Tj, 101 Ty and 95 Tj respectively. It
can be observed that the energetic protons travel an equal distance of ~ 5um from
the target rear side at different times. The highest amount of time is taken in case

of an RCP laser pulse due to low energy gain as shown in Fig. [3.8 It can also be

10 ——B=0
. RCP, B = 50 MG
10 ~—LCP,B=50 MG

Proton Number (N/N,)

Energy (MeV)

Fig. 3.8: Proton energy spectrum for B = 0 (red solid) at time 98 T, RCP
with B = 50 MG (green solid) at time 101 Ty and LCP with B = 50 MG at
time 95 Ty (blue solid).

observed from Fig. that the transverse motion of protons is considerably reduced
due to cyclotron effects as the protons gyrate around the axial magnetic field which
restricts the transverse motion. However, the protons get accelerated more along the
backward direction from the target front surface due to sheath fields in case of RCP
whereas this backward acceleration is observed to be reduced in case of LCP. The
protons gain a maximum energy of 25 MeV in case of LCP and 18 MeV in case of
RCP. Thus, the energy gain is highest for an LCP laser pulse which is in agreement
with the results obtained by Sharma et al. [17]. Fig. shows the proton density
in the XY plane (Z = 11 pm) at times when the energetic protons have traversed a
distance of ~ 5um from the rear side of the target in all the three cases. It can be

observed that the proton beams at the rear side have a smaller spot size and hence
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are comparatively more collimated in case of LCP laser pulse. The collimation is less

in case of RCP.
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Fig. 3.9: Proton density distribution in the XY plane (Z = 11 pym) for (a) B
= 0 at time 98 Ty, (b) RCP with B = 50 MG at time 101 7j and (c) LCP with
B = 50 MG at time 95 Tp. The proton density n, is normalized by the critical
density n. = 1.12 x 10%'cm.

The simulations are repeated for targets with different thicknesses in order to find
the optimum thickness at which the energy gain would be maximum. In absence of
magnetic field, the optimum thickness at which the protons gain maximum energy
is found out to be 0.6um. In presence of magnetic field, the optimum thickness is
found out to be 0.7um. However, the maximum energy for LCP is more than RCP
as shown in Fig. [3.10] Thus, it can be concluded that the optimum thickness gets
increased in presence of an axial magnetic field which is mainly due to the cyclotron

effects that modifies the ponderomotive action of the laser pulse.
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Fig. 3.10: Variation of maximum proton energy with target thickness for for
B = 0 (red solid), RCP with B = 50 MG (green solid) and LCP with B = 50
MG (blue solid).

Acceleration at moderate laser intensity:

The radiation pressure becomes dominant when the laser is highly intense. Since,
TNSA is also observed to play an important role in the acceleration process in addi-
tion to RPA in our case and RCP in presence of an axial magnetic field is observed to
favour TNSA, we repeated the simulations with a moderately intense laser in order to
make RPA less effective. This would help us to observe the cyclotron effects mainly
on TNSA induced by a circularly polarized laser. The simulations are repeated for
all the cases by reducing the laser intensity to 10 W/cm? (ag ~ 2.8) whereas all
the other parameters remain same. It can be observed from the normalized electron
density plots as shown in Fig. [3.11] (¢) that the target front surface gets bent in-
ward and the electron density rises more sharply in case of a LCP laser as compared
to the other two cases in Fig. [3.11] (a) and (b). It is also observed that the axial
magnetic field considerably reduces the transverse electron motion due to cyclotron
effects which improves the beam collimation. Fig. shows the normalized proton
axial momentum (p,/m;c) phase space plots for all the three cases at different times.
It can be observed, that for a RCP laser, the protons gain highest momentum at
the target rear side at time 60 7 whereas that for a LCP laser is lowest. On the

other hand, the protons gain highest momentum in case of LCP laser and lowest
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Fig. 3.11: Electron density distribution (a-c) in the central YZ plane (X = 10
pum) and axial electric field (al-cl) in the XY plane (Z = 7 pm) at time 60 Tp
respectively for B = 0, RCP with B = 50 MG and LCP with B = 50 MG. The
electron density n. is normalized by the critical density n. = 1.12 x 10?'cm™
and the axial electric field F, is normalized by the laser electric field Ejy.

8

momentum in case of RCP laser at the target front side. At the initial stage of
acceleration, the protons get accelerated more effectively from the target front side
and the energy obtained is highest in case of LCP laser due to the dominant effect
of radiation pressure. But, as the laser is moderately intense, the radiation pressure
effect decreases with time. With the passage of time, the hot electrons reach the
target rear surface and accelerate protons via. TNSA up to high energies than those
accelerated due to radiation pressure effect. Thus, at the initial stage of acceleration,
LCP laser produces high energetic protons but at a later stage, the energy obtained
from a RCP laser is highest as shown in Fig. When the laser is ultra intense,
the energy obtained by LCP laser is highest due to dominant radiation pressure effect
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Fig. 3.12: Normalized proton axial momentum p,/m;c vs Z (um) phase space
for B =0 (a,b and c), RCP with B = 50 MG (al,bl and c1), LCP with B =
50 MG (a2,b2 and ¢2) at times 50 Tp, 60 Ty and 75 Tp respectively.

and the radiation pressure accelerated protons generated from the target front side
reach the target rear side. In case of a moderately intense laser, the effect of radia-
tion pressure is weak and hence, it ceases with time. The flow of hot electrons across
the target rear side increases with time gradually and so the rear side acceleration
produces highest energetic protons. Since, RCP laser favours rear side acceleration,

the energy obtained by a RCP laser is highest in this case.

3.5 Conclusion

The effect of an axial magnetic field in generating high energetic protons from an
overdense plasma target by an ultraintense short pulse circularly polarized laser has
been investigated with the help of 3D-PIC simulations. The conclusions drawn from

the above discussions can be summarized as follows:

i) The laser ponderomotive force gets enhanced by an axial magnetic field in case

of RCP due to cyclotron effects and hence generate more energetic electrons
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Fig. 3.13: Proton energy spectrum at (a) 50 Ty, (b) 60 Ty and (c) 75 Ty for
B = 0 (red solid), RCP with B = 50 MG (green solid) and LCP with B = 50
MG (blue solid).

which leave the electron sheath and travel through the upstream plasma and on
reaching the target rear side accelerates protons via TNSA process. Whereas in
case of LCP the electrons get more accumulated in the electron sheath which in-
creases the radiation pressure and accelerates protons more effectively to higher

energies from target front side.

ii) An axial magnetic field favours TNSA in case of RCP whereas protons are

accelerated more effectively by the radiation pressure in case of LCP.

iii) The transverse motion of the protons get reduced in presence of an axial mag-

netic field due to cyclotron effects.

iv) The protons accelerated by the LCP laser pulse in presence of axial magnetic
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vi)

vii)

field has highest collimation and hence have a comparatively smaller spot size.

The maximum proton energy obtained is higher for LCP and lower for RCP
in presence of an axial magnetic field as compared to the energy obtained in

absence of magnetic field.

The optimum thickness of the target at which the energy gain is maximum
increases slightly in presence of an axial magnetic field both for RCP and LCP
laser pulses. However, the maximum energy obtained at optimum thickness is

still higher for LCP laser pulse.

In case of a moderately intense laser, as the radiation pressure effect is weak,
it ceases with time. The hot electron flow across the target rear side increases
with time gradually which enhances the rear side acceleration producing high
energetic protons. As RCP favours rear side acceleration, maximum proton

energy obtained by a RCP laser is observed to be highest in this case.
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