Chapter 2

Role of target thickness in proton
acceleration from mass-limited

plasmas

The role played by the target thickness in generating high energetic protons by a
circularly polarized laser from mass-limited targets (MLT) has been investigated with
the help of three dimensional (3D) particle-in-cell (PIC) simulations. The target
front side gets deformed due to hole boring induced by the radiation pressure. This
deformation results in a change in the effective angle of incidence which causes the
generation of hot electrons via vacuum heating. These hot electrons travel though the
target and on reaching the target rear side form sheath fields which accelerates the
protons via target normal sheath acceleration (TNSA) mechanism. The hot electrons
travel at an angle with the laser axis and hence the divergence of the hot electron flow
increases on increasing the target thickness which can affect the beam collimation.
It is observed that the radiation pressure accelerated protons travel across the rear
side and the collimation of these protons gets degraded due to the involvement of
TNSA process. The transverse hot electron recirculation effects get suppressed and
the proton beam collimation increases on decreasing target thickness as radiation

pressure acceleration (RPA) starts dominating the acceleration process.
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2.1 Background of the study

The role of laser and plasma target parameters on efficient ion acceleration has been
investigated experimentally since the last few years. Experimental observations re-
port that the target thickness influences the acceleration. Mackinnon et al. [I]
have reported in their experimental observations that the transverse spreading of hot
electrons gets reduced on decreasing target thickness which results in a higher rear
surface charge density. Kaluza et al. [2] have reported the effect of laser prepulse
on proton acceleration from thin Al foils of different thicknesses and have observed
that the energy gained by the protons is maximum at an optimum target thickness.
Neely et al. [3] have observed that the refluxing and concentration of hot electrons
occur within a small volume as the foil thickness is decreased which generates strong
electric field and increases the conversion efficiency from laser energy into protons re-
sulting an increase in the maximum proton energy. Recently, the use of mass-limited
targets (MLT) has gained a lot of importance in producing high energetic ions due to
enhanced acceleration efficiency and increased ion energy as observed both theoret-
ically [4, 5] and experimentally [0, [7]. These targets are in the intermediate regime
between atomic clusters and solid foils such as small metal discs or water droplets
which have their lateral dimensions comparable to the focal spot size of the laser
pulse. In case of soild foils, the hot electrons start spreading towards the transverse
directions which increases the transverse dimensions of the sheath formed at the rear
side and the sheath size becomes more than the laser spot size. This causes a re-
duction of maximum energy gained by the ions. In case of MLT, the spreading of
hot electrons get reduced to a considerable extent due to low transverse dimensions
which result in a more localized and stronger sheath formation and hence enhanced
ion energies. Further, when the transverse target dimensions are comparable to the
laser spot diameter, the laser may get diffracted and irradiate the points in the target
which are not exposed to the laser. The laser electric field is thus able to pull out
electrons into vacuum from the target rear side which in turn enhances the sheath
field and hence improves the acceleration process. Kluge et al. [8] have shown that
the ion energy get enhanced significantly for MLT with diameter below the laser
focal spot size. They have observed that as the target diameter is decreased, the hot

electrons circulating in the foil drift towards the lateral margins. The hot electrons

58 D. K. Kuri, Ph.D. Thesis



2.1. Background of the study

which exit the foil are pulled back by the restoring force set up by the ions and
they enter the interaction region where they get a chance to be accelerated again.
But, as the target diameter is further decreased and becomes comparable to the laser
spot size, the recirculations increase and the electrons are heated continuously as
they are confined to the focal spot by the electrostatic attraction of the inert target
ions. Sokollik et al. [7] have reported an experimental observation on laser-driven
ion acceleration from fully isolated, MLT of diameter around 8 pym. They have also
used the results of two dimensional (2D) particle-in-cell (PIC) and hydro-code sim-
ulations to show that the pre-plasma at both the front and rear sides of the target
strongly affect the efficiency of ion acceleration. Andreev et al. [9] have reported that
a hemi-sphere foil segment serves as the optimal shape for stable maximum proton
acceleration and the optimal diameter of laser beam is about the target diameter for
maximal ion energy at minimal geometrical losses. Fujioka et al. [I0] have reported
that laser-produced mass-limited Sn plasmas can minimize the amount of debris and
can enhance the extreme ultraviolet (EUV) emission. The present literature reveals
that most of the experiments and simulations on ion acceleration from MLT are done
by p-polarized lasers and the acceleration mechanism is mainly the target normal
sheath acceleration (TNSA) process with an increased efficiency due to target geo-
metrical effects. However, Heing et al. [I1] have reported experimental observations
of ion beams accelerated from MLT by a p-polarized laser and they have confirmed
their experimental results via. three dimensional (3D) particle-in-cell (PIC) simula-
tions that the ions are accelerated by a converging shock induced by the radiation
pressure. Hence, besides TNSA process, the radiation pressure acceleration (RPA)
mechanism may also play an important role in the acceleration from MLT. Circu-
larly polarized lasers are found to be more efficient in accelerating ions as there is
no oscillating component in the ponderomotive force and hence the electrons can be
steadily pushed forward. Hence, circularly polarized lasers can be considered to be a
better candidate to induce the effect of RPA. Circulalrly polarized lasers may induce

RPA effects in MLT similar to that as observed in case of solid foils.

In the present work we investigate the role of target thickness in proton accelera-
tion from mass-limited plasma targets by an intense short-pulse circularly polarized

laser with the help of 3D-PIC simulation using the code Picpsi-3D [12]. Simulations
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have been done using MLT of varying thicknesses. Our main aim is to study the de-
tail insight of the processes which occur during the transition from the RPA regime
to the TNSA regime and to point out its role in the quality of the proton beam which
may be decided by the transverse and axial acceleration as shown in our simulation
results. The transverse acceleration degrade the proton beam quality and hence re-
duce the beam energy. On decreasing the target thickness, it is observed that the
transverse acceleration gets reduced and the protons get accelerated more along the

axis which may be due to the dominant effect of radiation pressure.

2.2 3D-PIC Simulation Model

The simulations have been done for four different cases using targets of different thick-
nesses such as 8, 3, 2 and 1 um. A circularly polarized laser propagating along Z direc-
tion of wavelength A = 1 pum, normalized electric field amplitude ag(= eEy/mewc) =
10 which corresponds to an intensity of 1.36 x 10** W/cm?, pulse duration 7 = 20
fs (FWHM) is incident on a plasma target of density 1.15 x 10*? ¢cm™ (10.32 n.).

Here, n. = mew?/4me? is the critical density where e and m, are the charge and

2 pm 8 um

y 4

Y

Fig. 2.1: 3D-PIC geometry of the simulation box.

mass of an electron respectively, w is the laser frequency, Ej is the laser electric field

60 D. K. Kuri, Ph.D. Thesis



2.8. Results and Discussion

amplitude and c is the speed of light. The electron plasma frequency is given as
Wpe = \/m where n, is the electron plasma density. The spot size of the
laser pulse is 3 um (FWHM) and the laser period Tj is 3.3 fs. A simulation box of
dimensions 20 ym x 20 pym x 15 pm consisting of 200 x 200 x 150 cells has been
used. The plasma slab of height and width 10 ym and thickness 8 pm is sharply
edged and is located at a distance of 2 ym from the left boundary of the simulation
box as shown in Fig. A vacuum gap of 5 um across the rear side of target
is maintained in all the four different cases. 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.. The plasma is initially assumed to be cold with T, = T; = 0

where T, and T; are the electron and ion temperature respectively.

2.3 Results and Discussion

As the laser intensity is relativistic, the laser may penetrate the classically overdense
plasma slab due to relativistically induced transparency [13-15]. The quiver mo-
tion of the electrons become relativistic which increases their mass by the Lorentz
factor, v = \/Ta(%/z The cold electron plasma frequency thus gets modified as
Wpe = \/m which becomes less than the laser frequency, w for a2 > 1. The
effective dielectric constant then makes it possible for the laser pulse to get trans-
mitted through the plasma slab. For the chosen set of laser and plasma parameters,
we have n, ~ yn. which makes the target partially transparent to the incoming laser
pulse. Besides relativistically induced transparency, the RPA induced instabilities
may also contribute towards transparency and electron heating inside the plasma.
The motion of the laser piston through the plasma can be observed clearly form Fig.
(a), (b) and (c) which shows the ion density distribution at the central YZ plane
at different times 37.63 Ty, 54.47 T, and 104 Tj respectively for the target of thickness
8um. Fig. 2.3 (a) shows the electrostatic field of the double layer at time 31.69 Tj.
The radiation pressure accelerates the protons from the front side of the target. Due
to radiation pressure, the front surface of the target is pushed inward and it gets

deformed like a cone shape due to the transverse Gaussian shape of the laser pulse as
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Fig. 2.2: Proton density distri-

bution in the central YZ plane
(X = 10 pum) for the target of
thickness 8 pm at time (a) 37.63
To, (b) 54.47 To and (C) 104 To.
The proton density n, is normal-
ized by the critical density n. =

Fig. 2.3: Longitudinal electric
field F, normalized by the laser
electric field Ej in the central YZ
plane (X = 10 pm) for the tar-
get of thickness 8 pum at time (a)
31.69 Ty and (b) 54.47 Ty.

1.12 x 10%! em™.

observed in Fig. (b). The effective laser pulse incidence becomes oblique at the
edges of the laser focal spot. The laser pulse then starts getting reflected from one
edge of the cone and is incident on the other edge [16]. This continues and the piston
gets degraded which results in the formation of several clumps through which the
laser pulse can penetrate. Pegoraro and Bulanov [I7] showed that Rayleigh-Taylor
(RT) instabilities may result in making the foil transparent as they are accelerated
to relativistic velocities. The effects of such instabilities can be reduced by a proper
tailoring of the laser pulse. Such effects are not observed in 1D simulations due

to absence of multidimensional effects. These transverse effects broaden the energy
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spectrum. Due to effective oblique incidence, a normal electric field component arises
from the tilt of the plasma boundary with respect to the laser propagation direction.
The electric field component normal to the edges of the cone shaped deformed surface
would lead to electron heating via. “vacuum heating” [I§] process. Chen et al. [19]
have mentioned that with effective oblique angle of incidence at the deformed surface,
the electrons start getting heated by vacuum heating process. The hot electrons dis-
perse around the target and broaden the energy spectrum. They have investigated
that the monoenergetic nature of the energy spectrum can be obtained by using
super-Gaussian laser pulses. Gaussian pulses have a sharp transverse intensity pro-
file which bends the plasma surface whereas super-gaussian or flat top pulses have
a smooth and flat intensity profile which can push the piston more effectively with
minimal deformation and hence would reduce the effects of vacuum heating. Bran-
tov and Bychenkov [20] have reported that the monoenergetic nature as well as the
maximum energy of proton beams accelerated from MLT improve significantly on
using super-Gaussian laser pulses. In our case, since we have used a laser pulse with
transverse Gaussian profile, the target becomes transparent and it also causes the

vacuum heating of electrons at the deformed plasma region.

The highly energetic electrons generated at the deformed front plasma surface
then gets transported through the target which eventually reaches the target rear
side and results in the formation of a sheath field which accelerates the protons
from the target rear side via TNSA mechanism. For larger target thickness, the hot
electrons would get more diverged from the laser axis as they travel long distance
through the target which would cause the transverse expansion of the sheath formed
at the rear side. However, the hot electrons generated at the tip of the cone would
be much more energetic as the laser intensity is highest at this point and they would
travel along the laser axis. Hence, the electrostatic field of the electron sheath at
the target rear side would be strongest on the axis rather than along the transverse
directions. The electrostatic field of the electron sheath at time 54.47 Tj is shown in
Fig. [2.3| (b) which rises very sharply at the rear side of the target. Due to limited
transverse size of the target, the hot electrons escape from the lateral edges along the
transverse directions and may re-enter the interaction regime due to the restoring

force set up by the protons. The oscillating nature of the longitudinal electric field
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diverging along transverse directions from the interaction region may be due to the
hot electron recirculations as shown in Fig. (b). These transverse hot electron
recirculations may also contribute towards the increase in transverse expansion of

the sheath and hence would result in the divergence of the proton beam.
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Fig. 2.4: Proton density distribution (al-a3) and longitudinal electric field E,
(b1-b3) in the central YZ plane (X = 10 pum) for targets of thicknesses 3, 2
and 1 pym at times 54.47 Ty, 49.52 Ty and 41.60 Ty respectively. The proton
density n, is normalized by the critical density n. = 1.12 x 102" ¢cm™ and the
longitudinal electric field F, is normalized by the laser electric field Ej.

The simulation is repeated by decreasing the thickness of the same target to 3 pm.
Fig. (al) and (bl) shows the proton density distribution and the electrostatic
field at time 54.47 Tj respectively. The simulation is repeated again by decreasing

the thickness to 2 pym. The on axis acceleration of protons is more in this case as
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observed in Fig. [2.4] (a2) and (b2). On decreasing the target thickness further to 1
pm, it is observed that hole boring reaches the rear side of the target as shown in Fig.
(a3) and (b3). The transverse hot electron recirculations are observed to be least
in case of the target of thickness 1 pm as RPA starts dominating the acceleration
process. The electron distribution across the rear side is plotted in Fig. [2.5] (a), (b),

(c) and (d) for targets of thicknesses 8, 3, 2 and 1 pum respectively. It is observed that
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Fig. 2.5: Electron density distribution in the XY plane at the rear edge of the
target of thickness (a) 8 um at Z = 10 pum and time 54.47 Tp, (b) 3 pum at Z
= 5 um and time 54.47 Tp, (c) 2 pm at Z = 4 pm and time 49.52 Tp and (c) 1
pm at Z = 3 pm and time 41.60 Ty. The electron density n, is normalized by
the critical density n. = 1.12 x 10%! cm™.

the flow of energetic electrons towards the rear side along the axial and transverse
directions is almost equal in case of the target of thickness 8 ym. On the other hand,
electron density across the rear side is higher on the axis as the target thickness is

reduced to 3 pym and much higher when further reduced to 2 ym and then to 1 pym.
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Fig. (al-a4) and (b1-b4) represents the normalized axial momentum p,/m;c
phase space and transverse momentum p,/m;c phase space for targets of thickness
8, 3, 2 and 1 um respectively. In case of 8 ym target, it can be clearly observed from
Fig. (al) that the protons which get accelerated from the target front surface
by the radiation pressure are much more energetic as compared to those which get

accelerated from the back surface by the TNSA mechanism. Thus, the radiation
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Fig. 2.6: Normalized axial momentum p,/m;c (al-a4) and transverse momen-
tum p,/m;c (bl-b4) phase space for targets of thicknesses 8, 3, 2 and 1 pum at
times 104 Ty, 74.28 Ty, 68.34 Ty and 61.41 T respectively.

pressure accelerated protons travel through the target and on reaching the rear side,
get accelerated by the sheath field. Plasma expansion occurs along all the three
directions which degrades the energetic proton beam quality. Comparing Fig.

(al) and (bl), it can be observed that the radiation pressure accelerated protons
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from the target front surface which travel through the target and eventually reach
the rear side has higher axial momentum as compared to those which get accelerated
from the rear side by the sheath field. It can also be observed that the axial and
transverse momentum of the protons accelerated from the target rear side by TNSA
mechanism are nearly same. It can be observed that the protons which are accelerated
along the axis as shown in Fig. (c) are the ones which are accelerated mainly
by the radiation pressure. On comparing Figs. (b1-b4), it can be observed that
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Fig. 2.7: Proton density distribution in the central YZ plane (X = 10 um)
when the protons gain maximum energy for the target of thickness (a) 3 um at

time 74.28 Ty, (b) 2 pm at time 68.34 Ty and (c¢) 1 pm at time 61.41 Ty. The

proton density n, is normalized by the critical density n. = 1.12 x 10%' ¢cm™.

though the values of transverse momentum is almost same for all considered targets,
but there are highest number of energetic protons along higher values of transverse

momentum in case of 8 ym target. The number of energetic protons across the target
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rear side tends to be more towards lower values of transverse momentum as the target
thickness is decreased upto 1 pm. Thus, it can be concluded that RPA induced by the
a circularly polarized laser provides better collimation than TNSA. Fig. shows
the proton density distribution at times when the proton energy is maximum. It can
be observed from Fig. that as we go on decreasing the thickness of the target up
to 1 um, the energetic proton beam gets more and more collimated as RPA starts

dominating the acceleration process.

10° —8um
3um
10" o —2um
——1um
102 4
ZQ
€ 10
[<}]
Q
E 10°
c
5
-5
5 10
o
10°
10-7 .l L
| ) I ) I ) I ) [ ) I ) 1
0 5 10 15 20 25 30
Energy (MeV)

Fig. 2.8: Proton energy spectrum for the target of thickness 8 um (red solid)
at time 104 Tp, 3 pm (green solid) at time 74.28 Tp, 2 pm (blue solid) at time
68.34 Ty and 1 um (black solid) at time 61.41 Ty. The proton number N is
normalized by the total number of protons Ny in each case.

Fig. represents the proton energy spectrum for all the four targets. It is found
that the proton energy increases as the target thickness is decreased. Though we have
observed that RPA dominates the acceleration process producing well collimated high
energetic proton beams, we have not observed any quasi-monoenergetic character in
the energy spectra. Though it is well known to us that TNSA produces collimated
energetic proton beams, but the collimation is comparatively less than the protons

accelerated by RPA due to a circularly polarized laser. The energy spectrum gets
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broadened and the quasi-monoenergetic character gets diluted due to the involvement
of TNSA process. A nearly quasi-monoenergetic peak at ~ 8 MeV can be observed
at an early time 37.63 Ty which gets deteriorated at a later time 104 7, when the
TNSA starts participating in the acceleration process as shown in Fig. [2.9] For the

—time 37.63 T0
time 104 T0

Proton number (N/N, )

0 2 4 6 8 10 12 14 16 18
Energy (MeV)

Fig. 2.9: Proton energy spectrum for the target of thickness 8 ym at time 37.63
To (red solid) and 104 Ty (green solid). The proton number N is normalized
by the total number of protons Nj.

range of target thickness presented here, we have observed an increase in maximum
proton energy as the target thickness is decreased up to 1 ym. On further decreasing
the target thickness upto 0.2 um, and it is found that the proton energy is maximum
for an optimum thickness of 0.5 pm as shown in Fig. [2.10}

In order to have a better understanding of the effect of laser polarization on
proton acceleration from mass-limited targets, we repeated the simulation for the
target of thickness 2 um with a p-polarized laser. As observed in Fig. 2.11] (a), most
of the protons are accelerated from the target rear side via. TNSA process. Though
the accelerated protons are fairly collimated but the collimation is not good enough
as compared with the protons accelerated by the circularly polarized laser. The

transverse expansion of the target is more in this case due to increased transverse
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hot electron recirculation. This transverse motion of the electrons and protons is
mainly due to the oscillating J x B component of the ponderomotive force of the
p-polarized laser which heats bulk of the target completely. This volumic heating
causes plasma expansion and reduces the effect of radiation pressure which causes
the broadening of energy spectrum and result in poor proton beam collimation. In
this case, TNSA dominates the acceleration process and most of the protons are

accelerated from the target rear side as shown in Fig. 2.11](b). In case of a circularly
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Fig. 2.10: Variation of maximum proton energy with target thickness.

polarized laser pulse, the plasma particles are pushed steadily in the forward direction
due to the absence of the oscillatory component which reduces the volumic plasma
heating and the plasma expansion is considerably less as shown in Fig. 2.7/ (b). The
simulation by a p-polarized laser is repeated for the target of optimum thickness 0.5
pm. The maximum energy gained by the protons is comparatively less than that
produced by the circularly polarized laser as shown in Fig. [2.12] Willingale et al.
[21] have observed the front surface ion acceleration from plasmas with densities
ne = 3n. — 15n,. but the energy is always less than the rear surface accelerated ions

due to efficiency of hot electron generation. However, in our case, the front surface
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ion acceleration is higher than the rear surface on using a circularly polarized laser.
Hence, it can be concluded that a circularly polarized laser can accelerate protons up
to high energies with good collimation from mass-limited targets due to the dominant

effect of radiation pressure.
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Fig. 2.11: (a) Proton density distribution in the central YZ plane (X = 10 um)
and (b) Axial momentum p,/m;c phase space when the protons gain maximum
energy for the target of thickness 2 ym by a p-polarized laser at time 98.05 T.

The proton density n, is normalized by the critical density n., = 1.12 x 10

cm'3.

2.4 Conclusion

The role played by the target thickness in generating high energetic protons from
near-critical mass-limited plasma targets by an ultraintense short pulse circularly
polarized laser has been investigated with the help of 3D-PIC simulations. The
simulations have been done using targets of thicknesses 8, 3, 2 and 1 pum. The

conclusions drawn from the above discussions can be summarized as follows :

i) Protons get accelerated more effectively from the target front surface due to the
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Fig. 2.12: Proton energy spectrum for the target of optimum thickness 0.5
um by a circularly polarized laser (red solid) at time 57.44 T and a p-polarized
laser (blue solid) at time 73.29 Ty. The proton number N is normalized by the
total number of protons Nj.

radiation pressure of a circularly polarized laser. The front surface accelerated
protons are more energetic and collimated than the ones which are accelerated

by the TNSA mechanism from the target rear side.

The radiation pressure accelerated protons are highly energetic and hence travel
much faster through the target and reach the target rear side as the target thick-
ness is decreased. Thus, RPA dominates the acceleration process on decreasing
target thickness which leads to an increase in maximum proton energy and

beam collimation.

The use of a circularly polarized laser reduces volumic heating and also prevents
the effect of transverse hot electron recirculations to a considerable extent which

improves the energetic proton beam collimation.

The maximum proton energy as well as the number of accelerated protons

increases on decreasing target thickness. However, the monoenergetic character
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is not observed in the energy spectrum as the monoenergetic nature of RPA is

diluted due to multidimensional effects.

v) For same values of laser intensity and target thickness, TNSA mechanism domi-
nates over RPA for a p-polarized laser while the reverse happens for a circularly

polarized laser.

vi) The proton energy obtained is found to be maximum for the target of an

optimum thickness of 0.5 pm.
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