Chapter 2

Accelerating protons from a mass
limited spherical target using an

ultrashort laser pulse

The work included in this chapter is published in A. Bhagawati, et al.
"Proton acceleration due to laser plasma interactions from mass-limited

spherical targets.” Physics of Plasmas 26.9, 093106 (2019).

The proton acceleration processes involved in the interaction of an ultrashort
circularly polarized laser with a near-critical density spherical target are investi-
gated in this chapter using three dimensional particle in cell simulations. Both
the target size and the target density are observed to be crucially governing the
dynamics of the fast protons. The relativistically induced transparency helps
in a stronger heating of the target and a complicated interplay is observed
between the participating interaction processes. The generation of hot-electrons
and their re-circulations within the plasma help in the formation of shocks
which exerts a further push to the protons accelerated by the electrostatic sheath
formed due to the ponderomotive force. A mazximum peak proton energy of
about 40 MeV 1is observed which is the result of the cumulative effects of the
shock and sheath acceleration. FElectron jets are observed in the forward laser

direction for a larger target size, which suppresses the energy of the proton beams.
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2.1 Accelerating ions from mass-limited targets

Targets having compressed transverse dimensions (comparable to the
laser spot size), also known as mass-limited targets (MLT), have been
largely used in the study of generation of energetic ion beams. Their
use has greatly displayed an increase in the efficiency of the ion beam
energy with a significant rise in the peak energy, as compared to
extended foil targets with equal thicknesses [I, 2]. The use of MLT has
reduced the lateral expansion of hot electrons by reducing the surface
of the target. The electrons are thus confined to a lesser space for
a longer time which wultimately increases the accelerating field.  This
noticeably reduces the unwanted widening of the sheath beyond the laser
focus area. Various studies have been done using MLTs and ultrashort
laser pulses, which shows significant improvement in the generation of
fast particles, compared to thick targets [3| 4, [5]. The interaction
mechanism is greatly influenced by the small size and geometry of the
mass limited targets [6, [7]. Recently, spherical plasma targets have been
explored to obtain energetic particle beams due to interactions with
laser [3, B, 8, @, [10]. Electron heating is not powerful in the case of a
large spherical target as the electrons cool down fast and exhaust the
recirculation process, leading to a depletion in the ion energy [2]. It has
been found from previous studies that, a spherical target for which the
diameter is of the order of the laser spot size, facilitates the production
of fast ions [I]. Additionally, it has been found that when the target
diameter is slightly less than the laser focal spot size, the divergence
of the ion beam is significantly reduced along with the enhancement
of the peak ion energy [I1, [12]. However, these studies are performed
using solid density spheres. It has been established that a near-critically
dense plasma facilitates the formation of strong shocks, that leads to
the acceleration of the ions from the shock fronts. Therefore, in the
present study we utilised a plasma sphere of relativistically near-critical
density to investigate the generation of energetic ion bunches.

In this chapter, we wused three dimensional particle in cell (PIC)
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2.1. Accelerating ions from mass-limited targets

simulation to study the influence of target parameters and the laser
polarization on the ion acceleration processes occurring when a pulsed
femtosecond laser interacts with a mass limited near-critically dense
spherical target. The topic of proton acceleration by laser-driven shocks
in spherical plasma targets of near-critical density has not received suffi-
cient attention. The presented work was motivated by the experimental
observation of strongly directed proton beam emitted from spherical
mass-limited target by Henig et al. [I0] which revealed that ions gain
energy due to shocks formed in plasma as indicated by a plateau-shaped
energy spectrum. In the experiment, a highly collimated proton beam
with plateau-shaped spectrum extending to energies upto 8 MeV was
observed.

In the present work, a detailed study is made on the dependence of
the quality of the proton beam on the diameter and density in the
near-critical regime of the spherical plasma target. The study reveals
that the energy gained by the proton beam crucially depends on the
shape, size and density of the plasma target. Moreover, a circularly
polarized laser is found to be more effective in accelerating the particles
than a linearly polarized beam. Three main types of proton acceleration
mechanisms are observed in this work, where the protons get accelerated
from the front surface, the central portion of the target or from the
rear surface. There are clear observation of the formation of shocks,
which accelerated the ions to twice the shock velocity. The density in
the relativistically near-critical regime supports the generation of the
shock and assists the production of energetic ions. A comparative study
is also made between the maximum energy obtained from a spherical

target with that of a planar target having equal dimensions.
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2.2 Laser-driven electrostatic shock in near-
critical plasma

An electrostatic shock wave is created in plasma due to a sudden
rise in density which is accompanied by the onset of a sharp electric
field [13]. When an intense laser beam interacts with an over-dense
[14, 15, 6] or near-critical [13, [I7] plasma target, the laser gets stopped
near the critically-dense layer. The radiation pressure of the laser pushes
the plasma electrons into the target creating a density perturbation in
the plasma. A shock wave is characterized by a sharp electric field in
the pressure transition region and may reflect ions and accelerate to twice
the shock velocity. Usually, ion acoustic waves (IAW) in plasma may
manifest as shock waves when amplitude grows and plasma particles are
trapped resulting in high amplitude electric field. The ions upstream of
the shock are reflected from it if the shock reflection condition is sat-
isfied, i.e. if the electrostatic potential energy, Ze®,,,. associated with
the shock front is higher than the kinetic energy of the upstream ions,
%mvf. Here wv; is the velocity of the ions in the shock frame. These
ions get reflected elastically to twice the shock velocity leading to ion
acceleration [I8].

In the case of near-critical plasma, the shock formation usually takes
place at later times as compared to over dense targets [I3]. For ag > %,

c
the relativistic transparency becomes dominant over the radiation pressure
action initially. After a considerable amount of time, plasma electrons
get accumulated ahead of the circularly polarized laser pulse due to the
ponderomotive force. The region becomes electron-rich creating a strong
unipolar electric field which results in the accumulation of ambient ions
just ahead of the laser front, forming an ion density peak. This might
lead to the development of a shock which travels at supersonic veloc-
ity, i.e. with Mach number 1.5 < M < 3.5 [30]. Generally, the shock
travels with velocity higher than the hole-boring velocity v, > vy, and

so the shock accelerated ions have energies higher than the hole-boring

ions [2I]. The two basic conditions for collisionless electrostatic shock
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2.2.  Laser-driven electrostatic shock in near-critical plasma

formation are (a) there should be a uniform electron heating followed by
recirculation of hot electrons and (b) a sharp variation in plasma den-
sity [I0, 7). The presence of such a shock may be identified from the
ion phase space. High-velocity shocks can accelerate ions to very large
velocities, with M > 1.5 [21].

In order to obtain shocks with high velocity, the electrons need to be
heated uniformly. For solid density targets, the hot electrons are gener-
ated at the vacuum-target surface which is followed by collisionless heat-
ing processes to ignite the entire target. However, in the case of near-
critically dense target, a significant amount of the laser energy can get
absorbed in the plasma and effectively produce energetic electrons [I7].
As the laser is stopped around critical density, it steepens the plasma
profile and heats the electrons efficiently. The heated electrons move to
the backside of the target, perturbs the background plasma and drives a
return current. This fast return current plays important role in heating
the entire plasma volume, which is a precursor to the onset of shock
wave. Due to stronger coupling and volumetric heating, generation of
hot electrons is very efficient in near-critical density. The fact that the
energy of the laser is absorbed by majority of the electrons can be used
to estimate the electron temperature 7, by balancing the plasma electron

energy density and the absorbed laser energy density [22],

2Tc 7o [ps]

Te[M(fV] = 2.67)a0n m

(2.1)

where 7y is the laser pulse duration in picoseconds, L is the target thick-
ness, n. is the electron density. n is the absorption coefficient which have
an optimum value of 0.5 for peak electron density n. = agn. [19]. For
the generation of high energetic ions, the electrons need to be heated up
to MeV-ranged temperatures. The ponderomotively accelerated electrons
reaching the target rear surface interacts with the unperturbed electrons
at the rear end of the target and gets reflected back due to the elec-
tric field at the rear surface. The complete target heating is achieved if

these hot-electrons recirculates within the target length a couple of times.
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Thus, the shock formation time should be larger than the re-circulation

time to achieve high shock velocity [I4], ie,

Ltarget Uhb Uhb m; Ne
<2m(2-10 =(2-10)—/—4/— 2.2
< on(2 - 10) 3 = (2 10) 72 [T (2.2)

Higher shock velocities are obtained for targets thinner than Lygr4e, Where

the shock front travels through the expanding target to reach its rear
surface heating the target in its course. This heating time is larger for
thicker targets. Thus, the target thickness and density play a decisive
role in producing collisionless shock acceleration of ions. The shock accel-
eration mechanism is rather complicated and comparatively less explored

in the near-critical regime.

2.3 PIC simulation model

For the simulations, we have used Picpsi 3D [23], a relativistic 3 di-
mensional PIC code developed in BARC, Mumbai. A simulation box
of dimensions, 20pum x 20um x 20pum consisting of 200 x 200 x 200 cells
is considered. A laser pulse with intensity of 1.36 x 10*Wem™2 hav-
ing Gaussian profile both spatially and temporally with wavelength 1um
and laser period Ty, = 3.3fs is allowed to propagate along the Z-axis.
The laser pulse has a spot size (spatial FWHM) of 10um and the laser
pulse duration (FWHM) 7 = 33fs. The critical density for 1lum laser

is n.=1.1x10*'em™3

and the normalized vector potential for circularly
a

polarized laser is (—02) ~ 7. With a relativistic intensity, the laser can

penetrate the classically overdense target due to relativistically induced

transparency. The electrons become relativistic in this intensity regime

2
which increases their mass by the Lorentz factor, v =4/1+ % [24]. The

relativistic intensity helps the laser in propagating inside the plasma to
a depth greater than the classical skin depth by a factor /7. A cold
and uniform density hydrogen plasma sphere is introduced inside the sim-
ulation box with an equal vacuum gap between the edge of the plasma

and the sides of the simulation box. Thus the ions considered in this
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study are exclusively protons with mass m, = 1836m.. Absorbing bound-
ary conditions are used along all the three dimensions for the particles
and fields. The simulations are performed with 50 particles per cell and

one time-step is equal to 0.2w, L

The times are calculated after the ini-
tiation of the laser pulse inside the simulation box. A schematic of the

simulation model is shown in Fig. 2.1.

Figure 2.1: A schematic of the simulation model with the laser entering from the left side
and propagating along the Z-direction.

2.4 Results and discussions

The simulations are performed keeping the plasma densities around the
threshold density for relativistic transparency. At first, a circularly po-
larized laser is incident on a spherical plasma target of diameter bum
with density 5n.. The longitudinal electric field, proton densities and the
longitudinal proton momenta are plotted in Figure 2.2 at two different
times: 303.55 fs and 357 fs respectively. The longitudinal electric field
E, and the longitudinal momentum p, is normalized by E;, and myc,
respectively. Here, FEy is the laser peak electric field, m, is the mass
of the proton and c¢ is the velocity of laser in vacuum. The colour
bar in the phase plots denotes the number of protons in arbitrary units

(a.u.). This normalization scheme is carried out in all the subsequent
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cases. A peak in the electric field in Fig 2.2(al) is observed at the
core of the target corresponding to a patch of dense beam of protons
seen in Fig. 2.2(bl). This field later becomes weak at time 357 fs
showing a decrease in the density of the proton region [Figs. 2.2(a2)
and 2.2(b2)]. Due to the target being relativistically underdense, laser
pulse could penetrate through the plasma, heat the electrons and push
them due to ponderomotive force. The strong electric field formed near
the core of the target signifies the possibility of the creation of a shock
front. The proton phase plots of Fig 2.2(c2-¢3) show the protons getting
forward momentum from the rear-side target boundary due to the sheath
accelerating field. However, a small number of protons are also found to
be getting accelerated from the core of the target denoting shock reflec-
tion. The proton energy spectra plot (Fig 2.3) shows that the maximum
energy gained by the particles goes up to 21.5 MeV.

The target diameter is now increased to 10um keeping the density at
5n.. The peak of interaction occurs at around 120 fs when the target
diameter is 10um. Filamentary structures of proton density are observed
in the distribution plots of Fig 2.4 (a). The protons gain maximum mo-
menta from the core of the target and are found to be accelerated by
the shock front more efficiently than through the sheath mechanism. In
this case, the electrons need a longer time to reach the rear side of
the target, compared to the smaller target. As a result, the formation
of sheath electric field at the rear side of the target is restrained to a
great extent. The large population of electrons and protons accumulated
at the core of the target thus forms a shock front, which reflects the
protons efficiently. This is clearly visible from the proton phase plots
of Fig 2.4(b) at time 357 fs. Fig 2.5 shows the time evolution of the
longitudinal electric field, which indicates a shock front moving with ve-

locity ~0.07c. The shock velocity calculated from the graph is supported
Qo ZMen,
ﬁc Amyn;
moves through the upstream plasma, it reflects the protons, which have

= 0.07c. As the shock

by that from theory [25] vs ~ v, =

kinetic energy lower than the electrostatic potential energy of the shock.

From Equation (2.1) the electron temperature is calculated to be 0.42
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2.4. Results and discussions

Figure 2.2: For the target with 5um diameter and density 5n.: The longitudinal electric
field E, (al-a2) along the central laser axis ; the density distribution in the central YZ plane
(b1-b2); and the axial proton momentum p, (cl-c2) along Z are at times 303.55 fs and 357 fs
respectively. The colour bar at (c1-c2) denotes the number of protons in arbitrary units (a.u.).

ZT,
MeV. The ion acoustic velocity is found to be ¢y = 1 = 0.02¢c. Us-
myp

ing the shock velocity, the Mach number of the shock front is found to
be M ~ 3.5.

In order to see the effect of target density, the simulation is repeated
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Figure 2.3: The proton energy spectrum at different times for the target with density 5n..
and diameter 5um. The proton number is normalized by the total number of protons.

Figure 2.4: For the target with 10um diameter and density 5n.: The proton density
distribution in the central YZ plane (a); and the axial momentum p, (b) along Z are plotted
at 357 fs.

for bum target with 7n. density. The proton distribution plot shows a
collimated beam at time 276.5 fs [Fig. 2.6(al)] which is emitted from
the rear side of the plasma at a later time 355.5 fs [Fig. 2.6(a2)]. The
protons gain momentum in Fig. 2.6(bl) from the target centre at 276.5

fs due to the formation of shocks. The phase space plots clearly show
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2.4. Results and discussions

Figure 2.5: The normalized axial electric field variation along the laser propagation direc-
tion Z and time for the target with density 5n. and diameter 10um. The dotted line denotes
the shock front while the solid line denotes the reflected protons.

that the protons are accelerated both by TNSA as well as shock poten-
tial at time 355.5 fs [Fig. 2.6(b2)]. The shock accelerated protons are
found to be more dominant than those accelerated by TNSA mechanism.
The proton energy spectrum, shown in Fig 2.7(a) reveals that the maxi-
mum energy achieved in this case is around 40 MeV, with clear plateau
structures visible, which are a signature of shock acceleration. From Fig
2.7(b), the velocity of the shock front is found to be wvs; ~ 0.056¢ which
is supported by the shock velocity calculated from theory, vy ~ 0.06c.
The ion acoustic velocity is found to be 0.025¢ with the shock front
moving with Mach number M ~ 2.4. This is in accordance with the
M value predicted in the paper by Pak et al [19]. The velocity of the
protons reflected from the shock front is vpetons ~ 0.18¢c from Fig 2.7(b)
(solid line), which is greater than twice the shock velocity. The addi-
tional acceleration is due to the sheath field, i.e. vy = 205 + Vspeqrn, as in

Section 2.2.

71



Chapter 2. Accelerating protons from a mass limited spherical target using an ultrashort laser pulse

1.0 10
0.10 010
0.010 0.010
1.0E-03 g 1.0E-03
>—
1.0E-04 1.0E-04
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Z (um) Z (um)
0.20
) 0.251 b
0.154 &
(b1) 0] (02)
0.104 1.0 0.15 1.0
0.10 0.10 0.10
o 0.05- o,
£ l0010 £ 0054 l0010
& 0.001 1.0E-03 % 0.004 1.0E-03
-0.054 -0.05
-0.10
-0.10
-0.154
T T T T T T T T T T T T T T T
6 8 10 12 14 4 6 8 10 12 14 16 18 20
Z (um) Z (um)

Figure 2.6: The proton density distribution in the central YZ plane (al-a2); and the axial
momentum p, along Z (b1-b2) at times 276.5 fs and 355.5 fs for the target with 5um diameter
and density Tn..

Figure 2.7: (a) The spatio-temporal evolution of the longitudinal electric field (E,) along
the central laser axis. (b) is the proton energy spectra at different times. The plasma target
conditions are similar to Figure 2.5.

The results for the bum spherical targets with 7n. density is compared

with that of a rectangular target having the same dimension and density.
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2.4. Results and discussions

The distinct collimated proton beam observed for the sphere target is not
observed in this case (Fig. 2.8(a)). The energy spectra plot [Fig. 2.8(b)]
shows a continuous variation of proton numbers with energy without any
sign of a mono-energetic beam. The maximum achievable energy is found
to be ~ 32MeV which is less than the case of the spherical target.
The spherical geometry of the target thus facilitates the formation of
shock structures. The curved surface of the spherical target contributes
to the formation of a collimated mono-energetic proton beam, whereas the
curved rear surface suppresses the formation of the sheath field at the
rear surface. As a result, TNSA is found to be less effective than shock
acceleration in the spherical case. At a later time filamentation of the
proton beam takes place and thus the collimated proton beam gradually
dissipates. However, with a proper choice of plasma parameters, it may

be possible to observe shock acceleration in rectangular targets.
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Figure 2.8: (a) The proton density distribution in the central YZ plane at time 355.5
fs; and (b) the proton energy spectra at different times for the flat (rectangular) target with
dimensions 5pm and density 7n.:

For a relativistically overdense target with density 10n. and target di-
ameter equal to the laser FWHM (10um), the peak of the laser hits
the target at around 113 fs. This time is referred to as the laser peak
interaction time [6]. A dense region is observed at the front side of
the target which further increases and propagates forward at time 280.84

fs in Fig 2.9(a). The corresponding phase space plot [Fig. 2.9(b)] in-
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dicates that protons gain maximum momentum due to the RPA mecha-
nism. The ion energy spectra plotted in Fig 2.9(c) show the appearance
of a plateau at time 247.8 fs, which may indicate the presence of an
acceleration mechanism other than TNSA. At later time , however, this
peak vanishes. The peak electric field appearing in the rear side further
accelerates the protons through TNSA mechanism. The simulation for the
same target is also performed with a linearly polarized laser. The purple
curve in Fig 2.9(c) shows that the maximum energy achieved with the
linearly polarized laser is about 7 MeV, whereas, for circularly polarized

laser it is found to be about 16 MeV.

Figure 2.9: (a) The proton density distribution in the central YZ plane and (b) the axial
momentum p, along Z are plotted at 280.84 fs. (c) is the proton energy spectra at different
times. The purple line denotes the energy spectrum at 280.84 fs using a linearly polarized
laser. The target is of diameter 10um and density 10n..

Fig 2.10(a) represents electron density distribution in the central YZ
plane at time 215 fs. Two electron bunches are emitted from the plasma
sphere with diameter 10um and density 10n.. Here the laser FWHM is

of the order of the dimension of the plasma sphere. Usually when a
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Figure 2.10: The electron density distribution in the central YZ plane at 215 fs for the
targets with diameter 10pum and density (a) 10n. nad (b) 7n..

p-polarized electromagnetic wave is incident obliquely on a steep plasma
boundary, the electrons are dragged into the vacuum and sent back to
the plasma. Although in the present work, circularly polarized laser is
used, the formation of electron bunches may still be attributed to the
Brunel mechanism [26]. Both Fig 2.10(a) and Fig. 2.11(b) reveal that
hot electron bunches are emitted from the plasma target with spatial
period ~ lum which is the laser wavelength. In the phase space den-
sity plot of Fig 2.11 (b), the Z-components of momenta of only the
top bunch of electrons is plotted. The emission of hot electrons from a
plasma target may be due to interplay between vacuum heating as well
as 7><§ mechanism. Although for circularly polarized laser, 7><§ term
vanishes, there may be still emission of hot electrons from the plasma
sphere due to the interaction of electrons with the self generated mag-
netic field [27, 28]. However, the periodic hot electron bunches emitted
in this case is caused mainly by vacuum heating. When the laser pulse
is focused to a small spot with size comparable to the laser wavelength,
the longitudinal component of the laser field cannot be neglected. The
longitudinal field may significantly affect the electron motion and cause
ejection of electrons from the periphery of the target via vacuum heat-
ing [29]. The appearance of these two electron bunches is suppressed in
the lower density target (7n.) [Fig 2.10(b)]. For the target with density

Tn., the laser may penetrate the target due to relativistic transparency
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and the effect of vacuum heating gets suppressed. The presence of these
electron bunches have a negative impact on the maximum proton energy
achieved. The hot electrons bunches emitted from the edges of the target
heats up the target in the transverse direction inhibiting the forward ac-
celeration of protons in an effective manner. From the phase space plots
of Fig 2.11(a) it is clearly visible that the electrons attain relativistic

velocities as soon as the laser effectively interacts with the plasma.

p,/m.c

Figure 2.11: The longitudinal electron phase space plots along the propagation axis Z for
the target with diameter 10um and density 10n. at times (a) 155.3 fs and (b) 215 fs. In (b)
the Z-components of momenta of only the top bunch of electrons is plotted.

Figure 2.12: For the target with 10um diameter and density 5n.: The proton density
distribution in the central YZ plane (a); and the axial momentum p, (b) along Z are plotted
at 357 fs.

Based on the simulation results, the variation of maximum proton energy

with the density is plotted for the target sphere with diameter 5um in
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2.5. Conclusion

Fig 2.12(a). It is observed that proton energy is maximum for the tar-
get with density 7n.. The combined effect of all the three acceleration
processes pushes the protons forward to obtain such high values of ener-
gies. For this optimum density value, the variation of the proton energy
with the target diameter is plotted in Fig 2.12(b). The smallest tar-
get diameter (bum) facilitates the production of protons having highest
energies. As the target diameter increases, the electron heating becomes
substantially less and the target cools down rapidly. Thus electron re-
circulations could not take place efficiently in such cases leading to a

decrease in the energy of the proton beam.

2.5 Conclusion

In this chapter, the possibility of ion acceleration in a spherical plasma
target in near-critical regime has been explored, using circularly polarized
laser beam. For understanding the role of target geometry and laser po-
larization, a comparative study has been made with the results of rect-
angular target of similar dimension. Several novel features of ion accel-
eration have been observed from the present study. Ions are found to
be accelerated due to the interplay among RPA, shock and TNSA mech-
anisms. Different target parameters (density, size, and shape) and laser
polarizations are used to attain an optimum set of parameters where a
maximum value of peak energy is obtained. It is observed that these
parameters work in synergy to generate the highly energetic jet of pro-
tons.

The results of this chapter can be summarized in the following points:

1. The target geometry is found to play a major role on the maxi-
mum energy attained by the protons. This energy further depends
on target size and density. The quality of the proton beam both
in terms of energy and mono-energetic nature is superior than the
proton beam obtained from the corresponding rectangular target of
same size. A combination of RPA, shock acceleration and TNSA

contributes to such high values of energy. The proton beam colli-
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mation is also better in the spherical case. The curved front surface
of the sphere target focuses the accelerated protons into a beam of
lower divergence. This effect is not seen in the case of the flat

target.

2. Proton acceleration through shock mechanism is found to be domi-
nant for targets with relativistically critical densities. In such cases,
the Mach number is found to be well within in the range for elec-
trostatic shocks 1.5 < M < 3.5 as given in [30]. The target with
density 7n. and size Hum exhibits the optimum peak proton energy
value ~ 40MeV. In this case the protons getting reflected by the
shock front is further accelerated by the sheath field.

3. The effect of RPA increases with the increase in target size and
density. High-density targets offer the opacity required for RPA to
be dominant so that the electron heating is minimum. Moreover,
the larger target size cools down the electrons so that recirculation

is reduced significantly, thus promoting the effect of RPA.

4. The formation of the electron jets in larger targets at densities 7n.
and 10n. suppresses the ion energies. The electrons gain energy
from the laser beam at the target boundaries by a combination of
vacuum heating and 7><§ mechanism and the plasma gets heated
up in the transverse directions leading to a reduction in the proton
energies. However, in this case, vacuum heating is the dominant

mechanism responsible for the emission of periodic electron bunches.

We have observed that the protons accelerated due to shocks at the
core may be further accelerated due to the sheath formation in the rear
surface. An effort has been made to identify the shock dominant regimes.
Near-critically dense spherical plasma target may be a promising way to

obtain compact proton accelerators.
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