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Abstract

We investigate the influence of the initial size of the proton layer on proton acceleration in the interaction of high intensity
laser pulses with double-layer targets by using two-dimensional particle-in-cell code. We discuss the influence of proton
layer initial sizes on the cut-off energy, energy spread, and divergence angle of proton beam. It is found that Coulomb
explosion plays an important role on the proton cut-off energy. This causes the cut-off energy to increase for
increasing proton layer thickness, at the expense of energy spread. The proton divergence angle reaches a peak value
and then falls again with increasing the width. Proton divergence angle grows with target thickness. It is found that
there is an optimal thickness to obtain the narrowest energy spread, which may provide an effective method (change
the size of proton layer) to obtain high quality proton beams. This work may serve to improve the understanding of
sheath field proton acceleration.
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1. INTRODUCTION the target rear side, and the strong perpendicular electrostatic
field accelerates protons to high energies: this mechanism is
known as “target normal sheath acceleration” (TNSA) (Wilks
et al., 2001) mechanism. TNSA is one of the major mechan-
isms in laser proton acceleration and considered to be an ef-
fective method to obtain high quality proton beams with the
laser systems nowadays.

Although there were a lot of theoretical (Mora, 2005; Pas-
soni & Lontano, 2008; Fourkal er al., 2005; Passoni et al.,
2010), experimental (Schwoerer et al., 2006; Hegelich
et al., 2006; Ter-Avetisyan et al., 2009; Bartal et al., 2011;
Brenner et al., 2011; Burza et al., 2011), and simulation
(Nodera et al., 2008; Klimo et al., 2011; Lefebvre et al.,
2010) studies that have been reported to enhance our under-
standing of TNSA mechanism and improve proton beam
quality, there still are numerous issues to overcome as the
present proton beam sources are not yet optimized for appli-

In the past 20 years, as the developments of ultra-high power
and ultra-short pulse lasers, laser-plasma interaction (LPI)
(Cai et al., 2009; Pukhov et al., 2011; Robinson et al.,
2012; Sakagami et al., 2012) has attracted remarkable inter-
ests in relativistic plasma physics. One of the hottest topics in
the field of LPI is laser-driven ion (proton) acceleration
(Eliasson et al., 2009; Pae et al., 2011) because of its poten-
tial applications in high energy density physics diagnostics
(Li et al., 2006; 2009), fast ignition in inertial confinement
fusion (Roth et al., 2001; Badziak et al., 2011), and hadron
therapy (Malka er al., 2004). When an ultra-intense laser
pulse irradiates on a solid target, relativistic electrons gener-
ates at the interface. The relativistic electrons moving through
the plasma-vacuum interface create a space charge field on
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important parameters (Daido et al., 2012), These are affected
by a number of parameters, such as the characteristics of the
laser pulse, and the parameters of the foil target and proton
layer. The dependence of proton acceleration on the laser
pulse (Zeil et al., 2010; Carrié et al., 2009; Esirkepov
et al., 2006) and the foil target size have been investigated
in detail. However, there have been a few considerations
the influence of the proton layer (Flacco et al., 2010). The
influence of the proton layer can also help probe diagnose
the sheath acceleration mechanism leading to generation of
proton beam. Changing the transverse size of the deposited
proton layer, it is possible to create for the protons a region
in space where the accelerating electric field is homogeneous
and constant. If all the protons are accelerated in the same
fashion, their energy will tend to be the same creating a
peak in the energy spectrum. Meanwhile, changing the longi-
tudinal size proton layer, both of proton bunch Coulomb
explosion effect and screening on sheath field will affect
the acceleration.

In this work, we adopt a double-layer target composed of a
high-Z foil layer and a proton layer. The radio me/mp of
proton is larger than that of high-Z ion, so as to achieve
high efficient acceleration. The high-Z substrate having a
plasma frequency smaller than the proton layer will start ex-
panding under the influence of the ambipolar field after the
proton layer is accelerated. The dynamic of the substrate is
decoupled from the dynamic of the proton layer. We
change the proton layer size and carry out simulations with
relativistic two-dimensional particle-in-cell (2D-PIC) code
(collisionless) Flips2d (Zhou et al., 2010; Yu et al., 2012a;
2012b; 2013). PIC simulation is probably the most success-
ful method for investigating laser driven proton acceleration.
Compared with three-dimensional (3D)-PIC simulations, 2D
simulations have their limitations in providing quantitative
comparisons, but they do provide useful qualitative guides
for experiments. We organize this paper as follows, the
setup of the PIC simulations is described in Section 2, the
influence of the proton layer width (in the transverse direc-
tion) and thickness (in the longitudinal or laser incident di-
rection) are presented in Sections 3 and 4, respectively, and
a summary is given in Section 5.

2. SIMULATION CONDITIONS

We choose a simulation box sized X; X Y; =50 Ao x 80 Ao,
simulation duration of 2501, and grid size of AX =AY =
0.02 A9 and time step of Ar=0.011, where t=Xy/c=
3.536 fs and Ay = 1.06 wmn are laser period and wavelength,
respectively. A p-polarized laser pulse with Gaussian profile
in the transverse direction and focal spot of 3.5 A, (full-width
half maximum (FWHM)) is introduced along the laser-axis
from the left. In longitudinal direction, the pulse shape is as-
sumed to increase to peak intensity in 5 T, then remain con-
stant for 30t before dropping to zero in another 5t. The
dimensionless amplitude is assumed to be ag = 10.0, where
ap is the normalized field amplitude. The electron and ion
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initial temperatures are both 1.0 keV. We use a double-layer
target model (Reference 37) in the simulations. A high-Z
(Zme/mi = 1/3672) thin foil target of 1.0 A, thickness and
10.0 Ay wide is used as shown in Figure 1. A hydrogen
layer (me/mp = 1/1836) is attached to the rear of the
high-Z foil target. The density of the high-Z foil is 50n,,
where n. =~ 1.0 x 10%' /em? is the critical density. The density
of the hydrogen layer is n. . The number of particles per cell
is 225 electrons and 25 ions for the high-Z foil target, 225
electrons and 225 protons for the hydrogen layer. In order
to improve the computational precision, a second-order
interpolation algorithm for charge conservation of PIC
method (Yu et al., 2013) has been adopted in the code.
The boundary conditions of fields are absorption in trans-
verse direction and periodic in longitudinal direction, while
the conditions of particles are absorption and reemission.
The parameters used in this paper may be not justified;
especially the optimal target condition is not addressed
here, as this paper’s focus is on the TNSA physics.

3. EFFECT OF PROTON LAYER WIDTH

In this section, we discuss the simulation results where the
transverse width of the proton layer width from 0.1 A to
10 %9, while keeping the thickness fixed to 0.1 Ay. In the
work of Fuchs et al. (2006), it is shown that the effective ac-
celeration time is proportional to laser pulse duration, as
tuce = 1.317450r» Where 1,.. is the effective acceleration time
and 7, 4., 18 laser pulse duration. In our simulations, the effec-
tive acceleration time should be about 50 t (our laser duration
full-width half maximum is #; ., = 35 1), which means that
the acceleration process in sheath field is finished at the
end of simulation time (250 t). The proton energy spectra
generated from proton layers of different width at r = 250 ©
is shown in Figure 2a, the spectra shape is significantly af-
fected by the width of the proton layer. In these results, the
average proton energy decreases as the transverse width

High-Z material

Hydrogen

Fig. 1. (Color online) A laser pulse is irradiated on a high-Z foil target from
the left. The thickness, width and density of the foil target are 1.0 A, 10.0 A
and 50n,, respectively. A hydrogen layer is attached to the rear of the high-Z
foil. The density of the hydrogen layer is 1.0n,.
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Fig. 2. (Color online) (a) Proton energy spectra for different proton layer width (transverse size) at ¢ = 250 1, from which time the effect of
sheath field acceleration is finished for the width of proton layer from 0.1 A to 10 Ao and constant the thickness 0.1 Aq, (b) Proton energy
spectrum of proton layer with 10 A, wide at different times. We can see the expansion of the bandwidth of the energy spectrum after the

acceleration process.

increases, because protons far from the laser axis acquire a
lower energy as shown in Figure 3. The proton cut-off
energy however increases as the width grows from 0.1 4 to
6.0 A, and then slightly decreases as shown in Figure 2a.
The reason for such a trend is that the proton cut-off
energy is affected by both sheath field value and the internal
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Coulomb explosion of the proton beams, which is investi-
gated in detail below. The proton energy spectrum of a
10 Ay wide layer is shown at different times in Figure 2b.
One can see that the proton energy spectrum has a sharp
peak at early time, expands with time in spite of the fact
that we expect the sheath acceleration to have finished,
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Fig. 3. Relations between proton energy and their initial locations in transverse direction at different times for a proton layer 10 A, wide

and 0.2 A thick.
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which is due to the Coulomb explosion effect as mentioned
above.

Figure 3 shows the relation between proton energies and
their initial locations in transverse direction at different
times. This figure gives two pieces of information. The
first one is that the proton energy range varies significantly
after the acceleration. This result (and also the result shown
in Fig. 2b) indicates that Coulomb explosion plays a very
important role in expansion of proton energy spectrum.
The second one is that protons with higher energy are orig-
inally located near the laser axis. The reason is that E,, the
sheath electric field on the rear of the foil target is stronger
near laser axis, because the laser field is strongest there,
and thus generates a relativistic electron beam that of high
energy on laser axis. Furthermore, the energies of all protons
are above 5SMeV can be seen from the picture. That is be-
cause in this work, we adopt a double-layer target (Esirkepov
et al., 2002) with different ratio of Zme/mi, and the proton
layer with a larger ratio than high-Z layer can obtain more ef-
ficiency acceleration.

In proton acceleration, proton cut-off energy, proton
energy spread, and divergence angle are important par-
ameters to judge the quality of proton beams. From the spec-
tra shown in Figure 2a, we obtain the proton cut-off energy
(black curve with squares) and energy spreads (blue curve
with squares) for different width of the proton layer as
shown in Figure 4a. In order to explain the trends of proton
cut-off energy, energy spread, and expansion of energy spec-
tra, we introduce a proton beam Coulomb explosion model
during acceleration. The Coulomb explosion should be con-
sidered in all directions. For convenience, we divide the Cou-
lomb explosion process into transverse and longitudinal
directions, respectively. In the transverse direction, the Cou-
lomb explosion can be assumed to be symmetric around the
laser axis, because the sheath field in the transverse direction
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can be considered to be symmetric along the laser axis. We
also assume that all of the electrons escape from the proton
layer. Based on these two assumptions, the maximum elec-
tric field located at the top or bottom sides of the proton
beam can be expressed as

—

Ei, (g t) = Egw + 2menow - i, (1

where ESW is the sheath field (in longitudinal direction)
experienced on proton, which depends on the top (bottom)
protons locations, 2nengw-n’ (Fourkal et al., 2005; Zhang
et al., 2009) is the transverse field experienced on proton
from Coulomb explosion effect, where w denotes the width
of proton layer, and ng is proton layer’s density. 7' is a unit
vector in transverse direction. From Eq. (1), one can see
that the maximum electric field due to the Coulomb
explosion of the proton beam is proportional to the width
and density of the proton layer. In the case of w=0.12,
(i.e., the number of protons is very small), the Coulomb
explosion effect of the protons is weak and the acceleration
can be considered to be dominated by the sheath field. In-
creasing the width of the proton layer from 0.1 Ag to 6.0 Aq
(the proton number increases), the Coulomb explosion
effect on the top (bottom) protons increases significantly,
while the effect of sheath field near the laser axis can be con-
sidered to be constant because the size of proton layer is fixed
in the longitudinal direction. This is why the proton cut-off
energy increases with the proton width as shown in Figure 4a
(black curve with squares). For Further increase, the trans-
verse size (from 6.0 A to 8.0 Ag), although the Coulomb
explosion effect on the top (bottom) protons increases, the
sheath field experience on these proton become very weak
(the sheath electric field on the rear of the foil target is
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Fig. 4. (Color online) (a) Proton energy spread (blue curve with squares) and proton cut-off energy (black curve with squares) for different
proton layer transverse width (the thickness is fixed to 0.1 Ay) at the time of 250 t. (b) Proton divergence angles from different proton layer

width at the time of 250 t.
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stronger near laser axis as discussed above). For this reason,
the proton cut-off energy reduces slightly with further in-
crease of the width as shown in Figure 4a (black curve
with squares). This along with the reduced Coulomb
explosion means that the energy spread becomes narrower
with reduced proton layer width as shown in Figure 4a
(blue curve with squares). The trend of energy spread is
accordance the experiment results obtained by using small
sized proton layer (Pfotenhauer et al., 2008).

Figure 4b shows the proton beam divergence angle at r =
250 1t again as a function of proton layer transverse width.
The proton divergence angle reaches a peak value near 4.0
Ap (this value is also influenced by the high-Z layer, proton
layer parameters and laser conditions, which will be investi-
gated in the future). To investigate the trend of proton diver-
gence angle shown in Figure 4b, we investigate the relation
between proton emergence angle and the initial locations
for different proton layer widths as shown in Figure 5. The
emergence angle is @ = arctan(v,/v,), where v, and v, are
proton velocities in transverse and longitudinal directions,
respectively. From the figure, one can see the following.
First, the emergence angle of a proton depends on its initial
transverse location. Protons with large emergence angle
come from locations far away from the laser axis. (further
reasons for this trend can be considered to be proton emer-
gence angle related to proton energy, which is discussed
below). The outermost (in transverse direction) protons re-
ceive the largest emergence angles. Second, the peak emer-
gence angle increases with the proton layer width because
Coulomb explosion effect increases with the width. Mean-
while, the outermost protons compress the inner ones and
this compressing force also increases with proton width,
therefore, the largest emergence angle does not increase lin-
early with proton layer width and the divergence angle
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Fig. 5. (Color online) The relation between proton emergence angle and
their initial locations at =250t for an initial proton layer transverse
widths of 1.0 &g, 4.0 %o, 8.0 4.
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decreases when the proton width changes from 4.0, to
10.0 A as shown in Figure 4b.

4. EFFECT OF PROTON LAYER THICKNESS

In this section, we discuss results for different proton layer
thickness from 0.04 A, to 1.0 Ay, while the transverse width
is fixed at 5.0 Ag. The proton energy spectra at ¢ = 250 1 are
shown in Figure 6. One can see that the average proton
energy decreases with increasing thickness due to the much
larger layer thickness. Meanwhile, the maximum and mini-
mum proton energies are affected by the thickness
significantly.

From the spectra in Figure 6, we obtain the cut-off energy
and the energy spread for different proton layer thickness in
Figure 7a. In considering proton energy spread (blue curve
with squares), one can see that there is an optimal thickness
for proton acceleration. This optimal thickness may be influ-
enced by the laser condition, initial density of proton layer,
and foil target. This result also indicates that optimization
of the proton layer thickness provides an effective way to
obtain high quality proton beams of narrow energy spread.
In order to explain the trend of proton cut-off energy
shown in Figure 7a (black curve with squares), we introduce
a longitudinal (direction of laser incidence) proton beam
Coulomb explosion model. We introduce a moving reference
frame for the proton beam, in which the Coulomb explosion
can be assumed to be quasi-symmetric. The velocity of the
moving reference frame varies with time, which is deter-
mined by the sheath field. The maximum electric field in
the longitudinal direction located at the front of the proton
beam can be expressed by an equation similar to Eq. (1)

E [ AT 2mengl )
"\2>) SL_I—I—ZTmOeztz/m,,’

—0322
10 ¢ 0
-F _]'0}“11
- St —o038%,
’E _0-4}.“]
= e F 0.2%,
‘E : 0
5 4t —o0.12,
. ©F —0.042,
L E - (]
‘E [ s
£ e
5 °f
Z sk
e g
4 L L L L 1
e

0 5 10 15 20 25 30 35
Energy (MeV)

Fig. 6. (Color online) Proton energy spectra for different proton layer thick-
ness at the time of 250 1, the thickness is changed from 0.04 A to 1.0 &g and
the transverse width is fixed to 5.0 A.
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Fig.7. (Color online) (a) Proton energy spread (blue curve with squares) and cut-off energy (black curve with squares) for different proton
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where Eg; is the sheath field on the laser axis experienced on
proton, the other part of right-hand in Eq. (2) is the electric
field from Coulomb explosion (Fourkal et al., 2005; Zhang
et al., 2009) (this field is in longitudinal direction), 1/2 and
m,, denote the coordinate of the proton front in the moving
reference frame and the proton mass, respectively. From
Eq. (2), one can see that the maximum electric field due to
the Coulomb explosion is proportional to the thickness and
density of the proton layer. From Figure 7a (black curve
with squares), one can see that the proton cut-off energy in-
creases with thickness from 0.04 A ( to 0.45 Ay, and then de-
creases when the thickness is above 0.45 4. For thickness up
to 0.45 X, the energy due to acceleration from sheath field is
almost the same, but the effect of Coulomb explosion in-
creases significantly, which means that the proton cut-off
energy is enhanced as the thickness is increased. For further
increase proton layer thickness from 0.45i, to 1.0,
although the Coulomb explosion effect continues to increase,
the screening of the sheath field by the proton layer is also
enhanced. This is the reason why the cut-off energy reduces
for thickness greater than 0.454, as shown in Figure 7a
(black curve with squares).

Figure 7b shows the proton divergence angle (full-width
half maximum (FWHM)) for different proton layer thickness.
From this figure, one can see that the proton divergence angle
grows with the thickness. To investigate the mechanism for
the proton divergence angle trend shown in Figure 7b, the
relation between proton energy and initial longitudinal
proton locations is shown in Figure 8. This gives three
pieces of information. The first is that the proton cut-off
energy and minimum proton energy vary with thickness, de-
termined by both the sheath field and the Coulomb explosion
effect. The results are consistent with the spectra shown in
figure 6. The second is that the protons with higher energy
are initially located at both the front and the rear of proton
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layer. Higher energy protons are only accelerated from the
front of proton layer for ultra-thin proton layer such as for
0.04 Ap). The third piece of information is that lower energy
protons are accelerated from the middle of the proton layer.

In the work of Andreev ef al. (2010), it was found that the
proton emergence angle depends on its energy and position,
and that protons with higher energy tend to have smaller
emergence angle. As we have found in Figures 6 and 8,
the minimum proton energy decreases with increasing
proton layer thickness. Figure 9 shows protons with larger
emergence angle also come from middle of the proton
layer, and the largest emergence angle grows with thickness.
The results shown in Figures 8 and 9 (also Figs. 3 and 5) are
consistent with the results from the model and simulations of
Andreev et al. (2010). Meanwhile the results in Figures 8 and
9 also explain why the divergence angle grows with the
thickness as shown in Figure 7b.

5. CONCLUSION

We have studied the interactions of intensity laser pulse with
double-layer foil targets by 2D-PIC simulation. We focus on
the influence of the initial size of the proton layer on the
proton cut-off energy, energy spread and divergence angle
in sheath field proton acceleration. The physics behind
these observations is also investigated.

Concerning proton layer width, it is found that Coulomb
explosion plays a very important role in determining proton
cut-off energy. We have introduced a model of proton accel-
eration process integrating the effects of both sheath field and
Coulomb explosion to discuss the cut-off energy in detail.
We also find that the energy spread becomes narrower with
decreasing transverse width, while the proton divergence
angle reaches a peak value near 4.0 Ay.
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We have also found that the proton spectra, cut-off energy
and energy spread are also affected by the thickness of the
proton layer. We have employed a Coulomb explosion
model to explain the trend of cut-off energy of different
thickness. There is an optimal thickness, which gives the
least energy spread, while the proton divergence angle
grows with the proton layer thickness.
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