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Suppression of multiple ion bunches and generation of
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In one-dimensional particle-in-cell simulations, this paper shows that the formation of multiple ion bunches is

disadvantageous to the generation of monoenergetic ion beams and can be suppressed by choosing an optimum target

thickness in the radiation pressure acceleration mechanism by a circularly polarised laser pulse. As the laser pulse

becomes intense, the optimum target thickness obtained by a non-relativistic treatment is no longer adequate. Consid-

ering the relativistic Doppler-shifted pressure, it proposes a relativistic formulation to determine the optimum target

thickness. The theoretical predictions agree with the simulation results well. The model is also valid for two-dimensional

cases. The accelerated ion beams can be compelled to be more stable by choosing the optimum target thickness when

they exhibit some unstable behaviours.
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mum target thickness
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1. Introduction

Ton acceleration by ultrashort ultraintense laser
pulse interacting with solid target has a great ad-
vance in the last decade. Some interesting experi-
mental results were reported.!=3] Several ion accel-
eration mechanisms of laser foil-plasma have been

[4=8] Among them, the radiation pressure

proposed.
acceleration (RPA) has been highlighted as an effi-
cient mechanism to accelerate large number of ions
up to Giga-electron volts (GeV).l”) However, with a
linearly polarised laser pulse, extremely high intensity
at I > 10% W/cm? is required. With a circularly po-
larized (CP) laser pulse, the ponderomotive force has
no oscillating component and the J x B heating is sup-
pressed. The absence of hot electrons allows RPA to
dominate at more moderate intensity. Therefore the
RPA mechanism by a CP laser pulse is more promis-
ing for producing quasi-monoenergetic ion beams with
not only high density but also high efficiency and low

divergence.[9~23]
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For RPA it has been shown that there are two
distinct stages, i.e., hole-boring (HB) and light-sail
(LS).[11:12:24] Recently, there are many works on the
HB and the LS. For example, Macchi et al.l''] put
forward a simple analytical model to account for the
acceleration dynamics in the HB stage of RPA and
provided scaling laws for the ion bunch energy and
generation time as a function of laser intensity and
plasma density. Also, the formation of multiple ion
bunches in the HB stage was found.!'3] By modifying
the relativistic model, which was proposed by Zhang
et al.,l'”) Robinson et al.?* derived a new set of fully
relativistic formulae for the mean ion energy and HB
velocity. More than one publication have shown that
the LS stage can be well described by treating the
plasma slab as a single object which perfectly reflects
the incident light.[??4 Qiao et all'?! proposed a sta-
ble relativistic ion acceleration regime which depends
critically on a smooth transition between the HB stage
and the LS stage, and the high-density monoenergetic
ion beams with energy above GeV and divergence
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of 10° are produced by two-dimensional (2D) simu-
lations. In addition, the transverse instabilities in the
LS stage of RPA and the effect of the laser spot profile
on instabilities have been extensively studied.[23:25:26]
Obviously, a thorough understanding of these issues is

important for exploiting RPA mechanism.

The target thickness plays a crucial role in the
RPA mechanism.[?"28 Yan et all182931 have the
opinion that if the laser field is larger than the maxi-
mum charge separation field, all electrons will be dis-
placed, and the target is transparent to the laser pulse.
Accordingly, they have given a criterion about the
target thickness in order to make the overdense foil-
plasma keep opaque to the laser pulse. Another target
thickness is also obtained by the balance of the light
pressure and electrostatic pressure acting on the com-
pressed electron layer.['?:31 However, the relativistic
effect is ignored. Just as the HB velocity is relativisti-
cally modified in Ref. [24], the target thickness should
be modified similarly as the laser becomes intense.

In this paper, we use particle-in-cell (PIC) simu-
lation to investigate the involving problems, especially
the formation of multiple ion bunches in the HB stage
and the effects on the quality of accelerated ion beams
in the LS stage. It is found that the formation of the
multiple ion bunches is disadvantageous to the gener-
ation of high quality ion beams in general conditions.
The simulation results suggest that the generation of
the multiple ion bunches can be suppressed by choos-
ing the optimum target thickness which is strongly
associated to the location of the wave breaking. As
the laser pulse becomes intense, the optimum target
thickness obtained by a non-relativistic treatment is
no longer valid. A relativistic formula is proposed to
determine the optimum target thickness by taking rel-
ativistic Doppler shift into account. Large number of
one-dimensional (1D) PIC simulations have been per-
formed in a wide range of foil density and laser inten-
sity to verify the theoretical predictions and they are
in excellent agreement with each other. This model is
also valid for 2D cases. Especially we can compel the
accelerated ion beams to be more stable by choosing
the optimum target thickness when they exhibit some

unstable behaviours.

2. Occurrence of wave breaking
and influence of multiple ion

bunches

The occurrence of wave breaking and the forma-
tion of multiple ion bunches can be seen in 1D PIC
simulation. In our simulations, a CP laser pulse with
ay, = 80 along the z axis from left side is normally in-
cident on a cold and pure hydrogen plasma slab with a
step density ng = 50n. and thickness d = 2 pm, where
ar, = (eEr/mewrc) is the normalized amplitude of a
laser with electrical field Fy, and carrier frequency wr,,
no is the initial electron density, n. = mew? /4me? is
the critical density, c is the speed of light in vacuum,
me and e are the electron mass and elementary charge,
respectively. The pulse profile of the laser field is given
as ar, exp|—(z — x0)'°/2(c7,)'°], where zp = 10 pm
and 7, = 38 fs. This pulse rises very rapidly to an
intensity, I1,, and stays approximately at the same in-
tensity for 60 fs before falling. And in all simulations
the laser impinges on the target at t = 0.

Figure 1 shows the snapshots of the electron and
proton density profile, electrostatic field profile and
proton phase space (z, pg/mpc) projection at differ-
ent moments. When the laser pulse impinges on the
plasma, the electrons are quickly pushed inward by a
large light pressure to pile up a compressed electron
layer in front of the laser pulse and an electron de-
pletion layer is left behind. In this process, it can be
assumed that the ion-electron mass ratio M/m can
be so large that the ions’ inertia prevents the ions
from moving significantly. From Fig. 1(a), we can
clearly see the thin compressed electron layer and the
almost motionless proton background. Additionally,
the strong charge separation field E, retains nearly
linear profile in the electron depletion layer and the
compressed electron layer (see Fig. 1(c)). A simple
1D model has been used to calculate electrostatic field
profile.'1:18:311 Apart from the light pressure there is
an electrostatic force, which is acting in the opposite
At the
initial stage of this process, the compressed electron

direction on the compressed electron layer.

layer is accelerated rapidly to a very large speed. And
then, as the electrostatic force becomes strong, the
compressed electron layer slows down. It is worthy
of mentioning that the light pressure acting on the
moving electron layer varies with the speed due to the
Doppler-shift effect. Therefore, the light pressure in-
creases as the speed of the compressed electron layer

decreases. After a competitive process, a transient
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equilibrium is reached.
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Fig. 1. Electron density profiles ne/nc (dashed lines),
proton density profiles np/nc (solid lines) at (a) t = 3.2 fs,
(b) t =5.01s, (e) t =6.2 fs, and (f) t = 11.0 fs in the 1D
PIC simulations. The (c), (d), (g) and (h) are the cor-
responding proton (z, pz/mpc) phase space projections
(solid lines) and electrostatic field profiles eE,/mecwr,
(dash-dot lines). Run parameters are aj, = 80, ng = 50n.
and d = 2 pm.

Actually, as the transient equilibrium is reached,
some ions have begun to move and their speed cannot
be ignored any more. But the visible gathering has not
taken place (see Fig. 1(a)). In view of the characteris-
tics of the electrostatic field, more intense electric field
should impart greater acceleration to the ions. So the
ions near the field peak will catch up with those in the
compressed electron layer. An ion density peak grows
up as the ions gather constantly. We can see that the
profile of velocity steepens in Fig. 1(d), and the first
high-density ion spiking is formed in Fig. 1(b). On the
next moment the wave breaking occurs. The location
of wave breaking is near the rear surface of the elec-
tron layer in the state of transient equilibrium. The
ions with greater speed will overtake the electron layer
to form the second density ion spiking (see Fig. 1(e)).

If the foil is not too thin and the pulse duration is
not too short, the above-mentioned behaviours of ion
gathering and wave breaking may occur several times
in the whole laser—foil interaction processes. Finally
the multiple ion bunches are formated. For example,
three high-density ion bunches are formed in Fig. 1(f).

As the target becomes thicker, the faster ions
overtake the compressed electron layer after the wave
breaking happens. Because the big charge separation
field exists only near the laser—foil interaction sur-
face, once the accelerated ion bunches divorce from
the compressed electron layer they will not be accel-
erated any more. If the profile of ion density is in
the state of multiple ion bunches at the end of the HB
stage, the ion beams will be accelerated in turn by the
accelerating field in the LS stage. This will lead to low
energy of the accelerated ion beams with wide energy
spread and even multi ion energy peaks, in spite of
large number of accelerated ions. In order that the
ions have more chances to be accelerated by the accel-
erating field in the LS stage, the number of ion density
spiking should be as less as possible. It is natural to
think that the number of ion density spiking can be
reduced by choosing thinner target. The effect of the
target thickness on the quality of the accelerated ion
beams can be seen in Fig. 2.
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Fig. 2. The energy spectra of protons at ¢t = 117.2 fs
for the different target thickness: (a) d = 0.44 pm; (b)
d = 0.6 um; (c) d = 0.8 pum; (d) d = 1.0 pm. The other
simulation parameters are the same as those in Fig. 1.

The energy spectra of accelerated proton beams
are shown in Fig. 2 for different target thickness
(d = 0.44, 0.6, 0.8 and 1.0 pum) at t = 117.2 fs, and
the other simulation parameters are the same as those
in Fig. 1. The target thickness d = 0.44 pym corre-
sponds to the location of wave breaking in Fig. 1(b).

015206-3



Chin. Phys. B Vol. 20, No. 1 (2011) 015206

It can be found that the peak energy of accelerated
proton beams decreases while the full-width-at-half-
maximum (FWHM) increases as the target becomes
thicker. Furthermore, the multi energy peaks can be
seen in Fig. 2(d).
thickness should coincide with the location of wave

Accordingly, the optimum target

breaking in order to attain higher energetic ion beams
with lower energy spread.

3. Relativistically modified tar-
get thickness

The present simulation results show that the tar-
get thickness plays a crucial role in the formation of
multiple ion bunches. The multiple ion bunches can
be suppressed if we properly choose the optimum tar-
get thickness, which coincides with the location of the
wave breaking. By aforementioned considerations of
the dynamics of laser—foil interaction and large num-
ber of simulations, we can obtain that the location of
wave breaking is near the back surface of the com-
pressed electron layer which is at the transient equi-
librium. Thus the optimum target thickness, d, can
be calculated as d = d; + [, where d; is the thickness
of the electron depletion layer and Iy is the compressed
electron layer. By large number of simulations, we find
that the thickness of the compressed electron layer re-
mains approximately equal to the skin depth or the
relativistic skin depth i.e., I ~ ¢/wp ~ \/yc/wp. Usu-
ally the thickness of the compressed electron layer is
much less than that of the electron depletion layer,
the thickness of the compressed electron layer can be
neglected. Thus the optimum target thickness can be
calculated approximately as d ~ d;.

On the basis of the balance between the light pres-
sure, 2I1,/c, and electrostatic pressure, EZ/8m, act-
ing on the compressed electrons layer, the thickness of

the electron depletion layer, d;, is usually calculated
as[11:18,23,31]

E2/8n =21 /c, (1)

where Ey = 4mwengd; is the peak value of the space
charge field F, in the transient equilibrium. Here, it
is assumed that the laser pulse is completely reflected.
A series of PIC simulations were carried out for dif-
ferent laser intensity and plasma density. A series of
maximum electrostatic fields obtained in PIC simula-
tions and Eq. (1) are plotted respectively in Figs. 3(a),
3(b) and 3(c), where Ej is normalized by e/mecwr,. Tt

is clear that the results of simulations agree poorly
with those of Eq. (1) as the laser becomes intense.
Furthermore, the thickness of electron depletion layer
in Eq. (1) and PIC simulation are also plotted respec-
tively in Figs. 3(d), 3(e) and 3(f).
the results of simulations agree poorly with those of

As can be seen,

Eq. (1) as the laser becomes intense. Therefore, as the
laser becomes intense, Eq. (1) is not valid.
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Fig. 3. Plots (circles) of the maximum electrostatic fields,
the thickness of the electron depletion layer and the aver-
age velocity of the electron layer at the transient equilib-
rium in the PIC simulations for (a), (d) and (g) no = 25nc,
(b), (e) and (h) ng = 50nc, (c), (f) and (i) ng = 100n..
The values of ay, are selected at intervals, 10, between 10
and 150. Predictions of Eq. (1) (dashed lines) and Eq. (2)
(solid lines) in (a)—(f). And predictions of the relativistic
HB velocity in Ref. [19] (solid lines) in (g), (h) and (i).

Considering that the compressed electron layer
is moving forward and the relativistic Doppler shift
happens, the light pressure acting on the compressed
electron layer will become smaller. Assuming that the
laser pulse is completely reflected, we can modify the
light pressure as (21r,/¢)(c — v¢)/(c + v¢), where vs is
the velocity of the compressed electron layer. This re-
sult follows from the relativistic Doppler shift and the

r.[1924] Thus one can

conservation of photon numbe
proceed to write down the modified expression of the

pressure balance equation as

Eg/sﬂzm(c_”f). )

c ¢+ v

In the preceding discussion it is known that some ions
have begun to move. In other words, the large electro-
static shock has been formed and the balance between
the light pressure and the momentum flux of the ions
in Refs. [17] and [24] is suitable. So the velocity of
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the compressed electron layer, v¢, should be approxi-

[24] §

mately equal to the relativistic HB velocity vp,* i.e.,

Vi R Vp = \/IL/miTLiCS/(]. +

n; are the ion mass and density respectively. In or-

It,/minic3) , m; and

der to verify this prediction, the average speed v of
the compressed electron layer in the transient equilib-
rium is plotted against the relativistic HB velocity vy,
in Figs. 3(g), 3(h) and 3(i). As can be seen, there is a
good agreement between vs and vy,. For the maximum
electrostatic field and the thickness of electron deple-
tion layer, the results of Eq. (2) are also compared
with those of Eq. (1) and PIC simulation in Fig. 3.
It can be seen that the results of Eq. (2) agree better
with those of PIC simulation than those of Eq. (1),
especially as the laser becomes intense.

A series of PIC simulations are also carried out by
using the different target thickness in Eqgs. (1) and (2)
respectively. The peak energy and the energy spread
of accelerated proton beams are calculated at 117.2 fs
for all simulations. And they are plotted in Fig. 4.
Using the target thickness in Eq. (2), we find that the
peak energy is even higher and the energy spread is
even lower than the results of the unmodified theory,

especially as the laser becomes intense.
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Fig. 4. Plots of the peak energy and the energy spread
of the accelerated proton beams at ¢ = 117.2 fs in the
PIC simulations for (a) and (b) ng = 25n., (c) and (d)
no = 50n¢, (e) and (f) np = 100n.. The values of ay,
are selected at intervals, 10, between 10 and 150. The
filled circle and the square are the results in simulations
for the target thickness given by the modified theory and
the unmodified theory respectively.

4. Two-dimensional simulations

The results obtained so far are based on 1D
PIC simulation. However, real experiments are al-
ways multidimensional. Our model is also valid for
2D cases. In our 2D simulations, a grid of 5100
cells along the laser axis and 4000 cells transversely
(51 pmx40 pm) is used. The spatial profile of
the laser field is given as ar, exp(—r*/2r{) exp[—(z —
20)'°/2(c7) 0], where ro = 10 pm, zo = 10 pym and
Tp = 38 fs. For ar, = 80 and ng = 50n., we choose
d =~ 0.44 pm according to our model. The simula-
tion results at ¢t = 117.2 fs are shown in Fig. 5. The
proton density n,/n. and phase space distribution
(x,pz/mpc) in Figs. 5(a) and 3(c) show that the high-
density (40n.), high-quality relativistic proton beams
(2m;c momentum) have been generated. The energy
spectra of GeV proton beams by stable acceleration
are shown in Fig. 5(b). The proton beams have a
peak energy of about 1.1 GeV with the energy spread
~ 13%. Figure 5(d) shows the proton energy distri-
bution as a function of the divergent angle. The high
quality proton beams with opening angle ~ 5° cor-

responding to the proton ‘head’ in Fig. 5(c) are ob-

tained.
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Fig. 5. Results in the 2D PIC simulations. The parame-
ters are ar, = 80, ng = 50nc¢, d = 0.44pum and t = 117.2 fs.
(a) Proton density np/nc in the (x,y) plane. (b)Proton
energy spectra in the region of |y| < 10 um. The (c) and
(d) show the proton phase space distribution (z,ps) and
the proton energy distribution as a function of the diver-
gent angle respectively.

Especially we can compel the accelerated ion
beams to be more stable by choosing the modified tar-
get thickness when the accelerated ions exhibit some
unstable behaviours. We choose two examples of the
unstable acceleration in Ref. [12]. For a;, = 82.9,
ng = 100n. and a;, = 26.2, ng = 30n., we obtain
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d = 0.25 pm and d = 0.29um respectively according
to the modified theory. The stable acceleration cases
can be obtained (see Figs. 6(a) and 6(c)). Correspond-
ing to the two cases, it can be seen from Figs. 6(b)
and 6(d) that the energetic proton beams have the
peak energy of about 1.0 GeV with the energy spread

~ 20% and 0.6 GeV with the energy spread ~ 24% re-
spectively, and the opening angle ~ 5°. Additionally,
we also find that the transverse super Gaussian pulse
profile and larger laser spot seem more advantageous
to achieve more narrowly peaked spectra.
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Fig. 6. Results in 2D PIC simulations. Proton density np/nc in (a), energy distribution in (b) at ¢ = 117.2 fs for the foil of
ng = 100nc, d = 0.25 pm at ar, = 82.9. The (c¢) and (d) show another case with ar, = 26.2, ng = 30nc and d = 0.29 pm.

5. Summary and discussions

In summary, we investigate the effect of multiple
ion bunches by PIC simulation. It is disadvantageous
to the formation of the high quality ion beams. Our
study shows that the generation of the multiple ion
bunches can be suppressed by choosing the optimum
target thickness, which is strongly associated to the
location of the wave breaking. As the laser becomes
intense the optimum target thickness obtained from
a non-relativistic treatment is no longer valid. Then,
we propose a relativistically formula to calculate the
optimum target thickness by considering the relativis-
tic Doppler shift. The results of PIC simulation have
confirmed the theoretical prediction. Additionally, we
can compel the accelerated ion beams to be more sta-
ble by choosing the optimum target thickness when

they exhibit some unstable behaviours.

Our simulation results have also shown that the
quality of the accelerated ion beams becomes poorer
as the target becomes thicker. However, one can ob-
tain narrower energy spread and higher maximum en-
ergy if only the laser pulse duration is long enough.
On the other hand, in order to obtain the same qual-
ity of the accelerated ion beams, thicker the target
is, lower the proportion of accelerated ions is, which
means that the efficiency of energy transfer from the
laser pulse to plasma becomes lower as the target be-
comes thicker. Therefore the competition and opti-
mum conditions among them need to be researched
furthermore in generation of monoenergetic ion beams
with low spatial divergence by ultraintense laser pulse

interacting with foil-plasma.
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