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Abstract

In contrast to ion beams produced by conventional accelerators, ion beams accelerated by ultrashort intense laser pulses have advantages of
ultrashort bunch duration and ultrahigh density, which are achieved in compact size. However, it is still challenging to simultaneously enhance
their quality and yield for practical applications such as fast ion ignition of inertial confinement fusion. Compared with other mechanisms of
laser-driven ion acceleration, the hole-boring radiation pressure acceleration has a special advantage in generating high-fluence ion beams
suitable for the creation of high energy density state of matters. In this paper, we present a review on some theoretical and numerical studies of
the hole-boring radiation pressure acceleration. First we discuss the typical field structure associated with this mechanism, its intrinsic feature of
oscillations, and the underling physics. Then we will review some recently proposed schemes to enhance the beam quality and the efficiency in
the hole-boring radiation pressure acceleration, such as matching laser intensity profile with target density profile, and using two-ion-species
targets. Based on this, we propose an integrated scheme for efficient high-quality hole-boring radiation pressure acceleration, in which the
longitudinal density profile of a composite target as well as the laser transverse intensity profile are tailored according to the matching condition.
© 2017 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Efficient ion beam generation in the interactions of intense
laser pulses with matters has attracted increasing attention
during the last few decades due to their broad applications in
fundamental science, medicine, and industry [1,2]. In contrast

* Corresponding author. Key Laboratory for Laser Plasmas (MoE), School
of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240,

China.

** Corresponding author. Key Laboratory for Laser Plasmas (MoE), School to conventional accelerators driven by radio frequency fields,
of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, laser-driven ion acceleration can afford an accelerating
China. gradient as high as a few hundreds of GV/m. Profiting from

E-mail addresses: wengsuming@gmail.com (S.M. Weng), z.sheng@strath. yhiq - future laser-driven ion accelerators shall have the ad-
ac.uk (Z.M. Sheng).

) . ) . vantages of more compact size, shorter bunch duration, higher
Peer review under responsibility of Science and Technology Information . . i
Center, China Academy of Engineering Physics. particle density of the produced beams over the conventional

https://doi.org/10.1016/j.mre.2017.09.002
2468-080X/© 2017 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



S.M. Weng et al. / Matter and Radiation at Extremes 3 (2018) 28—39 29

accelerators [3,4]. These advantages are of particular impor-
tance to many applications, such as radiography and radio-
therapy [5—7], high energy density physics [8,9], fast ion
ignition [10] of inertial confinement fusion (ICF) and so on.

In particular, fast ion ignition [10] is an attractive variant of
fast ignition of ICF [11] which may greatly save the driver
energy and simplify the target fabrication for a future high
gain fusion reactor [12]. However, a high-quality high-fluence
ion beam is critically required for the fast heating of a pre-
compressed high-density fuel target to a sufficiently high
temperature [13]. First, the ion beam should have an energy
fluence as high as 1.5 GJ cm 2 when arrives at the hotspot
[14]. Secondly, the ion beam should have a narrow energy
spread (usually AE/E < 20%) in the stopping power range
(usually a few tens of MeV/u) of the precompressed fuel target
in order to suppress the time-of-flight spread and deposit the
majority of ion energy into the hotspot [15]. Thirdly, a high
laser-to-ion energy conversion efficiency (>10%) is critically
required for economic reasons [10]. Therefore, to date the
efficient generation of such a high-quality high-fluence ion
beam remains a key challenge.

Stimulated by these prospective applications, a variety of
novel schemes have been proposed and refined for laser-driven
ion acceleration over the past decades. Most of these schemes
can be classified into the following main mechanisms: target
normal sheath acceleration (TNSA) [16,17], acceleration at
relativistic-induced transparency [18] or break-out-afterburner
(BOA) ion acceleration [19], collisionless electrostatic shock
acceleration [20—22], Coulomb explosion [23,24], radiation
pressure acceleration (RPA) [25—35]. Among these schemes,
the TNSA is the most studied mechanism in the experiments,
and the proton cut-off energy of 85 MeV with high particle
numbers has been recorded in a recent experiment [36]. How-
ever, the energy spectra of the accelerated ions in the TNSA
usually have quasi-exponential profiles. To get quasi-
monoenergetic ion beams, the RPA has been proposed
[25—35]. In the RPA, the electrons of a solid target can be
coherently pushed forward by the ponderomotive force of an
intense circularly polarized (CP) laser pulse, which results in a
strong charge-separation field for ion acceleration. According to
the thickness of irradiated solid targets, the RPA appears in two
distinct modes. If the target is an ultrathin foil, then the ions of
this foil can be accelerated continuously as a sail since they
move together with the charge-separation field. Theoretically,
the ions can be accelerated up to GeV by this light-sail mode of
the RPA [25—30]. If the target is a thick enough solid target, then
the hole-boring mode of the RPA develops [31—35]. At first, the
hole-boring process was extensively investigated as an approach
to fast ignition since it allowed the laser pulse penetrating
deeper into a precompressed fuel target in the ICF [11,37].
Later, a lot of numerical simulations demonstrated that fast ions
can be efficiently produced in the hole-boring process of a CP
laser pulse penetration into a thick dense target [31—35].

Compared with other laser-driven ion acceleration schemes,
the hole-boring RPA has great potential to generate high-fluence
ion beams for fast ion ignition of ICF and even for heavy-ion
fusion [10,38—42]. The laser-driven ion acceleration is

usually realized via a charge-separation field. In general, the fast
electrons generated in laser-plasma interactions will create a
double layer [43,44], in which a strong electric field is induced
due to the charge separation. If the pulse duration is long
enough, the double layer can act as a piston and accelerate the
whole micro-foil to a high velocity [45]. The accelerated micro-
foil, as a plasma block, is particularly interesting for innovative
ignition schemes for ICF, such as block ignition and impact fast
ignition [44,46]. With an ultrashort laser pulse and a relatively
thick dense target, however, the ion acceleration mainly hap-
pens in an extremely narrow charge-separation layer with a
thickness of a few microns. Consequently, only the ions at a
specific layer can be accelerated. For instance, the ions can be
accelerated at the rear surface of a solid target in the TNSA
[16,17]. In the hole-boring RPA, however, the ions of a thick
solid target can be accelerated layer by layer, and finally a kind
of volume acceleration is achieved [47]. Theoretically, such a
layer-by-layer acceleration can continuously go on, thus there is
no limitation upon the accelerated ion number if the laser pulse
and the target are long enough. However, there are still many
unsolved issues with regard to the hole-boring RPA. For
instance, it is still hard to control the intrinsic oscillation of the
accelerating field [34,35], which may deteriorate the quality of
the accelerated ion beam or even terminate the acceleration.

In this paper, we present an overview of the hole-boring
RPA studies in theory and simulation. First, we will show
the underlying physics of the hole-boring RPA. Then we will
discuss the schemes proposed recently improving the quality
of the accelerated ion beam in the hole-boring RPA in detail.
In addition, we will propose an integrated scheme for the
efficient high-quality hole-boring RPA under the laser and
target conditions available soon. Finally we will present a
summary and further discussions.

2. Mechanism of hole-boring radiation pressure
acceleration

The mechanism of the hole-boring RPA can be explained
by a 1D quasi-stationary laser piston model [35], which is
verified by the particle-in-cell (PIC) simulation as shown in
Fig. 1. At first, the ponderomotive force of a laser pulse (black
curve) will push electrons (green curve) forward from ions.
Then a strong longitudinal electric field (red curve) will be
formed in the charge-separation layer between the electrons
and the ions. Finally, the ions (blue curve) can be accelerated
by this charge-separation field.

For simplicity, we first analyze the hole-boring RPA in the
interaction of a CP laser pulse of a constant intensity / with a
uniform cold plasma. In this case, a quasi-constant hole-boring
velocity (the velocity of the laser-plasma interface) v, can be
expected. In the boosted frame moving with the laser-plasma
interface, the radiation pressure delivered by the laser pulse
to the laser-plasma surface can be estimated as [34].
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Fig. 1. Density distributions of the electrons (green curve) and the ions (blue
curve) at t = 57 obtained from a PIC simulation of a CP laser pulse interaction
with a thick solid plasma, where Ty, is the laser wave period. The charge sep-
aration is indicated by the separated peaks of the electron and the ion densities.
In the charge-separation layer, a very strong longitudinal electric field (red
curve) is aroused, which plays a direct role in the acceleration of the ions. In this
case, the laser pulse is nearly completely reflected, and the amplitude of the
transversal electric field (black curve) shows that a standing wave is formed by
the superposition of the reflected and incident pulses. In the simulation, the laser
pulse has a trapezoidal temporal profile (57 rise +100T, plateau +57 fall), the
peak intensity Iy = 2.74 x 10*° W/cm? (the normalized vector potential
a=|eE /wmec| = 10). The plasma, composed by the electrons and the protons,
has an initially uniform electron number density n. = 100n.. The laser pulse is
incident from the left side into the plasma. For reference, the laser pulse is
assumed to arrive at the left boundary of the plasma (x = 0) at t = 0.

where the relativistic Doppler shift is taken into account and a
perfect laser reflection is assumed. Meanwhile, in this boosted
frame, the ions will move towards the laser-plasma interface at
the speed of —v, and be reflected away. Assuming the
reflection is elastic, the pressure delivered by the ions to the
laser-plasma surface can be estimated as

= Zybvﬁ Z m;n;, (2)

where v = (1 —v2/c®) "%, the sum of mp; is over all ion
species, and m; and n; are the mass and the number density of
the i-th ion species, respectively.

According to the conservation of momentum in the boosted
frame (P = P;), one can get the following equation

(E—-1)8 —286,+E=0 (3)
where (8, = w/c, and

I 2
E=—= 4 Melte (4)
pcd > mn,

is the so-called pistoning parameter, p is the mass density of
the plasma, and n. = meeow2/e2 is the critical density.
Here a=|eE/wmec| is the normalized vector potential of
the laser pulse, for a CP laser pulse one has
a = (I/mencc®)"? = (12 /2.74 x 1018 Weem =2 pum?)"/%.

Solving Eq. (3), one can easily get the hole-boring velocity vy, as

VE (5)
1+VE

Consequently, the ion longitudinal momentum p;, and the
ion energy ¢; in the lab frame can be written as
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The energy conversion efficiency x; from the laser to the
ions can also be calculated as

2/ )
M vE

It is worth pointing out that a relatively dense target
(ne > vyn.) has been assumed in the above analysis. If the
target density is relatively low (n. < vn.), the effect of the
relativistic transparency may become not negligible. Then the
intrinsic oscillation of the accelerating field will become very
strong and the accelerated ions will have a large energy
spread, which will be discussed in detail below.

To verify the above theoretical analysis, the time evolution
of the ion density distribution #; in the interaction of a CP laser
pulse with a thick solid plasma is displayed in Fig. 2(a).
Except in the rising stage of the laser pulse, a clear boundary
between the plasma and the vacuum appears. The slope of this
boundary implies a nearly constant forward velocity ~0.023 c,
which is in good quantitative agreement with the hole-boring
velocity v,~0.0228 estimated by theoretical Eq. (5). A very

; (6)
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Fig. 2. Time evolution of the proton density distribution n; and the longitudinal
electric field E, in the interaction of a CP laser pulse with a thick solid plasma.
The parameters of the laser pulse and the target are the same as those in Fig. 1.
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strong charge-separation field for ion acceleration is aroused at
around the plasma-vacuum boundary as illuminated by the
time evolution of the longitudinal electric field E, in Fig. 2(b).

However, it is worth noting that a row of stripes appear in
Fig. 2(a) sketches the contours of the high ion density regions.
Further, these stripes all begin from the plasma-vacuum
boundary. This indicates that the ions of these stripes are re-
flected and accelerated by the charge-separation electric field
at the plasma-vacuum boundary. More importantly, these
accelerated ions will move in bunches rather than as a constant
current when they escape the charge-separation layer. This can
be attributed to that the laser pulse does not act as an ideal
piston [34]. The time interval among these ion bunches is
inversely proportional to the ion plasma frequency [35].
Accompanied by the bunches of the reflected ions, E, in
Fig. 2(b) also oscillates slightly. This is because E, is related to
the charge number in the charge separation layer by the Pos-
sion equation, and the latter will fluctuate in time when the
accelerated ions leave the layer in bunches [48].

Since the accelerated ions escape in bunches from the
charge-separation layer, the ribcage-like structure appears in
the ion distribution in the p,—x phase space as shown in Fig. 3.
Such a structure has been reported frequently in the previous
simulations [49], and is considered as a representative phe-
nomenon of the hole-boring RPA [34,35]. Fig. 3 also illumi-
nates that the longitudinal momenta of the accelerated ions are
distributed around p; ,=0.046 m;c as predicted by Eq. (6). The
spread in the momenta can be attributed to the oscillation in
the longitudinal electric field for the acceleration.

The time oscillation in the peak of the longitudinal electric
field E,,max is more clearly evidenced in Fig. 4. In Fig. 4(a),
the time evolutions of the peaks of the longitudinal electric
fields E,,max are compared at different laser intensities for a
given target. While the time evolutions of E,max in the
interaction of a given laser pulse (a = 100) with thick targets
of different densities are compared in Fig. 4(b). Although the
longitudinal electric field becomes stronger with the
increasing of the laser intensity, the oscillation of this field
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Fig. 3. Distribution of the accelerated ions in the p,—x phase space at t = 307
obtained from the PIC simulation of a CP laser pulse interaction with a thick
solid plasma. The parameters of the laser pulse and the target are the same as
those in Fig. 1.
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Fig. 4. Time evolutions of the peaks of the longitudinal electric fields E,,max
in the interactions of (a) a given thick solid plasma (n, = 100n.) with CP laser
pulses at some different intensities a = 10, 20 and 50; (b) a given CP lase pulse
(a = 100) with thick targets of different densities n./n. = 10, 20, and 50. Other
parameters of the laser pulse and the target are the same as those in Fig. 1.

peak also becomes more violent in Fig. 4(a). The oscillation of
the peak of the accelerating field also becomes more violent
with the decreasing of the target density as shown in Fig. 4(b).
In most cases, the peak of the electric field oscillates in a
“saw-tooth” form, resulting in the fine ribcage-like structure
presented in the ion distribution in the p,—x phase space as
shown in Fig. 3. In the case of a high laser intensity (a = 100)
with a low target density (n. = 10n.), however, there is nearly
no regularity in the time evolution of the electric field. Here
the relativistic transparency [50] plays an important role, so
one enters an incomplete hole-boring RPA regime [51]. It was
shown that the energy of accelerated ions can be significantly
increased in this incomplete hole-boring RPA. However, the
quality of being quasi-monoenergetic is nearly lost due to the
strong oscillation in the accelerating field in this regime. By a
series of 1D numerical simulations, it is found that the
boundary density between the classic hole-boring RPA and the
incomplete hole-boring RPA can be estimated as [51].

n, = 0.618(1 +2a%) " n,, 9)

for plasmas composed by protons and electrons.

According to Egs. (5) and (7), the energy of the accelerated
ions in the hole-boring RPA will be enhanced by the increase
of the laser intensity or the decrease of the target density. This
scaling law is verified by PIC simulations as shown in Fig. 5.
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Fig. 5. Ion energy spectra at t = 507 in the interactions of (a) a given thick
solid plasma (n, = 100n.) with CP laser pulses at some different intensities
a = 10, 20 and 50; (b) a given CP lase pulse (a = 100) with thick targets of
different densities n./n. = 10, 20, and 50. The logarithmic coordinate is used
for the ion energy. The parameters of the laser pulse and the target are the
same as those in Fig. 1.

However, it is worth emphasizing that the energy spread also
becomes larger with the increasing laser intensity or the
decreasing target density due to the enhanced oscillation in the
accelerating field as shown in Fig. 4. In other words, in the
hole-boring RPA, the ion energy is usually enhanced at the
cost of the quality of the ion beam. To date, it still remains a
critical issue to enhance both the energy and the quality of the
accelerated ion beam in the hole-boring RPA, or generally
speaking in the laser-driven ion acceleration.

3. Schemes to improve ion beam quality

In the last decade, a lot of efforts have been made to control
the acceleration stability and to improve the quality of
generated beams in laser-driven ion accelerations. In the
particular realm of the light-sail RPA, the shape, composition,
and structure of foil targets as well as the contrast and profile
of laser pulses have been systematically optimized for gener-
ating quasi-monoenergetic ion beams [29,30,52—54]. In
contrast to the light-sail RPA, the hole-boring RPA don't have
s0 many stringent requirements in laser or target conditions,
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Fig. 6. Time evolutions of (a) proton and (b) C* jon density distributions in
the interaction of a CP laser pulse (¢ = 85) with a composite CH target. The
CH target is composed of carbon and hydrogen in 1:1 mass ratio, and has the
number densities n&" = 5n., nfy = 60n,, and n. = 90n, for C°* ions, protons,
and electrons, respectively. Other parameters of the laser pulse and the target
are the same as those in Fig. 1.

such as an ultrahigh laser contrast [55]. However, it is found
that the beam energy spectrum and divergence in the hole-
boring RPA also strongly rely on the laser and target param-
eters [47]. In addition, circularly polarized laser pulses are
commonly employed in the hole-boring RPA to suppress the
generation of hot electrons that results in the exponential ion
spectra by TNSA.

In this section, we will further discuss some schemes pro-
posed recently to enhance the ion beam quality in the hole-
boring RPA. First, it is found that the oscillation in the
accelerating field can be greatly suppressed by using two-ion-
species targets, which plays an important role in reducing the
energy spread of the accelerated ions. Secondly, the matching
condition between laser intensity profile and target density
profile is formulated for the efficient generation of high-
quality ion beams by the hole-boring RPA. This matching
condition can be applied in tailoring the laser temporal profile
for achieving a steady hole-boring in an inhomogeneous
target, or conversely in modulating the target density distri-
bution in accordance with a Gaussian laser pulse. Finally,
based on the available laser technology and target fabrication
techniques, an integrated scheme will be introduced for the
efficient high-quality hole-boring RPA.

3.1. Two-ion-species target design
Many numerical simulations demonstrate that composite

targets with two ion species play a positive role in stabilizing
the acceleration process and reducing the ion energy spread in
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the light-sail RPA [30,56] or the TNSA [57]. In the hole-
boring RPA, the two-ion-species targets have a similar ef-
fect, although the underlying physics seems more complicated
[58].

As shown in the above section, the longitudinal acceler-
ating field in the hole-boring RPA inherently oscillates with
the discrete reflection of ions in bunches from the charge-
separation layer. And this intrinsic oscillation in the acceler-
ating field results in the broad distribution of accelerated ions
in energy. Therefore, the dynamics of accelerated ions is the
key to understand the effect of two-ion-species targets upon
the ion energy spread in the hole-boring RPA.

The time evolutions of proton and C°®" ion density distri-
butions in the hole-boring ion acceleration using a composite
CH target are displayed in Fig. 6(a) and (b), respectively. As
predicted, the accelerated ions move in bunches when they
escape the charge-separation layer. However, the protons and
C®" jons are divided into respective bunches since they have
different charge-to-mass ratios. Further, more chaos appear
and the time intervals between these ion bunches seem no
longer constant in both Fig. 6(a) and (b), which may be due to
the interference between the proton bunches and C°" ion
bunches. As a result, the protons and C%" ions accelerated
from the composite CH target are allocated into a larger
number of bunches, while each ion bunch has a lower charge.

Thanks to these smaller bunches of the accelerated ions,
one can expect that the charge density oscillation in the
charge-separation layer will become weaker, so does the
oscillation in the charge-separation electric field. The time
evolution of the amplitudes of the accelerating field in the
above composite CH target, a pure hydrogen target, and a pure
carbon target are compared in Fig. 7. Since the mass density in
these three targets are set to be equal, the peaks of the lon-
gitudinal electric field are almost equal on the average.
However, the relative oscillations in the field peaks AE,,max/
E.max are roughly 30% and 10% for the pure hydrogen (or
carbon) targets and the composite CH target, respectively. It is
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Fig. 7. Time evolution of the amplitudes of the accelerating field E,,max in the
interactions of a CP laser pulse with three different targets: the composite CH
target as used in Fig. 6, a pure hydrogen target with n, = 10ny = 120n,, and a
pure carbon target with n. = Sny = 60n.. Noting that these three targets have
the same mass density. Other parameters of the laser pulse and the target are
the same as those in Fig. 6.

clearly verified that a smoother accelerating field can be
achieved by using a composite target in the hole-boring RPA.

Since the oscillation in the accelerating field has been
effectively controlled in a composite target, the energy spread
of the accelerated ions in the hole-boring RPA is naturally
reduced as shown in Fig. 8.

However, it is important to emphasize that the underlying
mechanism for the energy spread reducing by using a composite
target in the hole-boring RPA is essentially different from those
in the TNSA or the light-sail. In the TNSA (light-sail RPA), the
protons as the lightest ions are more easily to be accelerated by
the charge-separation field in the sheath (double layer), while the
heavier ions lag behind. The laggard heavier ions will provide a
Coulomb repulsion which could accelerate the protons further.
Therefore, the protons can be accelerated to a higher energy
[30,56,57]. Further, the heavier ions can shield the protons from
the transverse instabilities to some extent. Therefore, the accel-
erating field upon the protons will become more stable. As a
result, a quasimonoenergetic proton beam could be generated
[30,56,57]. However, a large fraction of laser energy is also
deposited into the heavier ions. These heavier ions usually have a
larger energy spread that may discourage their application. In the
hole-boring RPA, however, protons and heavier ions (such as
C®" jons) in a composite target can be accelerated synchro-
nously. Therefore, their spectra are very similar. Fig. 8 displays
that both spectra have peak energies at around 58 MeV/u and
FWHM spreads AE/E=20%.

3.2. Matching of laser intensity and target density
profiles

It is worth pointing out that the laser intensities are all
assumed to be constant and the target densities are all assumed
to be uniform in the above analyses and simulations. However,
inhomogeneous plasmas are present everywhere in laser-
plasma interactions. In particular, the pre-compressed fuel
target for ICF or the pre-plasma produced by the pre-pulse
usually have exponential density profiles [40,59]. On the
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—— H’ of CH target
Pure C target
Pure H target
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Fig. 8. Ion energy spectra at t = 507 in the interactions of a CP laser pulse
(a = 85) with three different targets: a composite CH target, a pure hydrogen
target, and a pure carbon target. The applied laser pulse and target are the same
as those in Fig. 7.
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other hand, laser pulses often have Gaussian intensity profiles
in both temporal and spatial domains. In these cases, the match
between the laser intensity profile and the target density dis-
tribution is critical for the efficient generation of high-quality
ion beams in the hole-boring RPA.

Now we first consider the tailoring of the laser pulse for
achieving a steady hole-boring RPA in an inhomogeneous
target. For the sake of simplicity, a semi-infinite target is
assumed in the half-space x > 0 and a laser pulse is incident from
the left side onto the target. The density profile of the target is
p(x) and the temporal intensity profile of the pulse is I(¢). Egs. (5)
and (7) suggest that a time-independent hole-boring velocity vy,
can be achieved in an inhomogeneous plasma if the parameter
E( keeps constant. Due to this time-independent vy, the ions can
be accelerated to the same energy roughly. Consequently, a
monoenergetic ion beam can be produced. Assuming a time-
independent vy, = ¢/Eo/(1 ++/Ep), the time z, when the
slice at the #' interval of the laser pulse arrives at the instanta-
neous laser-plasma interface can be obtained from the relation
cty = ct' + vpts. Thus the instantaneous position of the laser-
plasma interface is given by

X' =ty =c\/ Bt (10)

Combining the above equation with the definition of X
gives the matching condition between the laser intensity pro-
file and the target density profile for the generating of quasi-
monoenergetic ions as [40].

(1) :p(x)c350:p(c\/égt)c350. (11)

For an exponential density profile p(x) = poexp(x/L) with a
scale length L [59], the above matching condition results in a
temporal intensity profile for the tailored laser pulse as
I(t) = Ioexp(t/Ty) with the beginning intensity Iy = p,c>Z, and
the time scale length T, = L/c\/E,. Correspondingly, the
normalized vector potential should have the following profile

a(t) = apexp(t/2T;), (12)

where ag = (8¢ Y minio /menc)l/ 2. po and nyo are respectively
the mass density‘and the i-th ion number density at the left
boundary, and Z is the ionic charge state.

Further, the match between the target with p(x) = poexp(x/
L) and the laser pulse with a tailored temporal profile given by
Eq. (12) is not so sensitive to the pre-pulse or the pre-plasma,
which may greatly relax the contrast requirement in the
experimental realization. Regardless of the beginning intensity
Iy of the laser pulse or the plasma boundary density po,
theoretical analysis and simulations [40] have demonstrated
that a convergent hole-boring velocity can be achieved if the
main pulse and the plasma are long enough. And the conver-
gent hole-boring velocity v, (t— o) = ¢L/(cTs + L) depends
only on the pulse time scale length 7, and the plasma density
scale length L.

As shown in Fig. 9, a nearly time-independent hole-boring
velocity has been verified, where the temporal intensity profile
of the laser pulse is tailored according to the density profile of

0.2 3
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Fig. 9. The time evolution of the propagation velocity of the laser-plasma
interface, where the temporal intensity profile of the laser pulse is tailored
according to the density profile of an inhomogeneous plasma. The simulation
result (red curve) is compared with the hole-boring velocity by the analytic
prediction (green curve). In this case, the hole-boring velocity is equivalent to
the propagation velocity of the laser front. The position of the laser front in the
simulation is defined as the point where the local incident laser intensity is
equal to Ip/4. The laser and target parameters are given in the text.

an inhomogeneous plasma. In the simulation, the inhomoge-
neous plasma is a composite target that composed of carbon
and hydrogen in 1:1 mass ratio. The target has an exponential
electron density profile n.(x) = 20n.exp(x/204) in the ramp
region 0 < x < 501 and then remains uniform in the region
x > 50A. Eq. (12) suggests that a tailored laser pulse
a(t) = apexp(t/2T,) with ay = 26.87 and T, = 174.7T, can
produce a nearly time-independent hole-boring velocity
v, = 0.1027¢ (i.e., £y = 0.0131). Simulation result using such
a tailored pulse has been displayed in Figs. 9—11, where the
laser pulse is terminated at 400 laser wave cycles. As shown in
Fig. 9, a nearly time-independent v, = 0.103¢ has been
verified by the simulation.

Since the front propagation velocity of the tailored laser
pulse is nearly constant, the ions of the inhomogeneous plasma

04— . : Exp(10)
o | R : /?“"‘ |
£ o2 !f"jﬂ”’”
o I ]
I ;;___ " ] !
| -g. |
0L - : Exp(0)
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Fig. 10. Ion momentum distribution at t = 5007, after the interaction of a
tailored laser pulse with an inhomogeneous plasma. Here we don't separately
show the distributions for protons and carbon ions, since they are similar to
that of total ions. A time-independent mean momentum is evident. The laser
and target parameters are given in the text.
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Fig. 11. Ion energy spectra at different moments ¢ = 100, 300, and 500 T in the
interaction of a tailored laser pulse with an inhomogeneous plasma. Here we
don't separately show the spectra for protons and carbon ions, since they are
similar to that of total ions. The laser and target parameters are given in the text.

will be reflected by a steady moving laser-plasma interface.
Consequently, the accelerated ions have a time-independent
mean momentum p;, = 0.2m;c as shown in Fig. 10. This
time-independent mean momentum is also in good agreement
with the analytic prediction by Eq. (6).

Thanks to the nearly time-independent hole-boring veloc-
ity, the accelerated ions will naturally have a narrow energy
spread. More importantly, such a narrow energy spread can be
well preserved in the whole interaction of the tailored pulse
with the inhomogeneous plasma. As shown in Fig. 11, the
energy spectra at three different moments r = 100, 300, and
5007 have a self-similar shape with an energy spread about
20%. Since the good monoenergetic quality of accelerated
ions is time-independent, this scheme is particularly suitable
for the generating of a high-fluence quasi-monoenergetic ion
beam using tailored long-pulsed lasers.

Recent simulations show that it is very attractive to realize
the in-situ hole-boring fast ion ignition by temporally tailored
laser pulses [40]. In the hole-boring process of an ultraintense
laser pulse into a pre-compressed deuterium-tritium (DT)
target, a large number of fast ions will be generated by the
hole-boring RPA. In the so-called in-sifu fast ion ignition [14],
it is proposed that the DT target be ignited directly by the hole-
boring accelerated ions. This in-situ hole-boring fast ion
ignition scheme does not require a separate target for the ion
acceleration, so it is particularly suitable for the high repetition
rate operation. In addition, the requirements for the beam
quality can be significantly relaxed due to the short distance
between the acceleration zone and the ignition core [60].
However, the pre-compressed DT target is highly inhomoge-
neous, so a tailored laser pulse is critically required to achieve
the efficient high-quality hole-boring RPA in this scheme.
Simulations indicate that the required laser energy for the
acceleration laser pulse in the in-situ hole-boring fast ion
ignition can be reduced from a few hundred kJ to about 65 kJ
by using tailored laser pulses [40].

However, it is still extremely difficult to precisely shape the
temporal intensity profile of an ultrashort (~ ps) laser pulse by
the current laser technology. So we propose an alternative
route to the efficient high-quality hole-boring RPA, namely,
modulating the target density in accordance with the Gaussian
laser pulse. By virtue of the pulsed laser deposition technique
[61] or the layer-by-layer nanoarchitectonics [62,63], it may
be easier to tailor the density profile of a solid target than the
intensity profile of a rapidly changing laser pulse.

If the laser pulse has a Gaussian temporal profile
1(t) = Igexp(—2.77t2/Tf), then the matching condition (11)
specializes the density profile of the modulated target as

p(x) = poexp( —2.77x° /L2), (13)

where /) and 7 are the laser pulse peak intensity and FWHM
duration, respectively; po = lo/c>Ey and L, = cv/Eg7L are the
plasma peak density and FWHM dimension in x direction,
respectively.

In Fig. 12, the ion energy spectra obtained in the laser in-
teractions with a uniform target and a density-modulated
target are compared. The laser intensity profile is given as
a(t) = aoexp[—2.77(t/TL)2/2] with ag = 100 and 71 = 307,
The uniform target is composed of carbon and hydrogen in 1:2

Carbon
Proton i

Carbon
Proton

0 20 40 60 80
€, (MeV/u)

Fig. 12. Proton (blue curves) and C®" ion (red curves) energy spectra at
t = 50T, after the interactions of a Gaussian laser pulse with (a) a uniform CH
target and (b) a density-modulated CH target, respectively. For reference, the
laser pulse peak is assumed to arrive at the left boundary of the uniform target
(x = 0) or the center of the density-modulated target (x = 0) at = 0. And for
convenience the modulated target is cut off at p = p¢/10 in the simulation.
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number ratio, and the number densities are n&" = 18n, and
ny = 36n, for C°" ions and the protons, respectively. The
density modulated target is also composed of carbon and
hydrogen in 1:2 number ratio, but the number density profiles
are defined as n%*(x) = 18ncexp[72.77(x/Lx)2] and
nyg = 36ncexp[—2.77(x/Lx)2] for C®" jons and protons,
respectively. Here, L, = cEyrp, = 4.414 with By = 0.147.
According to Eq. (13), the applied Gaussian laser pulse will
result in a nearly constant hole-boring velocity v, = cZy/
(14E()=0.128¢ in the density-modulated target and generate
quasi-monoenergetic ions at ;=31 MeV/u. The generation of
a quasi-monoenergetic ion beam at ~30 MeV from this
density-modulated target is confirmed in the PIC simulation as
shown in Fig. 12(b). While a broader energy spectrum is
produced with the uniform target in Fig. 12(a).

3.3. An integrated scheme

In the above section, we have discussed about the modu-
lating of the longitudinal density profile of a target to couple
with a temporally Gaussian laser pulse. Theoretically, we can
also modulate the transverse density profile of a target to
couple with a spatially Gaussian laser pulse for the efficient
high-quality hole-boring RPA in multi-dimensional cases.
However, this requires to aim the laser pulse precisely at the
center of the density-modulated target, which is still a big
challenge to current laser technology [54]. If there is a
displacement of the target off the axis of the laser pulse, the
quality of the accelerated ion beam, especially its collimation,
will become much worse than expected as shown in Figs.
13(a), 14(a) and 15.

Therefore, based on the comprehensive consideration of the
above factors, we suggest the following integrated scheme for
achieving the efficient high-quality hole-boring RPA in the
experiments: (a) using composite targets with at least two ion
species; (b) modulating the target longitudinal density profile;
and (c) tailoring the laser transverse intensity profile. For
simplicity, we suggest a super-Gaussian transverse profile for
the laser pulse.

We display the target dynamics in the hole-boring PRA
using this integrated scheme in Fig. 13(b). It is illustrated that
the middle part of the partially density-modulated target irra-
diated by the laser pusle can be efficiently accelerated exactly
along the axis of the laser pulse. However, a fully density-
modulated target will be driven away the axis further and
further if there is an initial displacement of the target off the
axis of the laser pulse. Therefore, the accelerated ions by the
integrated scheme using a super-Gaussian laser pulse and a
partially density-modulated target is well collimated along the
axis of the laser pulse as shown in Fig. 14(b). While the ions
accelerated from a fully density-modulated target by a
Gaussian laser pulse may have large deviation angles ~15° as
shown in Fig. 14(a).

The ion energy spectrum obtained in the hole-boring PRA
using the integrated scheme is displayed in Fig. 15, which
shows a clear peak at around 33 MeV/u. This peak energy is in
good agreement with the predication by Eq. (7) with
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Fig. 13. Carbon ion density distributions at t = 507, after the interactions of
(a) a Gaussian laser pulse with a target whose density profile is fully modu-
lated in both the longitudinal and transversal directions with a displacement of
2 between the laser pulse and the target axes; (b) a super-Gaussian laser pulse
with a target whose density profile is partially modulated only in the longi-
tudinal direction. In (a), the laser pulse has a temporally and spatially Gaussian
intensity profile a(t,r) = ap(—2.77t* /73 Jexp[—r?/o?] with a, = 85,
7L = 207, and ¢ = 44, the fully modulated target has an electron number
density profile n.(x,y) = 100n.exp(—2.77x2 /L2)exp[—(y — 24)*/a?] with
L, = cEyr. = 34 In (b), the laser pulse has a spatially super-Gaussian and
temporally Gaussian intensity profile a(t,r) = ag(—2.77¢* /7% Jexp[—r>/o°]
with ag = 85, 7. = 207), and ¢ = 44, the target density is modulated only in
the longitudinal direction as n.(x,y) = 100n.exp(—2.77x*/L?) with L, = 3A.
For convenience, the modulated targets are cut off at n, = 10n, in both (a) and
(b). And they are composed of carbon and hydrogen in 1:2 number ratio, so the
peak ion number densities are n&" = 12.5n, and ny = 25n, for C°* jons and
protons, respectively. The dashed ellipse in (a) demarcates the initial boundary
of the density-modulated target. For reference, the peaks of both laser pulses
are assumed to arrive at x = 0 at # = 0. The density distributions of the protons
are similar to those of C®" ions and thus are omitted here.

Ey = 0.15. In the scheme using a Gaussian laser pulse with a
fully density-modulated target, however, the quality of being
quasi-monoenergetic will be lost for the accelerated ions if
there is an off-axis displacement between the laser pulse and
the target. On the consideration of the laser-target alignment,
therefore, it is more reliable to achieve the high-quality hole-
boring RPA by the integrated scheme, which tailors the target
longitudinal density profile together with the laser transverse
intensity profile.

4. Discussion and summary

Compared with the light-sail RPA, the energy scaling law
of the hole-boring RPA may not allow it to accelerate the ions
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Fig. 14. Carbon ion energy-angle distributions at t = 507, after the interactions
of (a) a Gaussian laser pulse with a fully density-modulated target; (b) a super-
Gaussian laser pulse with a partially density-modulated target. The parameters
of the laser pulse and the target are the same as those in Fig. 13.
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Fig. 15. Carbon ion energy spectra at t+ = 507, after the interactions of a
Gaussian laser pulse with a fully density-modulated target (the blue curve) and
a super-Gaussian laser pulse with a partially density-modulated target (the red
curve). The parameters of the laser pulse and the target are the same as those in
Fig. 13.

up to the level of GeV/u [55]. However, the advantages of the
hole-boring RPA lie in that the required laser contrast is
modest, and particularly the accelerated ion number can be
extremely large. The high-fluence quasi-monoenergetic
plasma block produced in the hole-boring RPA using the
improved integrated scheme is particularly interesting for fast
ignition of ICF, or more generally for the creation of high
energy density conditions due to the presence of the Bragg
peak for mono-energetic ion beams [10,38,39,41,42]. Further,
the unique short duration (~100 fs) of the produced ion beams

is especially suitable for isochoric heating of solid-density
matter [8,9,44,64]. In addition, this kind of high energy den-
sity plasma blocks may permit the side-on ignition of un-
compressed solid target for a neutron-free ultra-clean fusion
[65,66]. As in the light-sail RPA, circularly polarized high-
power laser pulses are critically required in the hole-boring
RPA in order to suppress the plasma heating. Although a
quarter-wave plate can transfer a linearly polarized laser pulse
into a circularly polarized one, its diameter would be as large
as a few meters in order to avoid the laser-induced damage if
the laser power is as high as 10 PW. To manufacture such a
large quarter-wave plate is still an extreme challenge to the
current technology. Based on an extreme Faraday effect found
recently [67], one may realize a new type of magnetized
plasma polarizer on the scale of a few centimeters to convert
linear polarized pulses to circularly polarized ones for such
high power laser pulses.

We notice that there are also a few other optimizations for
the acceleration of plasma blocks by laser pulses, such as
introducing a pre-target with a relatively low density in front
of the main dense target [68—70]. In this case, the charge
separation field in the main target can be greatly enhanced,
which then enhances the energy, ion number and quality of the
accelerated plasma blocks. With a pre-target or pre-plasma,
however, the density modification due to the nonlinear pon-
deromotive force may become significant [44,71]. Further,
with a pre-plasma the laser pulse could be tightly focused
down to a diameter of the order of the laser wavelength due to
the relativistic self-focusing [71]. In such an extreme case, the
longitudinal field components of the laser pulse could also
play an important role in the acceleration of particles
[44,72—74].

To summarize, we first retrospected the mechanism of the
hole-boring RPA, especially the physics underlying the
oscillation in the accelerating field. Based on this, we dis-
cussed about the suppression of this oscillation in the accel-
erating field by using two-ion-species targets, and hence the
reducing of the ion energy spread in the hole-boring RPA.
Further, the intensity profile of the laser pulse and the density
profile of the target were optimized for the hole-boring RPA.
Finally, an integrated scheme was introduced for the efficient
high-quality hole-boring RPA, in which the longitudinal den-
sity profile of a composite target together with the laser
transverse intensity profile are shaped according to the
matching condition.
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