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Abstract

We present a theoretical and numerical study of a novel acceleration scheme by applying a combina-
tion of laser radiation pressure and shielded Coulomb repulsion in laser acceleration of protons in
multi-species gaseous targets. By using a circularly polarized CO, laser pulse with a wavelength of

10 yum—much greater than that of a Ti: Sapphire laser—the critical density is significantly reduced,
and a high-pressure gaseous target can be used to achieve an overdense plasma. This gives us a larger
degree of freedom in selecting the target compounds or mixtures, as well as their density and thickness
profiles. By impinging such alaser beam on a carbon—hydrogen target, the gaseous target is first com-
pressed and accelerated by radiation pressure until the electron layer disrupts, after which the protons
are further accelerated by the electron-shielded carbon ion layer. An 80 MeV quasi-monoenergetic
proton beam can be generated using a half-sine shaped laser beam with a peak power of 70 TW and a
pulse duration of 150 wave periods.

1. Introduction

The laser acceleration of quasi-monoenergetic protons has recently drawn tremendous interest due to its
potential applications in cancer treatment [ 1, 2], proton radiography [3], and isotope production for positron
emission tomography [4]. In the realm of laser acceleration of protons from a target foil, there are mainly two
schemes being widely studied: target normal sheath acceleration [5—14] (TNSA) and radiation pressure
acceleration (RPA). In particular, to acquire quasi-monoenergetic protons, the scheme of laser RPA has been
actively studied in theory and simulations [15-23] and experiments [24—26]. In RPA in the light-sail region, a
high intensity laser beam irradiates an overdense thin foil (or an overdense thin foil formed by laser radiation
compression) and accelerates nearly the whole foil. The electrons are trapped by a combination of the laser
ponderomotive force and the electric force due to the ions, and the protons in the accelerating frame are subject
to both the electric force of the electron layer accelerating them forward and the inertial force pulling them back.
The balance of these opposing forces forms a trap for the proton and electron layers, resulting in a self-organized
doublelayer [21]. Therefore, RPA could potentially produce high-energy monoenergetic protons suitable for
many applications, if the accelerated protons have good beam quality and a narrow energy spectrum. However,
previous works have demonstrated [20, 22, 25, 27, 28] that the Rayleigh—Taylor instability (RTT) limits the
proton energy achieved by RPA and rapidly broadens the proton beam’s energy spectrum.

On the other hand, by using multi-species targets, which are now actively studied [26, 29-31], the
broadening of the proton energy spectrum due to instabilities could be largely suppressed. By using a thin
composite foil made of carbon and hydrogen with a relatively large carbon concentration, we found in our
recent work [32] that there are two different stages of acceleration to further push the proton forward. In the
initial RPA stage, the heavier carbon ions are left behind the lighter protons, and a triple-layer system of carbon

© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft


http://dx.doi.org/10.1088/1367-2630/17/2/023018
mailto:tcliu@umd.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/2/023018&domain=pdf&date_stamp=2015-02-04
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/17/2/023018&domain=pdf&date_stamp=2015-02-04
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

I0OP Publishing

NewJ. Phys. 17 (2015) 023018 T-CLiuetal

ions, protons, and electrons is formed. After that, the electron layer has been disrupted by the RTI, and the
shielded Coulomb repulsion (SCR) stage takes place, in which the proton layer continues to be pushed forward
by the electron-shielded carbon ion layer behind it. The carbon layer delays the disruption of the proton layer by
the RTT and further accelerates the protons. Our simulation study showed that, using a 70 terawatt laser beam to
irradiate a carbon-proton target with 10% protons, a quasi-monoenergetic proton beam with 60 MeV of energy
can be achieved, which is several times the energy obtained from a pure hydrogen foil.

In order to successfully accelerate the protons by the Coulomb repulsion force, we should both reduce the
charge difference between carbon ions and electrons and keep the electrons from returning to the carbon layer
so that the net charge of the carbon-electron layer is positive. In our previous works [32, 33], we concluded thata
higher carbon concentration and smaller spot size can lead to increased proton energy.

One main concern about the laser acceleration of a thin solid target is that ultra-thin solid targets of
uniformly mixed 90% carbon and 10% hydrogen, i.e., Cy Hy 1 in an empirical formula or other compound foils
with a high carbon concentration, are difficult to manufacture [34, 35]. On the other hand, if we use a laser beam
with alonger wavelength, then the critical density, which has an inverse quadratic dependence on laser
wavelength, will be strongly reduced; therefore, high-pressure gaseous targets can be used in the acceleration
scheme. It has been demonstrated, for example, that micrometer-sized nozzles and skimmers can be used to
produce supersonic helium atom beams [36]. Previous numerical and experimental studies [23, 37] showed that
itis possible to produce high-energy quasi-monoenergetic proton beams from a gaseous hydrogen target
accelerated by a CO, laser with a wavelength of 10 ym.

There are interesting differences between a thin foil with a thickness smaller than the laser wavelength and a
thick gaseous target, besides the fact that a longer wavelength corresponds to lower critical density. A thicker
target with a density profile maximized at the center represents a more realistic gas extruded from a nozzle.
Moreover, a rich combination acceleration mechanism consists of caviton formation due to the reflected wave,
hole-boring, and significant target compression. TNSA and shock could all be observed in the acceleration
process, whereas in the laser acceleration of protons using ultrathin solid foil, the acceleration mechanisms
involved are mainly only RPA and SCR.

In this paper, we demonstrate by two-dimensional (2D) particle-in-cell (PIC) simulation that a quasi-
monoenergetic proton beam can be obtained using along acceleration time, where the signatures of RPA, SCR,
TNSA, and shock acceleration [38, 39] can all be observed. We discuss advantages and disadvantages with
different target thicknesses and densities, and then finally compare the proton energy evolution between the
simulation results and our theoretical model and show that RPA and SCR are two main effects in the acceleration
process.

2. Simulation setup

In order to investigate the acceleration of protons in a multi-ion gaseous target, we employ 2D PIC simulations
using VORPAL [40]. The simulation domainis—50 < x/4p < 100 and—25 < y/4p < 25, and the grid size is
A1/100 in the x dimension and 4; /50 in the y dimension, where A, = 10 um is the laser wavelength. The
boundary conditions are absorbing at all boundaries for particles and fields, and the laser wave is injected at the
negative x —boundary. The amplitude of the incident laser has a Gaussian profile in the transverse direction with
waist sizewy = 4.04, defined as the diameter d = 2w, at e > of the peak intensity, a half-sine wave in the time
profile with normalized peak amplitudeay = €E,,, /mew.c = 10,and a full duration of7;, = 1507y, as shown in
figure 1(a), where T} = Ar/cqis the laser wave period. The pre-ionized target, shown in figures 1(b) and (¢),
consists of 90% carbon and 10% hydrogen and is initially located at0 < x < I with the initial thickness

Iy = 2.541 and the electron density profile

X—lo/2)2 (1)

1e0 (X) = Meo max €XP ( lo/4
With#eg max = 615+ max + Mpromax = 1071 and 1c6+g max: Mpromax = 9:1. Here, pre-ionized carbon is allocated
as arepresentative of a heavy ion and could be replaced by any gaseous molecule with its nucleus having the same
charge-to-mass ratio, such as helium or nitrogen. The target is resolved by 49 macro-particles per cell at the
density maximum for all species. Heren., = gy, wi/e?is the critical density, where m, is the electron mass, e is
the elementary charge, g is the electric vacuum permittivity, and w is the laser angular frequency. We define

t = 0 as the time when the laser beam starts to interact with the target.
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Figure 1. The initial setup of (a) the laser beam and (b), (c) the particle densities in the target. The window is enlarged around the
center of the target.

3. Simulation result and analysis

We compare the phase space and density distributions at different times and analyze the acceleration
mechanisms individually. Figures 2 and 3 show the phase space and number density distributions of carbon ions
and electrons, whereas figure 3 shows the enlargements of figures 2(1) and (g), and figure 4 shows those of
protons. Here the y-axes of the phase space distributions are in normalized units p, /mc = yf,, where p, is the
momentum of particle in the longitudinal direction, 771 is the mass of the particle, #, = v,/c is the normalized
longitudinal velocity,andy = (1 — 7 — ﬂyz — B7)7"2is the gamma factor of the particle. The time evolution of
the proton energy spectrum is shown in figure 5. First, at 20T}, after the interaction starts between the laser beam
and the gaseous target, the laser beam compresses the electrons and forms a caviton at critical density, as shown
in figure 2(a). The compressed electron layer then pulls the ions forward, forming a self-induced double layer, or
so-called light sail. Figure 4 (a) shows that a small portion of protons are accelerated by the highly compressed
overdense mirror and move almost twice as fast as the radiation pressure-accelerated light sail. Atz = 407;,
when the intensity of the pulse continues to increase, almost all particles of the target are highly compressed and
accelerated, as shown in figures 2(q) and 4(1). On the other hand, the RTT becomes observable in the density
distributions of all the particles (figures 2(b), (g), and 4(g)), indicating the decomposition of the electron-carbon
target and the decrease of their densities. In their phase spaces (figures 2(1) and 4(b)), we could observe all the
features of RPA, shock, and TNSA along the acceleration processes of carbon ions and protons, as indicated in
figure 2(1). The enlargement of the carbon phase space and density distribution (figure 3) shows a clear signature
of RPA, which compresses and accelerates the plasma at a layer located at x & 1.44;. It also shows shock
acceleration of the carbon ions with the layer having a similar shape as the RPA accelerated one atx ~ 1.8, by
the large shock potential, as well as TNSA by the electron sheath in front of the carbon layer, pulling the ion in the
front side forward. There is also a left-behind tail of protons becoming untrapped and moving backward

(yﬂx < 0) due to the Coulomb repulsion during the acceleration. That is, there is a small number of protons that
is backward accelerated.

Att = 7071, the injected laser amplitude is near its peak ag = 10 at the target. The density of electrons,
however, is relativistically underdense to the laser wave, since#, i,y ~ 21 < 10, as shown in figure 2(r). The
laser starts to penetrate the electron cloud, and the thermal expansion of the electrons and carbon ions becomes
more and more significant. As a result, all carbon ions that accelerated due to the acceleration mechanisms of
shock, RPA, and TNSA, as mentioned previously, start to merge altogether (figures 2(m) and 4(c)). Meanwhile,
because of a greater charge-to-mass ratio, some of the protons are further accelerated, leaving some of them
trapped in the carbon ion layer and a small amount of them being accelerated in a backward direction. The front
end, as well as the rear end, of the proton layer start to be accelerated by the SCR in both directions at this time.

3
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Figure 2. Two-dimensional density distributions of electrons (1st row) and carbon ions (2nd row), the carbon ion phase space (3rd
row), and the one-dimensional density distribution (4th row) of electrons, carbon ions, and their differences, which are plotted by
averaging over —0.54; < y < 0.5y, attimest = 20Ty, 407}, 70T;, 1207 and 1807;.
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Figure 3. An enlargement of phase and density distribution of the carbon ion att = 407;..

Att = 1207, the intensity of the laser pulse is decreasing, and the phase space of carbon ions shown in
figure 2(n) illustrates that almost all of the carbon ions are merged into a straight line. This means that they are
no longer being affected by the laser beam while the electrons are trapped by the Coulomb potential of the
carbon ions. The protons at this time (the fourth column of figure 4) are separated into three distinct parts—the
ones that stay in front of and behind the carbon ions, pushed bi-directionally by the SCR, and the ones trapped in
the carbon ions. Since the repulsion force decreases with increasing distance, the protons left behind are more
accelerated. As aresult, the velocity difference could be reduced, and the proton layer becomes more
monoenergetic (figures 4(d) and 5).
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Figure 4. The phase space (1st row), two-dimensional density distribution (2nd row), and one-dimensional density distribution (3rd
row) of protons, plotted by averaging over —0.54;, < y < 0.54y, attimest = 20Ty, 407, 70T;, 1207} and 1807;.
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Figure 5. The proton energy spectra at different times within|y| < Ar.

Finally, when the laser pulse has completely left the target, the carbon ions expand freely, and the electrons
follow the density profile of the carbon ions, as shown in the last column of figure 2. Figure 4(e) shows that the
protons continue to be accelerated by SCR without losing the monoenergetic property, indicating that this SCR
can stably accelerate the protons for a long time. Figure 5 shows a distinct peak at the proton energy 80 MeV at
timet = 1807T;.

4. Targets with larger density or thickness

The question of whether increasing the target density or thickness could further increase the energy of quasi-
monoenergetic protons is of interest. Since the number of particles being accelerated is increased, the energy
conversion efficiency could increase if the energy and the number of the protons in the monoenergetic peak do
not drop too significantly. Therefore, in this section, simulations with the same laser parameters, but using
targets with larger density or thickness, are performed.

We first investigate the case with doubled target thickness and with other parameters remaining unchanged.
Figure 6 shows the comparison of the proton profiles of the original case and the case with doubled thickness. In
the case with doubled thickness, the proton layer is not compressed to form a quasi-monoenergetic layer.
Therefore, we conclude that there exists an upper limit of target thickness /};,, for the proton layer to be
successfully compressed into and remain as one quasi-monoenergetic layer. In our laser parameters with a
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Figure 6. The comparison of two-dimensional density distributions and one-dimensional density distributions by averaging over
—0.51, < y < 0.541, and energy spectra of the protons within|y| < A att = 2207} between (a) the original case ofl, = 2.54; and (b)
the case with doubled thicknessl; = 5.01;.
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Figure 7. The one-dimensional density distributions (the first two columns) and energy spectra (the last two columns) of protons
within|y| < Ay att = 1507} andt = 3007; between the original case 0f71¢g max = 1071, (the 1st row) and the case with doubled peak
density 1o max = 2071 (the 2nd row).

density peak of #1e max = 10, we havelj, < 5.04; = 50um. In comparison, the optimal thickness of RPA
with single species foil [16, 19] is /A1 = (aO/ ﬂ') / (neo Mer ) & 0.6, much smaller than this limiting value.

On the other hand, the result is quite different for the case with doubled peak density, although the surface
density is the same as in the doubled-thickness case. The target with doubled density could be viewed as being
compressed by a factor of two from the doubled-thickness case. Therefore, it reduces the time and energy the
laser spends in compression. The comparison shown in figure 7 indicates that the case with doubled initial peak
density could trap about two times more protons in the front layer and remain quasi-monoenergetic during the
acceleration. However, due to the increased target mass, the acceleration is slightly lower than for the original
case. Therefore, doubling the target peak density could result in an overall increase in the energy conversion
efficiency with a larger number of protons but with lower energy.

5. Discussion

In this section, we calculate the evolution of the proton momentum, using equations of motion of RPA and SCR,
and compare them with the simulation of the original and double-peak-density cases. The equations of motion

6
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of RPA can be written as [19]

dy.p; 2& fer ﬁ (x- t)21 - B (2)

where

a(xi, t): ao sin[—:—L(j—i - TLL):|’

X t
- <—-—x<0 3
1< T T (3)

is the instantaneous normalized amplitude of the laser at the target, with 7 = #./T; = 150 being the normalized
laser pulse length. The subscript 1’ stands for ions, a combination of carbon ions and protons. Figure 8(b) shows
that the momentum evolution calculated theoretically generally agrees with the simulation result fort < 807},
the acceleration period when the target is overdense. Therefore, RPA is the dominant acceleration mechanism
during the first 80 laser periods.

After that, the electron layer has become transparent, and the Coulomb repulsion continues to moderately
accelerate the protons ahead while keeping the quasi-monoenergetic property. The equation of motion of one-
dimensional (1D) SCR with the protons assumed to be test charges and the carbon layer moving with constant
velocity can be expressed as [32]

a7
(4)
d(ypvp> _eE, _ eopa (xp - vct)eanet
dt B m B 2egm, 4eokp T, ’

where 6, is the net surface charge density of the carbon and electron layer and T, is the electron temperature.
The initial time is setasty = 707, and the initial conditions (g, Xpo» Ve, Onet) at this time are read from the
simulation data. Here we assign T, = 20, c? as a fitting parameter. The theoretical curves shown in figure 8(b)
generally agree with the simulation results for an additional time period of ~ 1007}, and start to over-estimate the
energy, while the separation of the carbon and proton layers becomes too large to apply the nearly 1D
assumption, where it is assumed that the separation is small compared with the laser spot size. However, since
the proton acceleration at that time is almost negligible, and the energy here is nearly a constant (figure 8(a)), the
theoretical estimation here is enough to approximate the energy of the proton beam.

6. Conclusions

We have shown that a combination of a series of acceleration mechanisms could be observed in laser
acceleration of a gaseous target, where RPA and SCR are the two dominant mechanisms in both accelerating and

7
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stabilizing the proton layer. We have also demonstrated that the quasi-monoenergetic property depends
significantly on the compression of the target in the early stages and, consequently, verified that there exists an
upper bound less than 50 ym in target thickness in our simulation. We also provided a set of models interpreting
the acceleration mechanism and showed that the energy evolution of the proton layer fits well with the
theoretical prediction before it undergoes nearly constant velocity motion. It was shown that a quasi-
monoenergetic proton beam of energy 80 MeV could be obtained by a CO, laser beam of peak power 70 TW and
pulse length1507; .
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