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lon acceleration in overdense plasma by short laser pulse
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Abstract

We consider ion acceleration at the front surface of overdense plasma by a short laser pulse. In this configuration, the
laser ponderomotive pressure pushes the background electrons, and a double layer is produced at the boundary of the
overdense region. The ions are accelerated by the electrostatic field of the double layer. If the laser intensity is so large
that the plasma becomes relativistically transparent, then ion trapping in the running double layer and acceleration to
relativistic energies is possible. We study this physics using one-dimensional particle-in-cell simulations. lon acceler-
ation in one- and two-component plasmas is considered. It is shown that the proton acceleration is more effective when
they represent only a small dope to the heavy background ions.

Keywords: lon acceleration; Laser—plasma interaction; Relativistic effects

1. INTRODUCTION In this article we are studying in detail ion acceleration at

. . . L the front surface of the plasma layer. Our aim is to under-
Acceleration of charged particles to high energies is one . : . . )

. . - : Stand what is the scaling of the maximum attainable ion
of the most interesting applications of intense short laser

pulses. A number of recent experimef@ark et al., 2000; energy as a f“r?c“on of the. "'?‘?er Intensity. Partlcularly, we
. ) . . are interested in the possibility of proton acceleration to
Krushelnicket al, 2000; Maksimchulet al, 2000; Roth some 300—600 MeV energy using the lowest possible laser
etal, 2000, 2002; Snavelgt al, 2000; Santalat al, 2001 ulse energy. Protons in t?]?/s art?cular ener pran e might
Borghesiet al., 2002; Zepfet al, 2003 and even heavier P gy. P gy rang 9

: : be used, for example, for cancer therapy in medi¢kraft,
ions(Hegelichet al,, 2002 have demonstrated that protons 2001: Esirkepovet al, 2002. To achieve these energies

can be efficiently acpelerated |n.Iaser plasma experiments. ith the TNSA mechanism would require not only very high
Different acceleration mechanisms have been propose . .

) . laser intensities to heat electrons to the comparable ener-
for explanation of the experimental results. In the under-

dense plasma channdBukhov & Meyer-ter-Vehn, 1996: gies, but also pretty long pulse durations, because the elec-
Krushelnicket al, 2000 this is the Coulomb explo,sion o,f tric fields in the Debye sheath represent only a small fraction

; . - of the laser ones. In this sense, short and intense lasers
the electron-cavitated region near the laser channel axis. Ig lied to the front surface can be more suitable for ion
the experiments of overdense foils, two major eXplanation%Eseleration with high repetition rate
e?qst(Pukhov, 2091; Wilkset al, 200. First, ther_e IS a The direct coupling of the laser energy to the protons
direct ponderomotive push at the front surface. This IeadSt%egins at very high laser intensities above the proton rela-
adouble-layer formation and ion acceleration. Second’therﬁvistic thresholdl > I, = (my /m)2lo ~ 102% WumZem-2

Is the so-called target normal sheath acceleratiMSA). Herel, is the eIectrorF]) relatilvist(iec tﬁreshold))\zﬂz 1.37><'

The TNSA suggests that the laser pulse produces hot elei—018 Wyum2em-2, wherea is the laser wavelength. In this

trons atthe front surface. Then, they propagated through thgrpcle we study intensities still well beloly. Yet, we show

foil and generate a space charge sheath at the rear surfacetﬁat the laser-induced plasma fields may be sufficient to

the target. The electrostatic field of this space charge pulls . . N,
) - ccomplish the proton acceleration to nearly relativistic
the ions sitting on the rear surface and accelerates them £

. : . ?nergies.
high energies. In most of these experiments, very powerfu
lasers have been used with the pulse energy in the range
100-1000 J and powers of 100—1000 TW. 2. ION ACCELERATION AT
THE FRONT SURFACE

Address correspondence and reprint requests to: O. Shorokhov, Instituli;h i | di b i . difth
fur Theoretische Physik I, Heinrich-Heine-Universitat Disseldorf, D-40225, eenergy o ; acge erate. lons Ca'n € ea?' y estimated if the
Germany. E-mail: oleg@thphy.uni-duesseldorf.de plasma contains just one ion species and is overdense for the
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laser pulse(Wilks et al, 1992. Then one can use the functions of¢ = x — v, t. If the background ions oscillating
momentum conservation law. The laser light pressure can bia the field of this wave get velocities comparable with the

considered as a momentum flux wave phase velocity, ~ vy, then they are trapped and may
be accelerated further to very high energies. This mecha-
| az nism is analogous to the well-known electron trapping in
Pi=2=Name =, @ plasma wavetEsarey & Pilloff, 1995. Below we estimate

the laser intensity and plasma parameters needed for such
wherea = eA/mc? is the dimensionless amplitude of the ion trapping.
laser vector potential, anal, = mw?/47e? is the critical

density. The momentum flux transported by the ions is
y P y 3. MODEL FOR ION TRAPPING IN A RUNNING

2 PLASMA WAVE

pi
M; i , @

Pi=n A .
b We assume that the plasma slab has initially a uniform

density distribution
wheren; is the ion densitylM; is the ion masgy, is the mean
ion momentum, ang; = \/ 1+ (p, /M, ¢)? is the relativistic ) {0, for x<0
n(x) =

v factor. _ n, for x=0.
If the laser pulse is completely absorbed, then we must

setP, = P,. If, however, the laser pulse is back reflected
thenP; = 2P,. In the general case of the absorption rate 0
n =1 we have

(6)

'We also assume that the ponderomotive pressure of the laser
pulse works as a “snowplow” and sweeps the background
electrons forward until a buildup of the electrostatic field
equilibrates the pressure. In the laboratory system of refer-
ence(K), the snowplow moves with the plasma wave phase
velocity v,

When we transform to the reference system co-moving
with the plasma waveK’) we have noncompensated charge

E=——=2-9) = =me. (4)  densitynebehind the shock wave. For the electrostatic field

i and the electrostatic potenti@h K ') we obtain the relations

P=(@2- nP. 3

This gives the ion energy estimation

The plasma layer remains overdense for a relativistically
intense laser pulse onlyrnf/n., > a/2, wheren,= Zn is the

electron density and is the ion charge. At higher intensi-

ties, the plasma is relativistically transparent. Setting the
laser amplitude at the boundary of relativistic transparencyvhere
a~ 2Zn /n, we estimate the maximum ion energy as

dE; 4mn'e, for 0=x'=d
= (7)

dx’ 0, for x' > d,

 Efw
4mn’e’

a (8
EM*~ (2-m)Z—c? (5)
m

o Because of the plasma quasineutrality, the wave of compres-
The estimationg4) and (5) are based on the fundamental sjon is followed by a wave of rarefaction and a quasisym-
law of momentum conservation. They are insensitive to thenetric picture of electric field and potential is formed:
particular interaction physics. The only assumption made

here _isthat all the_ plz_isma ions are equivalent, thatis, a single [47rn’ex’, for |x'|=d

species plasma is given. Ex(X) = 9
However, the experiments show that whatever material is 0, for x| >d,

irradiated by the laser, it is usually protons that get acceler- 5

ated first. If plasma is a mixture of different species, then a X' —2mnrex®, for |x'|=d

small portion of ions with a large charge-to-mass ratio carf?’ (X') = _JO E§)dé =) Ef. for x| >d (10

be accelerated to higher energies than is allowed by the 8mn'e’ '

simple limits(4) and(5). In this case, the particular mech-

anism of acceleration is very important. We choose the integration constant to hewe) = 0. In the

We consider here the so-called “ion wakefield accelerareference systeid’, the charge density and the electric field
tion” mechanism. It works when some energetic ions geform a stationary periodic structure with the periadl Zhis
trapped into an electrostatic plasma wave. Let us assunmructure moves behind the laser pulse with the phase veloc-
that the plasma wave is running with the phase velagjty ity v,. A typical structure of such a wave obtained from a
that is, all the density perturbations and the potential ar@ne-dimensional PIC simulation is shown in Figure 1.

https://doi.org/10.1017/50263034604222133 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034604222133

lon acceleration in overdense plasma 177

E When an ultrarelativistically intense laser pulse propa-
X . . .
gates in plasma, we can use the estimation
()~ 2 (16
[
and obtain
Up n 2
L~ f1-— =, 17)
i c Ner Qo
2 2 2 2 i
(1} 5 10 15 20 A 1 Ne &g 2n
e T I (18)
Fig. 1. Plasma wave obtained in the PIC simulation. The laser amplitude 1— ) °
a = 60, the plasma density= 10n.;. The maximum electric field is close c?

to the laser amplitude.
To describe the ion motion in the laser-generated wave,
we introduce the Hamilton functiod (x, p, t). In the mov-
o N ing system of referend€’, the plasma wave can be consid-
The electric fieldEy,,can be found from the condition of  ¢1aq"a5 quasistationary and the Hamiltonian has the form
equilibrium with the laser ponderomotive pressure at thq_|/(x/ p') = E/ + ed’(x'). The energy conservation along
front of the wave. Doing this, we obtain the estimatin= 5, jon trajectory provides the equation for the trajectories
Eo, wherek, is the amplitude of the laser pulse electric field. H'(x,p’) = E’ = const

Making a transition fronK to K’ and taking into account Now we use Eq(12) and express the ion energy through
that Lorenz transformation does not change longitudinal,q momentunp; in the laboratory frame. We obtain

components of fields, we obtain
\pZc? + méct — u,p; X = vpt
Emax= Ex(X" =d) ~ E, (11) H'(x,p) = +ed’ - (19

2 2
U [
where c? c?

At this point, we introduce new dimensionless variables

X' = —. (12
Y v pi n X — vpt
1-— - >, — 5P — >n

c? c me P TN YT

Integrating, we obtain the potential difference over the halfzng obtain
plasma wavelength® = ¢(d) — ¢(0):

(20)

H N1+pP—vp e X — vpt
o 2 ncr ag h/(X,pi): . 2: 2 + ~2 ' 2 |
e|Ad’| = mgC )2 (13 m;c 1-0vf m;C 1-vf

. . . . (21)
Hereay is the usual dimensionless laser amplitude

We substitute now the particular form of the potentiEd),

eA MewoC i ity —
a, = = L (14) take |nto2 account. that the electron density
meC e n’/y/1 - vZ, and obtain
Because the plasma wave is driven by the laser pulse, we can \1+p2— veP M, 1 a2
i ityis h'(v,p) = - — —vy2 (22
postulate with good accuracy that the wave phase velocity is Ys Pi N M Lo of 2

equal to the laser group velocity, if the plasma is relativisti-

cally transparent: The equatiorh’(y, p;) = 1 gives us the separatrix. It sepa-

rates the trapped ions witli < 1 from the passing ions with

o= plas~ [1— “p (15) h’ > 1. The ion trajectories and the separatrix for different
P wd(y)’ laser amplitudes are shown in Figure 2.

When the separatrix touches the gxis 0, then evenions
wherevgs is the laser pulse group velocity afigl) is an initially at rest can be trapped in the wave. This condition
averaged relativistig factor of plasma electrons. can be written as
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Fig. 2. Trajectories of protons in thigy, p) phase space. The plasma density is assumedrie-tién,,. The laser amplitude B= 20.5
(a), a=65(b), a=200(c).

meaz 1 future. We have sed(frig. 29 that already at the relativistic
“moon v (23 transparency threshold the protons can be trapped in the
] Yp

plasma wave.

There are two distinct regions of parameters when the ions
can be trapped into the plasma wave. The first one corre4. NUMERICAL SIMULATIONS

sponds to low laser group velocities, when the laser is just . : . .
P group : a'I'omveshgatethelon acceleration near the front surface and

the verge of the relativistic transpareney= 2n, y,~ 1. In . . .
) 9 nsp Yo~ the propagation through the plasma we use one-dimensional
this case, the plasma wave is very slow and it is easy to

fulfill the ion trapping conditiony; ~ v,. The phase portrait particle-in-cell simulations. The laser pulse is emitted at the
PP left side of the simulation domain. It first propagates through

in Figure 2a corresponds to this case. When the laser ampli- . . .
g b P a,vacuum region and then interacts with a slab of overdense

tude increases, the lower bound of the separatrix rises anqasma The plasma slab has constant densitigh a sharp

the ions at rest cannot be trapped anymore Figure ZtE . . . .
. . oundary. For the simulations we use the one-dimensional
Another region of parameters, where the separatrix goes

. version of the code Virtual Laser Plasma Laboratétykhov
= > 1.
down to the axip = 0 corresponds tg, > 1. Here we have & Meyer-ter-vehn, 1997, 1998: Pukhov, 1999

a very simple estimation for the threshold laser amplitude: . : . .
y P P The simulation box is 5Dlong, wherex = 27 (c/wg) is
the laser wavelength. We use absorbing boundary condi-
Ay ~ [pM (24)  tions: particles that achieve the boundaries are removed
Me from the simulation box, fields are absorbed completely on
_ _ o the boundaries. The laser pulse has a cosine intensity pro-
This case '|s'shown n E|gure 2c. _ _ file: a=agcod(7t/7)cos wot) with wym = 277-10. The laser
This splitting can be interpreted in the following way. If g circularly polarized.
one considers ion trapping in a moving potential well, then  \we perform a parametric study of the ion acceleration by
two factors have influence on the trapping process. Firstyarying the laser pulse amplitudgin the range frona = 1
how deep the well ishow large the potential difference)is to a = 100 and the plasma densityfrom 5n,, to 10n.,.
and second, how quickly the well moves. In the case of |n general, we consider plasma consisting of three types
F|gure 2a., the pOtentIal differenceis rela“vely Sma“, but theof partic|es: e|ectr0ns’ heavy ionsi and protons_ We model
well moves very slowly with respect to the ions. The inter- heavy ion presence using either infinitely heavy “nailed”

action lasts for a long time and the ions are able to gaifons or jons with deuteron charge-to-mass ratio. Thus, we
enough energy to be trapped. When the well starts to movRaye for the ion concentration

faster, it races through the ions too quickly, and ions can be
trapped only at relatively large amplitudes of the well n = ny+ Ny, (25)
(Fig. 2b,0.

The laser intensity corresponding to the threshold ampliwheren, is the proton concentration, anglis the heavy ion
tude(24) can be 1 to 2 orders of magnitude lower than theconcentration.
proton relativistic intensity,, yet, pretty large. Onthe other  Figure 3 shows the maximum proton energy obtained in
hand, laser pulses that allow for the relativistic transparencyur simulation for laser—plasma interaction with pure hydro-
of overdense plasmas can become available in the nearegén(the solid curve, with 10% hydrogen—90% deuterium
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F 3 deromotive pressure of the laser. Panel b in column I
’ clearly corresponds to a decaying plasma wave. The wave
decay is due to the particle acceleration in the wave. In the
second case, the plasma became relativistically transparent
for the laser pulse.
Using the estimation for the plasma refraction index

Ne
Nery)

k= |1- (26)

and taking into accour(iL6) we find that for this particular
density,n =10n.,, the plasma becomes transparenipe
20. The plasma wave generation and the form of the proton

) ) ) ) ] longitudinal phase spacganels a in Fig. # make the
Fig. 3. The maximum proton energy observed in the simulation as

a . . .
function of the laser pulse amplitude in double-logarithmic scales. ThepmtOn accgleranon meChamsm ev'qe_nt'

pulse lengthr = 10). The electron density = 10n,. The simulation is We mentlon that the trapping conditi¢24) for prOthS at
done for the cases of pure hydrogéme solid curvé, 10% hydrogen—90%  rest is not fulfilled. Yet, the protons get trapped. This can be

deuterium mixturéthe dotted ling, and 10% hydrogen-90% heavy “nailed” explained by the fact that when the head of the laser pulse
ions mixture(the broken ling. reaches the plasma boundary, the plasma is changing from
the overdense reflection to relativistic transparency. As it is
seen from Figure 2a, the protons can be trapped and pre-
mixture (the dotted ling, and 10% hydrogen—-90% heavy accelerated in this regime. Later, when the laser intensity
nailed ions mixturdthe broken ling continues to grow, these preaccelerated protons get trapped

One sees from Figure 3 that the maximum proton energynto the plasma wave and the acceleration continues.
scales quadratically with the laser amplitug®~ a? for

all types of considered plasmas at moderate intensities. F%r. DISCUSSION

the pure hydrogen plasma the energy keeps the same depen-

dence in the full scanned range of laser amplitudes. In th&/e have studied proton acceleration to nearly relativistic
case of mixed plasmas, however, we observe a change in tlemergies by intense laser pulses at the front of an overdense
scaling after some critical amplitude is reached. This is seeplasma slab. Alarge number of protons with up to gigaelectron
as branching points in Figure ointed by arrows The  volt energies can be produced by laser pulses with reason-
first branching point(a) is observed for the mixture of a able intensities. We have shown that if the plasma is a
small amount of protons in a background of nailed ions. Thignixture of a small number of protons and a large number of
first break in the scaling approximately corresponds toheavier ions, then the proton acceleration is more efficient.
amplitude, when plasma becomes relativistically transpar- In the case of a single-species plasma, the maximum ion
ent. This results in a generation of the plasma wave, whiclkenergy scales according to the simple ponderomotive for-
traps the lightest ions, protons, and accelerates them. Ghula(5). Yet, when the plasma consists of a mixture of light
course, the plasma wave can be generated in a purely hydrand heavy ions, the lighter ions are preferentially acceler-
genic plasma as well. In this case, however, it is destroyedted. At the verge of the plasma relativistic transparency, the
very fast, because all the plasma ions get trapped simukimple ponderomotive scaling breaks, and the ion trapping
taneousely. In addition, the ponderomotive scali@btained  in the laser wakefield begins. In our PIC simulations, we
from the momentum conservation must be valid for theobserve that the proton energies in this case can be 3-4
single-species plasma. The scaling break in the protontimes larger than the ponderomotive lirfi.

deuteron mixture happens at much larger laser amplitudes The simulation example presented in Figure 4 was done
(point b) than for the proton—immobile ions mixture. The for the laser amplituda = 50. This corresponds to the laser
reason is that the charge-to-mass ratio between the protomstensityl ~ 7 X 10?* W/cm? for a 1-um laser wavelength.
and deuterons is not very large and at low laser amplitude€)ne may expect that such laser pulses will be available in
the deuterons also start to move and disturb significantly théhe nearest future. We have observed proton energies of up
plasma wave structure. to 300 MeV for this laser pulse parameters.

Figure 4 presents more detailes of the laser pulse inter- We should note that the goal of this article is to investi-
action with plasma. The two types of the interaction can begate the longitudinal ion acceleration over a wide range of
clearly distinguished in this picture: the “light pressure parameters using a number of numerical experiments. Yet,
regime” (column ) and the “wake field regime(col- the considered one-dimensional model abstracts from quite
umn Il). Panel b in column | shows that the electrostaticimportant multidimensional effects such as the hole boring
plasma field does not change its sign. It corresponds to thand laser self-focusindilamentation(Pukhov & Meyer-ter-
double layer produced at the plasma boundary by the porivehn, 1997, 1998; Sentolet al., 2000, “Coulomb explo-
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Fig. 4. Results of the PIC simulation. The laser pulse ia Idhg. The plasma electron density= 10n.,. The plasma consists of a
mixture of protons and heavy “nailed” ions,/n, = 9. Columns | and Il correspond to the laser pulse amplitedess anda = 50,
respectively. The snapshots are taken when the pulse maximum reaches the plasma boundary. a: the phase space dfxhg protons
b: the longitudinal electric field. c: the proton energy spectra.

sion” and inductive electric field generatiaiEsirkepov interaction experiments via the proton imaging techniéms.
etal, 1999, and so forth. The question of how these effects Plasmas9, 2214-2220.
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