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Time evolution of solid-density plasma during and after
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Abstract

A two-dimensional theoretical model for the evolution of solid-density plasma irradiated by short, intense laser pulse is
introduced. The electrons near the target surface are pushed inward by the radiation pressure, leading to a receding
electron density jump where the laser is reflected. The electrostatic field of the resulting charge separation eventually
balances the radiation pressure at the laser peak. After that the charge separation field becomes dominant. It accelerates
and compresses the ions that are left behind until they merge with the compressed electrons, resulting in a high-density
plasma peak. The laser pulse reflected from the receding electron density jump loses energy in plasma and suffers
Doppler frequency red-shift, which can provide valuable information on the laser absorption rate and the speed of the
receding electrons. Electron oscillations, including the ux B oscillations across the density jump at twice the laser
frequency during the laser action, as well as the low-frequency oscillations appearing after laser action, are identified.

Keywords: Electron density jump; Interaction of laser and solid plasma; Low-frequency oscillations; Theoretical model;
u X B oscillations

1. INTRODUCTION applications such as laser-driven particle accelerators, ion
lithography schemes (Alves er al., 2006), hadron therapy
(Bulanov & Khoroshkov, 2002; Salamin et al., 2008), X-ray
lasers (Tabak ef al., 1994), compact neutron sources (Disdier
et al., 1999), etc.

Because of the high nonlinearity involved, the interaction
of USUI lasers with solid-density plasmas is traditionally in-
vestigated using particle-in-cell (PIC) numerical simulation.
However, as pointed out by Berezhiani et al. (2005), multi-
dimensional PIC simulation results are often difficult to
interpret in terms of the basic underlying physics, since
dimensional, kinetic, and other effects can mask and compli-
cate the problem. To better visualize the basic interaction
physics, it was proposed that the one-dimensional (1D)
relativistic fluid-Maxwell equations be solved numerically.
Indeed, Tushentsov et al. (2001) studied the evolution
of the electrons and ions as a relativistic laser pulse
penetrates overdense plasma with a 1D fluid-Maxwell code
successfully. The Maxwell equations were solved under the
slowly-varying-envelope paraxial approximation. Berezhiani
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With advances in laser technology, pulses of very high inten-
sity  (ILA5 = 10 Wem™2um?) and short (femtosecond)
duration have become available (Perry & Mourou, 1994;
Umstadter, 2003). Such ultrashort, ultraintense (USUI)
laser pulses make possible exploration of intriguing phenom-
ena related to laser interaction with solid-density plasmas,
such as the acceleration of electrons and ions to high energies
(Zhuo et al., 2010; Yu et al., 2010; Macchi et al., 2005;
Hatchett et al., 2000; Koyama et al., 2006; Limpouch et al.,
2008; Liu et al., 2009; Malka & Fritzler, 2004; Mckenna
et al., 2008; Nickles et al., 2007; Schwoerer et al., 2006;
Snavely et al., 2000; Wang et al., 2009; Yu et al., 2005),
generation of relativistic positrons (Chen et al., 2009), pro-
duction of intense quasi-static self-magnetic fields
(Humphries & Petillo, 2000; Obenschain & Luhmann,
1979; Cai et al., 2011), etc. These phenomena are not only
important to basic physics but also pivotal to many novel
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Theories of laser-plasma interaction usually start from the
same equations as that of the fluid-Maxwell simulation. With
suitable simplifications and standard derivation methods,
relatively simple evolution equations are derived. In earlier
theoretical works, valid for lasers of longer duration and
lower intensity, the relativistic effect and ponderomotive
effect are usually not included. Recently, 1D and two-
dimensional (2D) relativistic theoretical models for the inter-
actions of USUI lasers with solid-density plasmas have been
developed (Yu et al, 1998; Luan et al, 2011), whose
steady-state solutions describe short-time balance among
the plasma electron response, the resulting charge separation
fields, the ponderomotive force of the laser pulse, etc. The
plasma ions are usually treated as immobile during the
interaction.

Here we propose a 2D theoretical model for the time evol-
ution of solid-density plasma during and after the irradiation
by an USUI laser pulse normally incident on the solid-
density plasma. Ion motion, which can become important
after the laser action, is taken into account. Earlier theoretical
works and computer simulations (Mishra et al., 2009; Kemp
et al., 2008) on this topic consider lasers of semi-infinite
duration, and the investigation is therefore confined to laser-
plasma interaction. For USUI laser pulses, however, it is
highly desirable to take into account the plasma behavior
after laser action as well. In this model, we consider an
axis-symmetric laser pulse of finite duration, such that the
plasma evolution during and after the laser action can be
investigated.

Section 2 contains a description of our theoretical model,
which enables us to study the time-dependent behavior of
laser and plasma. Section 3 focuses on the reflected laser
pulse. With energy dissipation and frequency red-shift after
interaction with the plasma, the reflected pulse can provide
valuable information on laser absorption rate and electron re-
cession speed. Section 4 considers the plasma response
during and after laser action. As the laser pulse irradiates
the solid target, the electrons near the target surface are
pushed inward and piled up by the radiation pressure, leading
to a receding electron density jump where the laser light is
reflected. The positively charged massive ions respond to
the laser action slowly and are left behind. The strong electro-
static field of charge separation balances with radiation
pressure at the laser peak, which agrees well with the
steady-state model proposed by Luan et al. (2011). After
laser peak, the charge separation field becomes dominant.
It accelerates and compresses the target ions. This process
continues until the energetic ions join the laser-compressed
electrons and results in a high-density plasma peak, which
will keep moving inward inertially, even when the charge-
separation field vanishes. Section 5 considers the electron
oscillations across the compressed density jump. During
laser action the ux B oscillation at twice laser frequency
occurs for a linearly polarized laser. After laser action, a low-
frequency electron oscillation is driven by the combined
effect of space-charge field and electron inertia.
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2. GOVERNING EQUATIONS

The starting equations for relativistic laser interaction with
plasma can be written as (Luan et al., 2011)

op=-E—Vy, ()

op; = LE, )]

V-E=12Zn; —n, 3)

V x(V xE) 4 6°E = 6,(nu — Znju,), “)

where Vy = (u- V)p+uxB is the ponderomotive force
(Esarey et al., 1996), p = yu and p; = yu; are the electron
and ion momentum normalized by mc, u and u; are the elec-
tron and ion velocities normalized by the speed of light ¢, y
and vy; are the electron and ion relativistic factors, —e and m
are the electron charge and mass, n and n; are the electron and
ion densities normalized by the critical density 7., Z is the ion
charge number, u = Zm/m; and E is the electric field nor-
malized by mcwo/e. The time is normalized by w,' and
the space coordinates by k; ! where w, and ko are the laser
frequency and wave number, respectively. The electron and
ion continuity equations are

om—+ V- (nu) =0, (5)

6,n,- + V. (nl-ul-) =0. (6)

It is convenient to write the electric field as E=E, + E,,
where E, = —0,a and E; = —V ¢ are the transverse and
longitudinal ~components satisfying V -E, =0 and
V xE; = 0, respectively, and the vector and scalar poten-
tials a and ¢ have been normalized by mc’ /e. The two
vector components can be used to describe the two modes
appearing in plasma: the electromagnetic mode induced by
laser penetration and the electrostatic (ES) mode induced
by charge separation. Since the penetration depth is extre-
mely small, one can assume that the vector potential a in
the plasma remains in the same direction as that in the
vacuum, i.e., perpendicular to the laser propagation direction.
In fact, the overall laser penetration into the plasma is con-
fined to a very small region on the order of the laser spot
size in the transverse direction and the laser penetration
depth in the axial, or propagation, direction. In solid-density
plasma, the former is typically several tens laser wavelengths
and the latter is far less than the laser wavelength. Accord-
ingly, for electron momentum driven by laser fields we
have p, = p, = a, and the wave equation becomes

V?a—da= (n/y)a. (7)

In this way, we can treat the fast varying electron motion
driven by electromagnetic mode without invoking the
slowly varying envelope (parabolic) approximation.

The light pressure pushes the plasma electrons inward at
target surface, forming a moving jump in the electron
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density. The massive ions can respond only slowly, so that an
electrostatic field is induced by charge separation. Since the
laser spot size is much larger than the penetration depth, the
longitudinal field E, evolves mainly in the axial direction,
ie., E; = Ey,. The relativistic factor (Esarey er al., 1996;
Wang et al. 2009), is then given by

y=\/1+02 +p2 = /0 +a/1 - ). ®)

From Egs. (1)—(3) we obtain for the ES components

5r(YMz) = _Ez - 82Y7 (9)
Or(y;utiz) = HE:, (10)
0.E, = Zn; — n, (11)

where for simplicity the subscript £, has been replaced by z.
Eq. (11) can also be written as

6,E, = nu, — Znu;;. (12)
We write the incident laser pulse in vacuum in the form

E = E;mX(p), (13)

E () = E exp(—n?/t)[cos i+ osinm)fl,  (14)

where n =z — 1, X(p) = exp (—p?/b?) represents the radial
profile of laser, p=+/x> + y? is the radial coordinate, T is
the pulse duration, b is the spot size, 0 =0 and 1 denote
linear and circular polarizations, respectively. Since the laser-
plasma interaction region is extremely small, we can assume
that the radial profile of the overall (both the transverse and
longitudinal components) profile of the electric field in this
region remains the same as that of the laser in vacuum.
That is, the electric field in plasma can be expressed as
E = E,(z, HX(p), and we can write a = a,(z, HX(p) and
E. = E(z, )X(p), where a, and E_ are the amplitudes on
the laser axis (p — 0). One can then rewrite the wave
equation (Eq. (7)) as

0

2

a; — Opas — (4/bMay — (ny/y,)a; = 0. (15)

For the ES parameters, we obtain from (9)—(12)

Or(Y,ltzs) = —E; — 0.4, (16)
Or(Yystizs) = HEz, an
0.E.s = Znjs — ny, (18)

O E.s = Ntz — Znjsltjzg. (19)

The continuity Egs. (5) and (6) become

atns + 61(”5”25) =0, (20)

atnix + az(nisuizs) =0. (21)
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Egs. (15)—(21) are solved using a second-order finite differ-
ence algorithm similar with the method used by Berezhiani
et al. (2005). A grid is set up in both space coordinate z
and time coordinate 7. All physical quantities are defined
on the grid nodes. The spatial step of the grid Az is chosen
to be 100 times shorter than the vacuum wavelength A of
the incident pulse. The temporal step At is dictated by the
stability criterion of the scheme cAr/Az < 1. The wave
equation was approximated by an implicit second-order dis-
crete equation and solved by the modified Gauss method. For
Egs. (16)—(17) and (20)—(21), the first-order, explicit scheme
was employed. To prevent density “overshooting,” the Lax
scheme was applied (Berezhiani et al., 2005). Initial distri-
bution of the laser field is localized in vacuum region suffi-
ciently far from the solid plasma boundary. In this region,
the scalar potential vanishes and the solution of Eq. (9) is
p. = a?/2. The boundary conditions is L( = oo, ) =0,
where L = (ay, E, p;).

The above equations are solved to determine the laser and
plasma parameters along the laser axis. From Eq. (11), we get
for the density difference

on = Zn; — n = dnX(p). 22)

The radial variations of the electron and ion densities are then
given by

n = n(0) + [n; — n(0)]1X(p), (23)
Zn; = n(0) + [Zn;; — n(0)1X(p), (24)

where n(0) = Zn;(0 is the initial plasma density. Further-
more, for p>b, we have n=Zn;=n(0). With
a = a,X(p), one can determine the radial profile of the
vector potential, the relativistic factors, as well as the electron
and ion velocities.

3. LASER DEPOSITION

We now consider the evolution of the laser pulse. Figure 1
shows the spatial profile of the vector potential at r = 0 and
307,, where Ty, is the laser period, for normal incidence of
a linearly polarized laser pulse on a semi-infinite overdense
plasma. The initial plasma density is n(0) = Zn;(0) = 10
for z> 30, and n(0) =0 for z<30. The incident laser
strength is a; = 5, the pulse duration is T = 107}, and the
spot size is b = 10\. At 1 = 0 the incident laser pulse is cen-
tered at z = 15. It propagates in vacuum to the right and inter-
acts with the plasma at z > 30. At r = 307 the laser pulse is
reflected from the plasma and propagates again in vacuum to
the left. As a result of the nonlinear interaction the reflected
pulse is somewhat weaker and longer than the incident pulse.

Laser energy deposition in plasma is one of the key issues
in laser plasma physics (Wilks ef al., 1992; Wilks & Kruer,
1997). The absorption rate can be defined as
ﬁibs - (Win - Wout)/ Win, where Win and Wout are the
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Fig. 1. (Color online) The laser amplitude a normalized by mc?/e at (a)
t=0, and (b) t = 30Ty, for a; =5, b = 10\, T = 10T, and Zn; = 10.

energy of the incident and reflected laser pulses, respectively.
Figure 2 shows the dependence of the absorption rate on the
laser strength a;, with the other parameters the same as in
Figure 1. Our calculations show that the absorption rate
first increases with the laser amplitude, reaches a maximum

1.0
| % absorption rate|
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]
e
= 0.6
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g *
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Fig. 2. The effect of initial laser intensity on laser absorption for b = 10A,
1= 10T, and Zn; = 10.
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(about 39%) at a; = 2.5, and decreases as the amplitude
further increases.

Valuable information can be obtained by analyzing the re-
flected radiation. Figure 3a shows the time evolution of the
laser pulse along the laser axis at z = 15. The parameters of
the interaction are the same as in Figure 1. Figure 3b
shows the corresponding frequency spectrum, where the
blue solid peak centered at w/wg =1 is for the incident
pulse, and the red dashed peak centered at w/wy = 0.91 is
for the reflected pulse. The frequency of the reflected pulse
is Doppler red-shifted since the laser pulse is reflected
from a receding electron layer, acting like a moving mirror.
From the Doppler frequency shift relation

w/w; = (L =v/e)/(1 +v/c), (25)
where w, and w; are the frequencies of the reflected and

incident light, we obtain a speed v ~ 0.047¢ for the receding
electron density jump.

4. PLASMA RESPONSE

We next examine the plasma response to the laser action.
Figure 4 shows the 2D distributions of the (a) electron and

a)

21

-6

10 15 20 25 30 35 40 45 50 55 60 65

w

b
1.2 )

— incident light

1.0} - - -reflected light

0.8

Amplitude

06

0.4

0.0 -

Fig. 3. (Color online) Time evolution (a) and frequency spectrum (b)
of the incident (blue solid line) and reflected (red dashed line) laser
pulses at z=15. The parameters are the same as in Figure 1.
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(b) ion densities at t = 14T, when the laser interacts with
plasma. The parameters are the same as for Figure 1. One
can see from (a) that the radiation pressure, or the dc com-
ponent of the ponderomotive force (Mishre et al., 2009),
pushes the electrons inward at the target surface and piles
them up in front of the laser pulse, leading to a receding elec-
tron density jump. The density of the compressed electrons
can be several times the initial target density. As shown in
Figures 4b and 4c, the massive ions remain almost unmoved,
so that an intense positive electrostatic charge-separation
field E, appears. The latter tends to accelerate the ions and
decelerate the electrons. As the laser action continues, the
charge separation field continues to increase until the peak
of the laser pulse arrives at the compressed electron layer.
A quasi-stationary state can then be established in the
region, in which the space charge field balances the radiation
pressure. Figure 4 shows the plasma response in such a state,
which agrees well with that obtained from earlier steady-state
modeling.

After the laser pulse is reflected and leaves the interaction
region, the radiation pressure disappears and the space-
charge field becomes dominant. It continues to accelerate
the ions and decelerate the electrons. As time
progresses the ion motion becomes more and more signifi-
cant, so that the space-charge field becomes weaker and
weaker. Figure 5 shows the distributions of the (a) electron
density, (b) ion density, and (c) electrostatic field E, at t =
307,. At the moment the former ion layer disappears, the
ions there are accelerated by the space-charge field, until
they join the electrons and move together inertially as a quasi-
neutral fluid, as shown in Figures 5a and 5b. As a result, the
space-charge field is greatly reduced. The resulting nearly-
neutral high-density plasma peak continues to move forward
inertially, even when the electrostatic field has vanished.

In the present model, collisions among the charged par-
ticles and plasma thermal effects are not included. During
the time of laser interaction, these effects are safely negli-
gible in the laser-driven short-timescale electron dynamics.
However, in the later stages of the electron and ion evolution,
collisions and thermal motion can be significant and even
dominant. In particular, collisions can thermalize the dense
plasma bunch, which will then expand as it propagates
forward.

5. ELECTRON OSCILLATIONS

Electron oscillation can appear across the density jump.
Figure 6 shows the temporal and spatial profiles of the elec-
tron density along the laser axis, where the electron motion is
strongest, for irradiation by (a) linearly and (b) circularly po-
larized laser pulses. The other parameters are the same as in
Figure 1. In Figure 6a, one can see the receding electron
density-jump (the red region). With z,(r) representing the
position of density jump, the recession speed
can be deduced from the density-jump trajectory
v = dzp/dt = 0.046¢, which is in good agreement with that
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Fig. 4. (Color online) The electron density n (a), ion density »; (b), normal-
ized by the critical density n,., and electrostatic charge-separation field (c) at
t = 14T,. The parameters are the same as in Figure 1.

deduced from the Doppler frequency shift Eq. (25) and
Figure 3b.

Two different types of electron oscillations can appear
across the density jump. For the linearly polarized laser,
u X B oscillation at twice the laser frequency (Luan et al.,
2011; Kruer & Estabrook, 1985) is dominant during (¢ <
20T}) the laser action. Electrons near the density jump are
pulled out twice a laser period and sent back by the oscillat-
ing component of the ponderomotive force, as shown in
Figure 6a. Since the returning electrons have gained energy
from the laser, they can easily propagate through the region
of laser penetration and deposit their energy deep inside
the target. This feature has invoked considerable research
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30 305 31 315
z/h

Fig. 5. (Color online) The electron density 7 (a), ion density n; (b), normal-
ized by the critical density n., and electrostatic charge-separation field (c) at
t = 30T,. The parameters are the same as in Figure 1.

interest and should be useful for fast ignition in inertial con-
fined fusion. For a circularly polarized laser pulse, however,
the u X B oscillations do not occur during the laser action, as
shown in Figure 6b for r < 207,. On the other hand, it is
found that for both linearly and circularly polarized lasers,
low-frequency-low-density electron bunch oscillations can
occur at the layer surface after the laser action has ended.
As mentioned, at the initial stage of the interaction, the radi-
ation pressure pushes plasma electrons inward and estab-
lishes a strong space-charge field. After the laser peak, the
space-charge field becomes dominant and pulls the electrons
backward. These electrons will not stop at the target surface
(their initial position before laser action). Instead, they will
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Fig. 6. (Color online) Evolution of the electron density along the laser axis
for linearly (a) and circularly (b) polarized laser pulses for a; =5, b = 10A,
T = 107, and Zn; = 10. In (a) one can clearly see the u X B oscillations at the
layer surface. Very low frequency and density space charge oscillations
appear for both cases after the laser action.

keep moving outward inertially. A space-charge field point-
ing the opposite direction is thus established, and decelerates
the outgoing electrons and then accelerates them inward.
Such an action can start a lower (compared to the laser fre-
quency) frequency space-charge oscillation with decreasing
period and amplitude, as shown in Figure 6 for ¢ > 207,
Figure 6 also shows that with the circularly polarized laser
the post-pulse electron oscillations are more intense. This
can be expected, since for the same a;the ponderomotive
force of a circularly polarized laser is stronger than that of
a linearly polarized one, so that a stronger space charge
field is established. For the same reason, the forward speed
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of the compressed layer is also higher for the circularly polar-
ized laser, as can be seen in Figure 6.

6. SUMMARY

In this paper, a 2D theoretical model of the evolution of
solid-density plasma during and after irradiation by a nor-
mally incident USUI laser pulse is proposed. As the laser
pulse irradiates the target, the electrons at the surface are
pushed inward by radiation pressure while the massive ions
are left behind, leading to a receding electron density jump
and a positively charged ion layer. As the peak radiation in-
tensity interacts with the compressed electron layer, the
strong electrostatic charge separation field is balanced by
the radiation pressure, and a quasi-stationary state is estab-
lished. After the laser light reflects, the charge separation
field accelerates and compresses the ions in the region and
decelerates the inertially forward propagating electron layer
until the energetic ions merge with the compressed electrons.
The resulting high-density neutral plasma peak will keep pro-
pagating forward inertially, even after the charge-separation
field vanishes. During the interaction the laser pulse loses
energy in the plasma and is reflected. The reflected pulse is
frequency red-shifted because of the receding electron
layer. The laser energy absorption rate and the speed of the
electron layer are obtained. Moreover for a linearly polarized
laser, during the laser action u X B oscillations at twice laser
frequency appear on the surface of the electron layer. For
both linearly and circularly polarized lasers, low-frequency
oscillations appear after laser action due to the joint effect
of space-charge field and electron inertia. In future work
we intend to extend our model to thin foil targets and to
study the mechanisms of doubly charged ion acceleration
(Yu et al., 2010).
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