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Abstract

In this paper we present the analytical description of two processes dealing with the skin-layer ponderomotive
acceleration method of fast ion generation by a short laser pulse: ion density rippling in the underdense plasma region
and generation of ion beams by trapped electromagnetic field in plasma. Some numerical examples of hydrodynamic
simulation illustrating these processes are shown. The effect of using the laser pulse consisting of different frequency
components on the ion density rippling and on phenomena connected with trapped electromagnetic field is analyzed.
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Nonlinear (ponderomotive) force; Suppression of density rippling

1. INTRODUCTION

The skin-layer ponderomotive acceleration (S-LPA) mech-
anism (Hora et al., 2002; Badziak er al., 2004a, 2004b) is
proposed to explain the observed features of ion beams
produced at the interaction of a subrelativistic intensity
(= 10'® W/cm?), high-contrast, ultrashort (= 1 ps) laser
pulse with a solid target. S-LPA assumes that electrons in the
thin preplasma layer created in front of the target are accel-
erated by the ponderomotive force near the critical density
surface where a mirror reflection takes place. Since ions are
too heavy to be accelerated in the same way, the longitudinal
electric field between electrons and ions plays a crucial role
and has to be considered to explain motion of ions. S-LPA
requires electrons to be closely attached to ions (the Debye
length is much less than the thickness of accelerated plasma
block). For subrelativistic laser intensities, this assumption
is well justified. Experiments performed with sub-joule
(1 ps) laser pulses interacting with different targets at inten-
sities up to 2 X 10'7 W/cm?, showed that in the backward
and forward direction, high density ion beams (plasma
blocks) are generated (Badziak et al., 2004a, 2005). The ion
current densities measured in these experiments reached
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high value, about 10'° A /cm? In experiments by Cang et al.
(2005) and Glowacz et al. (2004), numerical calculations
were presented which showed that parameters of ion beams
observed in the experiments can be explained by the S-LPA
mechanism. The density rippling process was recognized
from numerical studies in 1974 at the University of Roch-
ester (Hora, 1991, Figs. 10.10 and 10.11; Hoffmann et al.,
1990; Asthana et al., 2000; Purohit et al., 2003; Saini & Gill,
2004), as the result of partial standing waves where the
nonlinear (ponderomotive) forces pushes plasma faster to
the nodes and than the other plasma dynamics would straighten
the motion. The theory (Hora & Aydin, 1992) confirmed this
mechanism and how this could be overcome by laser beam
smoothing, especially by broad band irradiation (Hora &
Aydin, 1992, 1999; Boreham et al., 1997; Osman et al.,
2004). The following approach is specifically directed to
analyze new developments in the plasma block generation
(Hora et al., 2002; Badziak et al., 2004a, 2004b), as an
alternative scheme for laser fusion (Hora, 2004; Osman
et al., 2004), to be considered as one option of fast ignition
(Bauer, 2003; Deutsch, 2004; Mulser & Bauer, 2004; Mulser
& Schneider, 2004; Osman et al., 2004; Ramirez et al.,
2004; Hoffmann et al., 2005; Badziak et al., 2005).

The interaction of laser light with preplasma in the under-
dense region causes density rippling which prevents laser
energy from being transported and deposited near the criti-
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cal density. This results in the deterioration of the param-
eters of ion beams which are generated near the critical
density surface. Methods of smoothing density rippling
were described by Hora and Aydin (1992, 1999) and Boreham
et al. (1997). In this paper, we present an analytical descrip-
tion of processes dealing with broad band picosecond laser
smoothing. This smoothing method on ion beams genera-
tion will also be shown.

2. LONGITUDINAL ELECTRIC FIELD
PRODUCED BY THE ELECTROMAGNETIC
STANDING WAVE IN PLASMA

To find the longitudinal electric field between electron and
ion fluids the Maxwell equations:

2 2
J
— FE.(x,t) = — — E.(x,1t) + —j.(x,t 1
dx? (1) c? at? 1) goC? Bt]"(x ) )
Y B () = — E(xy) )
— B,(x,1) = — E.(x,
g T Y
Lo E (x,t) + ’ o (x, 1) (3)
= N — Xt
2 g2 goc? ar
and the Ohm’s law:
J
a]}(x,t) = gyw, E,(x,1), 4)
Jd e
—je(x,1) = gow) E (x,1) + — j.(x,1)B,(x,1) (5)

ot px

e

must to be considered (w,—plasma frequency). The electric
and magnetic fields of standing wave in plasma without
collisions and ion current density connected with quiver
motion can be described by:

E_(x,1) = 2E,cos(wr)cos(kx), (6)
E,

B, (x,t) = =2 — sin(wt)sin(kx), (7)
G

0 =222 B in(wr)cos (kx), ®)

where: Ej is the amplitude of the electromagnetic wave, ¢, is
the phase velocity. The electrons’ movement in the direction
of the laser light (x—direction) appears due to the Lorentz
force (ponderomotive force): Using (7) and (8) we obtain

Fy(x,1) = ev,(x,0)B,(x,1) = eEy, (x,1), 9)
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Ey,(x,t) = 2Ey,; sin®(wt)sin(2kx),

v, eE,
Ey,=—Eyv, = .
¢ m,

e

(10)

The Lorentz force causes the longitudinal electric field
between electron and ion fluid to appear. This field is
described by Egs. (3) and (5). Taking Egs. (9) and (10) into
consideration, the equation for the longitudinal electric field
can be obtained:

62
at_z E (x,1) + w]fEX(x, t) = ZwﬁENL sin?(wt)sin(2kx).  (11)

Using complex notation and assuming that E,(x, ¢) has the
form:

Eny(x,1) = Eyy(x,1) = —2iEy, sin®(wt)exp(—2ikx),

E (x,t) = —iE (t)exp(—2ikx) (12)

we obtain equation for the amplitude E,.(7):

2

J
3 B0+ 0]E(1) = 20, By sin’ (1), (13)

This pendulum-like equation can be solved analytically.
Since ions are too heavy to follow oscillation of the longi-
tudinal electric (oscillation with characteristic frequencies
of Eq. (13)—the laser frequency and the plasma frequency),
the time average of E, () is important as ions’ movement is
to be considered. The time average longitudinal electric
field does not depend on the initial condition of Eq. (13) and
is given by:

(E.(x,1)) = (E,(1))sin(2kx) = E,, sin(2kx). (14)

The value of the amplitude of the time average longitudinal
electric field is given by Eq. (10). Since v, cannot exceed the
velocity of light and phase velocity is higher than the veloc-
ity of light, the amplitude of longitudinal electric field is less
than the amplitude of the laser field. However, the above
expression does not include any relativistic effects and are
valid only when v, is much less than c.

3. MOTION OF IONS—RIPPLING

Bearing in mind the time average longitudinal electric field
caused by the motion of electrons, we can consider equa-
tions describing the behavior of ions due to this field.
Without any simplifications these equations have the form:
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d d
m,n,(x,1) <a U, (x,1) + v, (x, 1) a v, (x, t))

d
= emy(x, O(E(x. 1)) = = p (x. 1), (15)

g n,(x,t) = —i (n,(x,t)v,,(x,1)), (16)
ot ox

where (E,(x, 1)) is given by Eq. (14), v, is the velocity of
proton fluid, m, and n, are the proton mass and ion (proton)
number density, respectively. During a few moments after
the standing wave is switched on (we assume that ion
velocity at the beginning is equal to zero and the inhomo-
geneity of the initial plasma is small), pressure and square
term of the Lagrange derivative on the left side of Eq. (15)
can be omitted. In this case, we obtain equations describing
the rippling of ion density:

d
m, 5 U, (%, 1) = eEy; sin(2kx) (17)

d _ ad _ ad
(18)

It is possible to solve the equation of continuity without the
simplification made in Eq. (18). However, the omission of
square term of Lagrange derivative causes severe restric-
tion. Solution of Egs. (17) and (18) are given by:

UL‘)
U (1) =0, -2 (wr)sin(2kx), (19)
Cr

n,(x,1) = n,(x)exp {— U—(; (wt)? cos(2kx)}
¢r

“N“n;(x)<1_ vi;(wt)zcos@kx)-i- ), (20)
c:

S

where:

eE
v, = ——— 1)

ep
\)mfmpw

Let us consider two intensities to show the order of v,,;
for I = 10'® W/em?, v,, is equal to 6.4 X 10° m/s; for
1 =10"7 W/em?, v,, is equal 2.0 X 10° m/s. The above
expressions describing the rippling are valid when:

(1) < L. (22)

This condition expresses mathematically what has just been
described as “a few moments after the standing wave is
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switched on.” Up to this moment, E, was the arbitrary
amplitude of the electromagnetic wave in plasma. Now let
E, be the amplitude of a wave in a vacuum. If homogenous
plasma is considered, the following transformation in all the
above expressions should be done:

2
Ey—» —E,,
n

I n—the refractive index of plasma.  (23)

The linearly increasing initial plasma density can also be
taken into account. In this case, the “swelling” of the wave
electric field should be taken into consideration:

1

\n

Ey— E,. (24)

Let us consider the last case. Then expressions describing
the rippling take the form (¢, = ¢/7):

(n) 1 1 eE, 25)
v, =—v,= = —F—,
P N N Nmemge
Uep .
v (x,1) = v, T (wt)sin(2kx), (26)

2
n,(x,1) = n;(x)exp {—7] % (wt)? c0s(2kx)}

%nl_(x)<1—nv—ezp(wt)zcos(ka)-i- ) (27)
c

1 ¢
(wt) € —= —. (28)
n Uep

Figure 1 shows a numerical example of the rippling forma-
tion in initially increasing plasma density irradiated by the
neodymium laser light. The amplitude of ion density rip-
pling and the velocity of ions do not depend on position
which is in agreement with Egs. (26) and (27). The value
of velocity amplitude of ions (~1.5 X 10° m/s) is less than
v, forI=10"7 W/cm? (2.0 X 10° m/s), so condition (28) in
the case illustrated in Figure 1 is fulfilled.

3. MOTION OF IONS—THE STATIONARY
SOLUTION

Restrictions of (22) or (28) are caused by exclusion of
U (0/0x) v, term in Eq. (15). Let us try to find the stationary
solution of the motion of ions in the longitudinal electric
field (9) with this term, but at first neglecting pressure. The
following set of equations should be taken into consideration:
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Fig. 1. Numerical example showing formation of rippling in underdense plasma. Density profile (solid line) and velocity of ions
(dotted line) are given at time 0.65 ps after laser light ( = 10'7 W/cm?, 7L = 1 ps) starts to irradiate hydrogen plasma with linearly
increasing density. Initial temperature of protons and electrons is 100 eV.

m, <v,,x(x) i u,,x(x)> = ¢E,, sin(2kx), (29)

ad
0= == (1,(x),,(x)). (30)
X

Eq. (29) is fulfilled by the following function:
i (x) = \/qu, sin(kx). (31)
Expressions describing the stationary solution of ion motion

in plasma without pressure caused by the electromagnetic
standing wave are given by:

E_(x,t) = 2E, cos(wt)cos(kx), (32a)
(E.(x,1)) = Ey; sin(2kx), (32b)
vV (x) = \/qu, sin(kx). (32¢)

The situation described by the above equations is possible
when the electromagnetic wave is trapped in plasma between
two critical densities (the soliton-like structure). The second
critical density is created near the initial critical density by
the rippling process described in Section 2. The spatial
period of the function (32b) is two times smaller than the
spatial period of solution (32¢). To give physical meaning to
(32a-32c), only one spatial period (32b) should be taken
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into consideration, for example: (—7/2 < kx < 7/2). In
Figure 2 the plot of functions (32a-32c) is shown. This
corresponds with the situation when the electromagnetic
wave is trapped in plasma deformed by the ion density
rippling (Ej is now the amplitude of trapped electromag-
netic field).

At kx = £ /2 there is the discontinuity which can be
analyzed by taking pressure into account. Non-physicality
of the solution of Eq. (29) without pressure is seen also
when Eq. (30) is considered: everywhere where ion velocity
becomes zero the density goes to infinity. For example, at
kx = 0 there occurs decompression and ion density should
become zero instead of infinity.

Let us consider the equation describing the stationary
motion of ions without neglecting pressure:

ad ad
m,n,(x) <v,,x(x) PR v,,,x(x)> = en,(x) Ey, sin(2kx) — 511,,()6),
(33)
ions’ number conservation is described by Eq. (30). Since
pressure is taken into consideration, the equation of state of

ion fluid should be given. The adiabatic process in an ideal
gas is assumed:

pp(x) = n,(x)ksT,(x), (34)

5

py(x) = constn)(x),y = 3. (35)
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Fig. 2. Functions corresponding with (32a—32c) describing the soliton-like structure in plasma without pressure: i.e., the electric field
of the electromagnetic wave trapped in plasma at time # = 0, the time average longitudinal electric field and the solution of (29)—ion

velocity profile.

Eqgs. (30) and (33) were solved under the assumption that the
impact of pressure is small everywhere, excluding regions
near kx = 0 and kx = £ 7r/2. This can be expressed
mathematically by the condition vy, < v,, (vy,—the initial
ion thermal velocity). Solution of Eq. (33) is then given by:

(2v;, 0=kx=kx, (36)
207
2v,; sin(kx) + £
V2 \[2v,, sin(kx) + Ugp
kxy < kx < kx, (37)
07 (x) = 4 a
2vy, 2l 32
<a'/2 -— 1+ cos(2kx))>
T
T
\ kx, <kx= 3 (38)
where:
|27, 11w ~ 1 \7
a= gEU—TP, sin(kx,) = g;z, kx, = l—m E
(39)

The plot of the above function for laser intensity = 107
W/cm? and for initial ion temperature 1, =30 eV is shown
in Figure 3.
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Since thermal velocity is small in comparison with vy,
changes of ion velocity shape are not significant except near
k=0, £ /2. To show the impact of pressure on the shape of
ions velocity, numerical calculations were performed in
case when 1 ps neodymium laser pulse of intensity / =10"7
W/cm? irradiates hydrogen plasma of high initial ion tem-
perature 7, = 1 keV. Figure 4 shows ion number density and
ion velocity profile created 2.2 ps after laser started to
interact with plasma.

At kx = 0 decompression appears; at kx = 77/2 compres-
sion takes place—ion temperature and ion number density
increase. Let us consider the last case in a more detailed
way. On the basis of the presented model, it can be seen that
the compressed plasma moves in two directions: into vac-
uum (backward direction) and into plasma interior (forward
direction) with the thermal velocity of compressed ions. We
can calculate the maximum ion number density:

(n,)s = a**n,,, (40)
and the maximum temperature of the compressed ions:
(kBY;))S = al/szY;w (41)

Effectiveness of the adiabatic plasma compression is described
by the dimensionless coefficient « given by Eq. (39). Let us
consider neodymium-glass laser to show the order of «. For
the amplitude of the electromagnetic wave in vacuum and
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Fig. 4. Ton density (solid line) and ion velocity (dashed line) profile 2.2 ps after neodymium—glass laser (I = 107 W/cm?) started
irradiate hydrogen plasma of the initial temperature 7p = 1 keV.
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the initial plasma temperature kz 7, = 100 eV we obtain, for
example: a = 6.4 for /=10 W/cm? (E,=2.7 X 10" V/m),
a =20.2forI=10" W/cm? (E; = 8.7 X 10''V/m).

Pressure consideration also allows calculating the ion
current density produced by the soliton—ion number density
is given by (40); velocity of ion motion is obtained from
formula (38) for kx = 7/2:

- e(np)S(szpaIM) = Qe(np)s\/m
_ 2
= gﬂ'(el)gpncr . (42)

From Eqgs. (40 to 42) it is seen that the motion of ions caused
by the trapped electromagnetic wave is characterized by the
initial ion temperature and the value of the amplitude of the
soliton electric field (E,). This amplitude—as numerical
calculations show—is usually less than the amplitude of the
electric field of light a wave in vacuum. Additionally, it
decreases because of the energy transmission from the sol-
iton to ions and because of the plasma trap expansion (ions
move in the opposite direction). However, the changes of
the electric field are small and the assumption that £, does
not vary during and after the steady state creation is valid.
Let us consider a case when 1 ps neodymium glass laser
pulse of intensity / = 10'7 W/cm? interacts with hydrogen
plasma of initial temperature 7= 100 eV. Figure 5 illustrates

(jp)S

the ion number density profile and the electric field trapped
between two critical densities at 1.7 ps. The amplitude of the
electric field of the soliton-like structure is in this case equal
to about 5 X 10" V/m. For this value, from Egs. (39 to 42)
we obtain: &« =11.7, \/Evep =1.6X10°m/s, (n,)s = 6.3 n,,,
(kpT,)s=342eV, (j,)s=3.8X10'"A/cm? Figure 6 shows
the ion velocity profile and the ion number density at 2.4 ps.
In this case: the maximum ion current density is equal to ~
4.4 X 10'° A /cm?; the amplitude of stationary ions motion
is equal ~1.5 X 10 m/s, which is in good agreement with
values obtained from analytical calculations. However, the
ion number density obtained by numerical calculation is less
than these one obtained analytically. It can be explained by
a very high ion density gradient which takes place in this
process and numerical problems to maintain such a gradient.

4. BROAD BAND PICOSECOND LASER
SMOOTHING

The ion density rippling process described in Section 2
results in the increase of reflection from plasma before
mirror reflection from the critical density (Boreham et al.,
1997; Jablonski et al., 2005). This causes only a small part
of the laser pulse to be trapped near the critical density.
Rippling can be attenuated when the laser pulse consists of
not only one frequency component. Let the electric field of
wave be built of m components with different frequencies:
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Fig. 5. Ion density (straight line) and trapped electric field (dashed line) 1.7 ps after neodymium glass laser I = 10'7 W/cm? started to
irradiate hydrogen plasma of initial temperature Tp = 100 eV. The amplitude of trapped electromagnetic field (~5 X 10'! V/m) is not

much less than the one of wave in vacuum (8.7 X 10" V/m).
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Fig. 6. Ion density (straight line) and ion velocity profile (dashed line) at 2.4 ps after neodymium glass laser / = 10'7 W/cm? started

irradiate deuterium plasma of initial temperature 7= 100 eV.

mo B, nent of (43), as it does not differ much from the critical
E.(x1) = Z’l m cos(w, 1 — k,x), (43)  density for wy. In order to use the time average of the electric
field for different components, the second condition is nec-
where: essary. For the time average longitudinal electric field given
by (44), expressions describing rippling have the form:
m
{w,} = 0wy = Aw, 0, £ 2Aw,...,0, E Aw for m—even; . 1 Uezp
vpe (x,1) = — — (ot)sin(2kx), (46)
m c
m—1
{w,} = wy, 0, £ Aw,...,0,* Aw for m—odd.

For the laser pulse constructed in this way, the time average
longitudinal electric field equals:

(E (x,1)) = iENL sin(2k,x). (44)

Eq. (44) is valid when the following conditions are satisfied:

Aw >

Aw < w,, (7—Iaser pulse duration). (45)
0 p

The first condition of (45) allows assuming that the wave
numbers k, (n = 1, 2,...m) can be approximated by k. It
also has an effect upon the critical density for each compo-
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n(x,1) ~ n,(x) <1 e (wt)? cos(2kx) + > 47)

J
P ch

From (47) it can be seen that, in comparison with (26, 27),
ion density rippling decreases like 1/m. Figure 7 shows the
result of the numerical calculation performed for the laser
light combined with three waves (Awy = 0.5% w,). The ion
number density shape and the ion velocity profile 0.8 ps
after electromagnetic field started to interact with plasma is
presented. In comparison with Figure 1, which shows the
result of the interaction of one frequency component laser
light, it is seen that even though the time of the interaction is
longer, the ion density rippling is smaller.

Since the time average longitudinal electric field is also
responsible for the processes described in Sections 3 and 4,
it is possible to obtain the expressions for the soliton-like
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Fig. 7. Ton density (solid line) and ion velocity profile (dashed line) 0.8 ps after the laser pulse consisted with tree frequencies
components (o—neodymium laser, Aw = 0.5% w0) started to irradiate hydrogen plasma of initial temperature and initial ion density

profile as in Figure 1.

structure created by the laser pulse consisting of different
frequencies (43). In this case, the values corresponding with
v,p and with the coefficient a are given by:

(m) 1 ek,

@ = ﬁ \/mempw’

<

(48)

2o 1 27o,
a(’")=\/j— L= — - =2 (49)
52 v Am\52uy,

It is seen that the velocity (48) and the coefficient o™
describing the ion compression decrease like the square root
of m—slower than the ion density rippling (47).

Basing on (48) and (49) it is possible to calculate (com-
pare with (40—42)):

1. the maximum ion density:

(ng")s = (@) Ven,, =

a’n, (50)

cr
m3/8

2. the maximum ion temperature:

(kBT,,(m))s = (a(m))l/szTp = al/szTp (51)

m1/4
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3. the maximum ion current density:

[ (kyT™) 12
iy = 2e(nt™ —L == — | —p(ev, n.).
(.]p )S ( P )S mp '\/E 5 ( ep (,r)

(52)

The effectiveness of the decrease in ion density rippling can
be expressed not only by reflectivity changes but also by the
value of the electric field amplitude of the soliton-like
structure. Figure 8 shows the ion density and the ion veloc-
ity profile created by the electromagnetic field at time
1.5 ps. In this case, electric field amplitude of soliton was
about 1.5 X 10'? V/m. The time necessary for the creation of
the steady-state is smaller than in the case when laser pulse
consists of only with one frequency component—it is also
the effect of decreasing rippling. Using Egs. (49-52) for
Ey=1.5x10"* V/m and for the initial ion temperature 7, =
100 eV we obtain:

a® =20.2,\20)) = 2.8 X 10° m/s, (n{)g = 9.5 n,,,
(kg TP)s =450 eV, (j)s=6.3X10" A/cm?>

The ion amplitude velocity of stationary motion obtained by
numerical calculation is about 2.5 X 10® m/s; maximum ion
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Fig. 8. ITon density (solid line) and ion velocity profile (dashed line) at 1.5 ps after laser pulse consists of tree frequencies
(w0—neodymium laser, Aw = 0.5% 0) started to irradiate hydrogen plasma of initial temperature 7p = 100 eV and initially linearly

increasing ion density profile.

current density obtained in this case equals about 7.8 X 100
A/cm? which is in good agreement with analytical
calculations.

5. CONCLUSION

It has been shown that the electromagnetic field trapped in
plasma near the critical density surface can result in gener-
ation of high-current-density ion beams propagating in two
opposite directions. It is possible that this phenomenon is
responsible for the observed features of the ion beams
measured in the experiments in which the subrelativistic,
picosecond laser pulses interact with the preplasma created
in the front of the solid target. More detailed numerical
calculations for different properties of the initial plasma
ramp (initial gradient density, initial temperature, and chem-
ical composition of plasma) and for different laser pulse
characteristics (pulse duration, intensity, and shape) should
be performed to probe this possibility. Such calculations
will also allow better comparison with experimental results
and better understanding their physical background. Since
the relativistic, subpicosecond laser pulses are technically
obtainable, it would be worth investigating the impact of the
relativistic phenomena on ion density rippling and on the
properties of soliton-like structures produced near the crit-
ical surface.
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