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Abstract

Laser acceleration of negative ions from laser-plasmas
via Coulomb implosion mechanism is investigated. When
cluster targets or underdense plasmas are irradiated by in-
tense laser pulses, positive ions are accelerated inside the
clusters or self-focusing channel via Coulomb explosion
mechanism. The electric field induced by the remaining
electrons and positive ions accelerates negative ions in the
opposite direction. The maximum energy of negative ions
is several times lower than that of positive ions. We present
the theoretical description and Particle-in-Cell simulation
results of the Coulomb implosion mechanism, and show
the evidence of the negative ion acceleration in the experi-
ments on the high intensity laser pulse interaction with the
cluster targets.

INTRODUCTION

Recent developments in the ultra-intense laser pulse
technology resulted in the intensity at the level above 10%
W/cm? [1]. The ultra-intense laser pulse interaction with
matter opens such new research fields as the fast ignition of
inertial thermonuclear fusion [2], the charged particle beam
acceleration for medical applications [3], and the develop-
ment of compact sources of high energy electrons, ions and
photons [4, 5, 6] (see also the review article [7] and litera-
ture quoted in).

The negative ion generation has attracted a great deal
of attention due to various applications as the beam in-
jectors for magnetically confined fusion devices [8], as
the heavy ion fusion drivers [9], and for utilizing them in
large scale ion accelerators [10]. Negatively charged ion
beams are typically generated via the charge exchange pro-
cess during the positive ion propagation through the alkali
metal vapor. However, since the charge exchange cross
section rapidly decreases as the incident energy exceeds
keV level, it has been an important issue to find an effec-
tive way to generate the high energy negative ions. Laser
plasma provides a source of the negative ions with the en-
ergy in eV~MeV [11, 12]. In the experiment presented
in Ref. [11], the negative ions with the energy about MeV
have been observed when the water droplets are irradi-
ated by the ultra-short and ultra-intense laser pulse (40 fs,
I~ 10" W/cm?).

In the this paper, we discuss the Coulomb implosion
mechanism which could explain the acceleration of neg-
ative ions. When a cluster target is irradiated by an in-
tense laser pulse and the ponderomotive pressure of the
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laser light blows away the electrons, the repelling force of
an uncompensated electric charge of positive ions causes
the cluster Coulomb explosion. In the case of a multi-
species cluster with a relatively small number of the nega-
tive ions, the electric field formed by the positively charged
component accelerates the negative ions inward. The neg-
ative ions leave the target after passing through the center
or bouncing its vicinity. We mention that possible mech-
anisms of negative ion creation are discussed in Ref. [13].
Below we formulate the theoretical description and present
the results of the Particle-in-Cell (PIC) simulation of the
Coulomb explosion/implosion of a multi-species cluster.
The evidence of the negative ion acceleration in the experi-
ments on the high intensity laser pulse interaction with the
cluster targets is presented as well.

COULOMB IMPLOSION MODEL

The acceleration of negative ions from laser-plasma is
explained by the Coulomb implosion mechanism [14]. We
consider the dynamics of the Coulomb explosion for multi-
species cloud of ions. The cloud comprises positive and
small amount of negative ions. The motions of positive
and negative ion components are governed by the hydrody-
namics equations and the Poisson equation for the electric
field:

Oy +V - (nyvy) =0, (1
0ve +(vy - V)V, = e, E/M,, 2)
V.E=4rn Z(ieini). 3)

Here, the subscript (+) stands for positive and negative

ions. E is the electric field, and n., v., +e., and M, are

ion density, velocity, electric charge and mass, respectively.

These equations admit a self-similar solution with homo-

geneous deformation, for which the densities are homoge-

neous, n. = n.(t), and the velocities and electric field are
linear functions of the coordinates:

. -1
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Here summation over the repeated indices is assumed. The
matrix my . is a deformation matrix, riy . is its time deriva-
tive and m,;.l , is the corresponding inverse matrix (see
Ref. [15]).

Now we assume a spherical, cylindrical or planar sym-
metry of the flow, for which the deformation matrix is di-
agonal with equal diagonal elements, k.(#). In this case,
the velocity of Lagrange element is given by v, = k. x” and
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of the Euler element by v, = k.x/k., and the density is
ny = no+/kS, with no . and no _ being the initial values of
densities of the positive and negative ions; s equals to the
dimension such that s = 1, s = 2 and s = 3 correspond
to planar, cylindrical, and spherical geometry, respectively.
Substituting these functions to the equations above, we ob-
tain a system of two nonlinear ordinary differential equa-
tions for k. (1):

&’k 2 2k

Rl ©)
dt kS 2
d*k_ W Wik

T i (M
dt S

where w,; = (47rn0,+e%r/M+)1/2, w_ = (47Tn0,_e%/M_)1/2,
Wy = (47rn0,_e+e_/M+)1/2, and ws = (4ﬂno,+e+e_/M_)1/2.
If the density of negative ions is small enough, i.e., (ny- <
e+ng+/e—) we can neglect it with respect to a small pa-
rameter e_ng_/e,ng at the first step of approximation:
no— = 0. This leads to the known self-similar solution of
the Coulomb explosion of positive ions. Under the motion
of positive ions, motion of negative ion could be calculated
by test particle approximation. In the limit of w_/Q_ <« 1,
we seek a solution in the form a sum of slowly varying and
fast oscillating components,

k_(t) = K_(t) + k_(?), 8)

with <1Nc_> = 0, where < ... > denotes a time averaging. The
component K_ corresponds to the equilibrium solution of
Eq. (7) for frozen dependence on time of k., i.e.,

K_(1) = (w_]w=)*" k. (D). )

Due to a smallness of the ratio w-/ws < 1 a dependence
on time of the frequency Q_(7) is slow allowing the use of
the WKB approximation. This yields the expression for the
oscillating part of k_(?),

/~<(t)=[k+(t)]s/4cos(\/§ f Q(t’)dt’), (10)
0

which describes the particle oscillations with growing am-
plitude and decreasing frequency. From the solution, we
obtain the negative ion energy is in a factor

K = (w_/ws)"* = (e_no /e ng 1 )**

(1)

smaller than the energy of the positive ions.

NUMERICAL SIMULATIONS

We demonstrate the implosion dynamics of negative
ions by using the two-dimensional, electro-magnetic PIC
code [16]. The target is a spherical cluster with the di-
ameter of 1 um, composed of electrons, protons and neg-
ative hydrogen (H~) ions whose densities are 1.0 n,, 1.1
n. and 0.1 n, respectively. Here n. = m,w?/4me” is the
critical density for the laser light with the frequency of w.
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Figure 1: Radial density profiles of (a) protons and (b) neg-
ative hydrogen, H™, ions during the Coulomb explosion
and implosion. The densities are normalized on the criti-
cal density.

In this case the parameter « given by Eq. 11 equals 0.1.
The ions are assumed to be initially cold. The target is lo-
cated at the center of the simulation box which has a size of
40umx40um. The laser pulse irradiates the target from the
left boundary. It propagates in the x— direction and is polar-
ized along the y— direction. The pulse has a flat top shape
rising up in a laser period, and peak intensity is 1.0 x 10%°
W/cm? with the duration of 15 fs. The laser wavelength is
1 wm. The laser pulse is focused to the focal position at
x = 18um with the diameter of 3um (FWHM).

The time histories of radial density profile of protons
and H~ ions along x-axis (x<20) are plotted in Figs. 1(a)
and 1(b), respectively, where r is defined as » = —x + 20.
The protons expand radially due to the Coulomb explo-
sion, having a rather flat density distribution correspond-
ing to the self-similar solution. H~ ions move to the point
(x,y)=(19.95,20.0) which is 0.05 um left to the target cen-
ter. The off-centered implosion comes from the asymmetry
caused by the laser irradiation. As H~ ions are accelerated
inward, the electric field is induced at the center due to the
accumulation of the negative charges, as is seen in Fig. 2(a).
The sign of electric field at the implosion center is opposite
to that of the outer region. The electric field decelerates the
imploding H™ ions and attracts protons towards the center,
which is seen in Fig. 1(a).

The energy spectra of protons and H~ ions are shown in
Figs. 2(a) and (b), respectively. The spectra of protons ex-
hibit flat feature corresponding to the theoretical prediction
for the case of two-dimensional Coulomb explosion. The
maximum energy of H™ ion is 1 MeV. We see that the neg-
ative ion energy is approximately ten times less than the
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Figure 2: Time history of the energy spectra of (a) protons,
and (b) H™ ions.
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Figure 3: Ion traces recorded on CR-39 with the Thomson
parabola.

energy of positive ions. This is in agreement with the the-
oretical model, where the parameter « is equal to 0.1 in the
simulation.

EXPERIMENTAL RESULTS

High energy negative ions are observed in the experi-
ment with the CO; clusters embedded in He gas irradiated
by intense laser pulse. The experiment has been conducted
using JLITE-X Ti:Sapphire laser at JAEA-KPSI. The laser
has the energy of 130 mJ with the pulse duration of 35 fs.
The pulse is focused into the spot with 30 um diameter in
vacuum. The CO, clusters with the diameter equal to 0.35
um are generated using specially designed supersonic gas
jet nozzle [17]. The laser pulse contrast of 107° at the ns
time scale is expected to result in the cluster heating and
expansion by the pre-pulse, which results in lowering the
density.

The high energy ions were detected by the Thomson
parabola detector positioned in the direction of 135° from
the laser axis with respect to the laser beam propagation.
In Fig. 3 we show the results obtained with the Thomson
parabola. We see the parabolic lines, which are produced
by negative C~ ions as well as by the carbon ions up to C**
ion and by the oxygen ions up to O** ions. The maximum
energy of positive C** ions is 4.8 MeV, and that of the neg-
ative C™ ions is 0.6 MeV. This corresponds to « = 1/8 in
the model.

CONCLUSIONS

In conclusion, we use the Coulomb implosion model
proposed in Ref. [14] to explain the acceleration of neg-
atively charged ions in the laser-plasma. This mechanism
is theoretically investigated and demonstrated its applica-
tion to cluster or gas target plasmas by 2D PIC simulations.
The Coulomb explosion leads to the positive acceleration
and negative ions are accelerated by the same electric field.
However, their acceleration occurs in the opposite direction
with respect to the positive ion motion. In the vicinity of
the electric field symmetry center, they bounce back or pass
through, gaining relatively high energy. A final energy of
the negative ions is several times lower than the positive ion
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energy. The Coulomb implosion mechanism is applicable
in the case of thin foil, self-focusing channel, and clusters.
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