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Cooling Mechanism of Expanding Plasmas Produced
by Optical-Field-Induced Ionization
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Particle-in-cell simulation is carried out to investigate the cooling process of a multicharged dense plasma
produced by optical-� eld-induced ionization. All coulomb collisions among charged particles are taken into con-
sideration using Nanbu’s theory of coulomb collisions and its recent extension to the case when the weight assigned
to a simulated particle varies from particle to particle. The effect of coulomb collisions on the expanding plasma
is very large. Two cases are considered: expansion of a source plasma 1) into a vacuum and 2) into an ambient
cold plasma. The results obtained for the � rst case agree well with the self-similar hydrodynamic solution. In the
second case, the rapid cooling of the multicharged plasma, which is essential for x-ray lasing, is accomplished. The
mechanism of this cooling is clari� ed by the simulation. It is also shown that the expansion is accompanied by a
dense wave front. Near the wave front, a double layer of electric charge is formed.

Nomenclature
cs = ion acoustic speed
E = radial component of electric � eld
Ẽ j = electric � eld at r̃ j

e = electronic charge
f j = charge assigned to grid point r j

g = relative velocity
h = vector de� ned in Eq. (22)
J1 = total number of cells in the computationaldomain
k = Boltzmann’s constant

K = coulomb logarithm
m = mass of a particle
N = number of simulated particles in a cell at t equals 0
n = number density
Q j = total charge assigned to grid point r j

q = charge of a particle
R = radius of initial plasma core
R 1 = radius of computational domain
r = radial position
r j = radial position of j th grid point
r̃ j = radial position of boundary between ( j ¡ 1)th

and j th cell
s a b = parameter de� ned in Eq. (15)
T = temperature
t = time
U = uniform random number (0 < U < 1)
v = velocity
W = weight of a simulated particle
a , b = name of particle species
D r = interval between adjacent grid points
D t = time step
²0 = permittivity of free space
k D = electron debye length
l = reduced mass
q = electric charge density
s p = period of electron plasma oscillation
v = scattering angle
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Subscripts

c = coulomb collision
e = electron
i = ion
r = r component
x , y, z = x , y, and z components
a , b = a , b species
a b = a – b collision
h = h component
0 = initial condition

I. Introduction

T HE development of a tabletop x-ray laser system has been
arousingworldwide interest because such a system is expected

to result in innovations in biology, medical science, and microelec-
tronics technology.For example, the spatialsizeof etchedpatternsin
the most advanced technologywill be reduced from micrometers to
nanometers. Lithography technologyusing such an x-ray laser will
enable 10-nm order processing, so that the production of terabit-
order dynamic random access memory (DRAM) may become a
reality.

In the initial stage of x-ray lasing, lasers with huge energy such
as those used in nuclear fusion were employed as a light source
to excite ions.1,2 Various efforts have been made to reduce the en-
ergy of incident lasers and the size of x-ray laser systems.3 ¡ 5 One
promisingapproach,which is calledoptical-� eld-inducedionization
(OFI), has beenproposedas a method of recombinationpumping.6,7

OFI has several advantages compared with conventional recombi-
nation pumping. In the conventional scheme, � rst a multicharged
high-temperatureplasmais producedby irradiationof a high-energy
laser pulse onto a solid target. Next, the plasma is cooled by some
cooling process such as adiabatic expansion to promote three-body
recombinations, which generate a population inversion necessary
for lasing. Note that the recombinationcross section increases with
the decrease of electron temperature. This is an indirect and ex-
pensive lasing process. By contrast, in OFI the optical � eld of an
ultrashort, high-intensitylaser pulse strips all electrons from atoms
or ions directlyby tunnelingionization.8 The incident laser pulse for
the OFI scheme requires intense peak power rather than large en-
ergy. Because of this, the cost of lasing can be reduced drastically,
and frequently repetitive operations will become possible. More-
over, the temperature of the electrons produced by the OFI can be
controlled by the polarization and wavelength of the incident laser.
Hence, a relatively cold plasma can be produced by OFI, which is
advantageous for recombination x-ray lasing.

The initial electron temperature of OFI plasmas, however, is still
not low enough to provide a high rate of three-body recombination.
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Therefore,some coolingprocess is necessaryfor OFI. Nagata et al.9

proposed a modi� cation of conventionalOFI and reported the am-
pli� cation of the Lyman-a transition at 13.5 nm in H-like Li ions.
As a target medium, they employed a singly ionized lithium plasma
in place of neutral gas used in conventionalOFI. Their scheme pro-
vides some important advantages for the production of extremely
cold electrons. In their experiments, the electron temperature mea-
sured was about 1.5 eV (Ref. 10). On the other hand, the average
energy of the electrons produced by the laser irradiation was esti-
mated to be 26 eV (Ref. 11). The mechanism of cooling after the
irradiation has not yet been explained.

A reliable numericalmodeling of lasing media is necessary to an-
swer the questions posed in experiments. Some work based on the
� uid model has beendoneon the simulationof lasingmedia.12,13 Al-
though plasmas are assumed to be in equilibriumin the � uid model,
the electron energy distribution just after the irradiationof an ultra-
shortlaserpulse largelydeviatesfrom theMaxwelliandistribution.14

Moreover, the rate of three-body recombinationsoccurring in x-ray
lasing is largely affected by the degree of nonequilibrium in the
electron energy distribution.15 Therefore, the � uid model should be
used with care. In contrast, the particle model makes sense for a
large degree of nonequilibrium.Ditmire16 calculated heating in the
underdenseplasma produced by OFI and examined the electron en-
ergy distributionby the use of a Monte Carlo simulation.Nanbu and
Serikov17 carried out a self-consistent particle-in-cell (PIC) simu-
lation of expanding multicharged plasmas for x-ray laser sources.
However, they did not consider the coulomb collisions, which will
play an important role in a dense plasma. Recently, Nanbu18 pro-
posed an accurate theory of coulomb collisionsfor the Monte Carlo
simulation. His theory was extended to the case when each species
or each simulated particle has a different weight.19

The purposeof the presentwork is to examine the coolingprocess
of the multichargeddense plasma generated by the irradiationof an
ultrashort laser pulse by a self-consistent PIC simulation. We con-
sider coulombcollisionsusingNanbu’s theory18 and its extension.19

In Sec. III, we revisit the problem treated in Ref. 17 and examine
the effects of Coulomb collisions on the expanding plasma. The re-
sults obtained here are compared with a self-similar hydrodynamic
solution for the expansion of a planar plasma into a vacuum.20 In
Sec. IV, we discuss the mechanism of the rapid coolingobserved in
the experiments.9,10 We focus on the interactionbetween the source
electrons produced by the OFI and the ambient cold electrons be-
cause the interaction plays a key role in the cooling process.

II. Numerical Method
A. Con� guration

The computationaldomain is the insideof an in� nitelylong cylin-
der with a radius of R 1 =100 l m. An ultrashort laser pulse is ini-
tially irradiated along the center axis of the computational domain.
This results in the formation of a plasma core consisting of multi-
charged ions and high-temperatureelectrons.The time t = 0 is set at
this moment. The initial plasma core is assumed to be an in� nitely
long cylinder with a radius of R =10 l m, which is coaxialwith the
computationaldomain. The initial plasma core is regarded as being
surrounded by a vacuum in Sec. III and by an ambient cold plasma
in Sec. IV. The plasma core and the ambient plasma are assumed to
be spatially uniform and in different equilibria.

At t = +0, the plasma core is made free, and, hence, an expan-
sion in the radial direction immediately takes place. All properties
are assumed to depend only on r and t, which makes the problem
spatially one dimensional.

B. PIC Simulation Method

In the PIC simulation, real particles are replaced by simulated
particles whose number is much smaller than that of the real parti-
cles. A simulated particle represents W real particles, where W is
the weight. The computationaldomain is divided into cells with the
dimension of the electron debye length k D at t =0. The simulation
proceeds as follows.

1) At time t = 0, initial locations and velocities are given to sim-
ulated particles using their density and Maxwellian velocity distri-
bution.

2) Radial distribution of charge density is calculated using the
rule of charge assignment to grid points.21 The electric � eld can be
obtained from the resulting charge distribution.

3) New locations and velocities of simulated particles at the end
of time step D t are calculated by solving the equation of motion
including the electric � eld, which is obtained in step 2.

4) Coulomb collisions in D t are calculated.
5) Steps 2–4 are repeated to advance the time of a particle system

up to a required time.

C. Grid Structure

We introduce two cell systems. One is a system to calculate the
charge density and electric � eld and to sample macroscopicplasma
parameters. The other is a system to calculate coulomb collisions.
Each cell has the form of a ring. First, we explain the former cell
system. We divide the computationaldomain (r < R 1 ) into equally
spaced J1 intervals and call the radii r j = j D r , j = 0, 1, . . . , J1 ,
grid points, where D r = R 1 / J1 . Let us regard a grid point as the
center of a cell. We de� ne the cell boundary by equal partitioning
of the volume between two neighboring grid points. The radii r̃ j ,
j =1, 2, . . . , J1 , of cell boundariesare obtained from the volumet-
ric relation

p
¡
r̃ 2

j ¡ r 2
j ¡ 1

¢
= p

¡
r 2

j ¡ r̃ 2
j

¢
(1)

where it should be noted that r j ¡ 1 < r̃ j < r j . Equation (1) yields
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r 2
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¢
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In the present simulation, the electric chargesof simulated particles
are assigned to the grid points r j , whereas the electric � eld obtained
from the charge distribution is calculated at the cell boundaries r̃ j .

Next we explain the second cell system with the boundaries r0,
r1, . . . , for calculating coulomb collisions. Here we term the in-
terval (r j ¡ 1 , r j ) collision cell j . The dimension of a collision cell
is D r , which is chosen to be nearly equal to the debye length k D .
Coulomb forces between charged particles separated by more than
a cell spacing k D are already considered in the electric � eld cal-
culation in Sec. II.F. Therefore, we have only to consider coulomb
collisions independently in each collision cell, disregarding colli-
sions between two particles in different collision cells.

The electron debye length k D is

k D =

r
²0kTe0

e2ne0

(3)

where Te0 and ne0 are the electron temperature and number density
in the initial plasma core, respectively.

D. Initial State of a Particle System

Here we use the cell system with the boundaries r0 , r1 , . . . . The
number of real particles in the cell between r j and r j + D r is ap-
proximately proportional to 2p r j D r . This is small for small r j ; if
we assign the same weight to all simulated particles, the number of
simulated particles in a cell near the axis will become very small.
This results in large statistical � uctuations of sampled data. If the
number of simulated particles in a cell is nearly equal for all cells,
the magnitudeof the � uctuationswill become much the same for all
cells, which is advantageous.This notion results in the introduction
of a smaller weight for a simulated particle in a cell nearer to the
axis. Let N be the number of simulated particles in a cell at t =0.
The number N is set so as to be equal for all cells in the initial
plasma core. Similarly, N is set so as to be equal for all cells in the
initial ambient plasma. However, N for the ambient plasma is not
always equal to that for the plasma core. Thus, the weight assigned
to a simulated particle in the j th cell (r j ¡ 1 < r < r j ) is chosen as

W = p (2 j ¡ 1)( D r)2 Ln0 / N (4)
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where n0 is the initial number density of real particles in the j th cell
and L( =unity) is the axial length of the computational domain.
Whether a particle moves from one cell to another or not, its initial
weight is � xed at any time.

The initial location r0 of a simulated particle in the j th cell is
given by

r0 = D r
p

( j ¡ 1)2 + (2 j ¡ 1)U (5)

where U is a uniform random number between 0 and 1; to re-
duce the � uctuation of r0 , we replace the random number U in
Eq. (5) by (i ¡ 0.5) / N , where i = 1, 2, . . . , N . The velocities of
simulated electrons and simulated ions at t =0 are sampled from
the Maxwellian distribution for each species.

E. Charge Assignment

We employed the PIC assignment21,22 using area weighting. Let
us consider the one-dimensional r space. The charge qW of the
real particles represented by one simulated particle, which is lo-
cated between grid points r j and r j + 1, is divided into the following
fractions:

f j = qW
r 2

j + 1 ¡ r 2

r 2
j + 1 ¡ r 2

j

(6a)

f j + 1 = qW
r 2 ¡ r 2

j

r 2
j + 1 ¡ r 2

j

(6b)

Then the fractional charges f j and f j + 1 are assigned to the grid
points r j and r j + 1, respectively.The total charge Q j assigned to the
point r j can be obtained as the sum of f j for all simulated electrons
and ions located between r j ¡ 1 and r j + 1.

F. Electric Field

The electric � eld has only the radial component E . The Gauss
law yields

E(r) =
1

2 p r²0

Z

V

q dV (7)

where q is the charge density and V is the volume of the cylinder
having the radius r and the unit axial length. By the substitution of
the chargedistribution Q j obtainedfrom the simulationinto Eq. (7),
the electric � eld Ẽ j [́ E(r̃ j )] at the cell boundary r̃ j becomes

Ẽ j =
1

2 p r̃ j ²0

j ¡ 1X

j 0 = 0

Q j 0 (8)

The electric � eld E(r ) at the position r of a simulated particle is
interpolatedfrom Ẽ j using the same rule as the charge assignment:
if r̃ j ¡ 1 < r < r̃ j , the electric � eld at r is given by
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For r < r̃1,

E(r ) = Ẽ1 ¢
¡
r 2 | r̃ 2

1

¢
(10)

G. Particle Motion

Although the electric � eld is treated as one dimensional in the
r direction, the particle motion is treated as three dimensional.The
equation of motion is

m
dv
dt

= qE (11)

where the vector E has only the radial component E(r) given in
Sec. II.F and m and v are the mass and velocity of a simulated
particle, respectively. Because the Cartesian components of v are

necessary in determining postcollisional velocities as is seen in
Eqs. (20–22), we solve the equation of motion in the Cartesian sys-
tem. Equation (11) is solved by means of the leap-frog scheme,21

which relatestheunknownvelocityvl + (1/ 2) at time t = [l + 1
2
]D t and

position r l + 1 at time t = (l + 1) D t to those before one time step D t :

vl + 1
2 = vl ¡ 1

2 + (q / m)El D t (12)

r l + 1 = r l + vl + 1
2 D t (13)

The time steps D ti for ions and D te for electrons are set at 0.1s p

and 0.02s p , respectively, where s p is the period of electron plasma
oscillation. It is

s p = 2p

q
²0me

| e2ne0 (14)

where me is the electron mass. Usually, D ti is chosen to be nearly
equal to s p in PIC simulations. In the present computational con-
dition, however, ions move very fast, and we have found that D ti
should be chosen to be much smaller than s p .

H. Treatment of Coulomb Collisions

The computational domain is divided into collision cells with
the dimension D r( ’ k D). Let us focus our attention on coulomb
collisions in a collision cell. We consider electron–ion, electron–

electron, and ion– ion collisions. Hereafter, the species is called a
or b ( 6= a ). Our problem is how to determine the velocities of all
simulated particles at the end of the time step D tc .

Nanbu’s theory18 is used in the simulation of coulomb collisions.
A charged particle undergoes many successive small-angle colli-
sions with ions and electronsduring the time step D tc . In his theory,
these small-angle collisions are grouped into a unique binary col-
lision with a large scattering angle. Thanks to this feature of the
theory, the computational task can be drastically reduced.

Collisionsbetween unlike particles are called a – b collisionsand
collisions between like particles are called a – a or b – b collisions.
Let the sets {va i ; i =1, . . . , N a } and {vb j ; j =1, . . . , N b } be the
velocities of simulated particles a and b at time t, respectively,
where N a and N b are the numbers of simulated particles a and
b in a cell. Let us call va i the velocity of simulated particle a i .
Nanbu’s theory18 is summarized as follows. We focus our attention
on a simulated particle a i . The effects of a – b and a – a collisions
on velocity v a i are assumed to be additive. First, we explain the
treatment of a – b collisions in D tc . The postcollision velocity v 0

a i
can be determined once the isotropy parameter

s a b ( D tc) =
K a b

4 p

³
q a q b

²0 l a b

2́

n b g ¡ 3
a b D tc (15)

is obtained, where q a and q b are the charges of particles a and b ,
l a b is the reduced mass, n b is the number density of species b ,
g a b (= j v a i ¡ vb j ) is the relative speed, and K a b is the coulomb
logarithm. The relative speed g a b should be an average over v b

because a simulated particle a i makes many small angle collisions
in D tc . However, g a b can be calculated by the use of a random
sample of {vb j ; j = 1, . . . , N b }. K a b is given by

K a b =
2 p ²0 k D l a b

«
g2

a b

¬

j q a q b j
(16)

where h i denotes the expectation. We evaluate the mean square
relative speed h g2

a b i by assuming that the velocity distributions of
particles a and b are Maxwellian, so that h g2

a b i is given by
«
g2

a b

¬
= (3kTa / m a ) + (3kTb / m b ) + ( h va i ¡ h vb i )2 (17)

where T and h v i are the temperature and the � ow velocity and
subscripts a and b denote particles a and b , respectively.

The next step is to solve the nonlinear equation

coth A ¡ A ¡ 1 = exp( ¡ s a b ) (18)
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and obtain the constant A that determines the probability density
function for the scattering angle v of a simulated particle a i . A
random sample of cos v is given by

cos v = (1/ A) (e ¡ A + 2U sinh A) (19)

where 0 < v < p . The velocities v 0
a i and v 0

b j after a i – b j collision
are given by

v 0
a i = v a i ¡ [m b / (m a + m b )][g(1 ¡ cos v ) + h sin v ] (20)

v 0
b j = vb j + [m a / (m a + m b )][g(1 ¡ cos v ) + h sin v ] (21)

where m a and m b are the masses of particles a and b , v b j is a
randomsampleof{v b j ; j =1, . . . , N b }, g (= va i ¡ v b j ) is the relative
velocity, and the Cartesian components of the vector h are de� ned
as

hx = g ? cos e , h y = ¡ (gy gx cos e + ggz sin e ) / g ?

hz = ¡ (gz gx cos e ¡ ggy sin e ) / g ? (22)

where g? = (g2
y + g2

z )1/ 2 and e = 2p U .
The procedure for calculating a – a collisions is given simply by

replacing b by a in Eqs. (15–21). The order of types of collision is
not essential in the collision simulation, for example, we may � rst
calculateall a – b collisions,next all a – a collisions,and last all b – b
collisions.

Nanbu’s theory18 for coulomb collisions is extended to a general
case when each species or each simulated particle has a different
weight by Nanbu and Yonemura.19 As mentioned in Sec. II.D, in
the presentsimulation the weights of simulatedparticlesdiffer from
particle to particle; the weight is assigned at t = 0 and � xed at any
time. The method of handling collisions between particles with dif-
ferent weights is described in detail in Ref. 19.

III. Effects of Coulomb Collisions
In this section,we treat the cylindricalexpansionof a plasma core

into a vacuum. We focus our attention on the effects of coulomb
collisionson the expandingplasma because they are thought to play
an importantrole in denseplasma.Furthermore,to verifythevalidity
of our simulation code, we compare our simulation results with a
self-similar hydrodynamic solution for the expansion of a planar
plasma into a vacuum.20

A. Plasma Condition

It is assumed that at t =0 the plasma core (r < R) is composed
of only electrons and C5+ ions and that the region outside the core
is a free space. The initial number densities and temperaturesof the
electrons and C5+ ions are chosen as

ne0 = 5ni0 = 5 £ 1025 m ¡ 3 (23)

kTe0 = kTi0 = 100 eV (24)

where Ti0 and n i0 represent the temperature and number density
of the C5+ ions. For this condition, k D becomes 10.51nm from
Eq. (3). Therefore, we choose D r = 10 nm and J1 = 10,000. We
have s p =1.575 £ 10 ¡ 14 s from Eq. (14). The number of simulated
particles per cell, N , is set at 4000 for both electrons and C5+ ions.
The totalnumberof simulatedelectrons(or ions) is 1000 £ N ,where
1000 is the number of cells in the initial plasma core.We performed
12 simulations, each of which starts from an independent set of
particle velocity data. All plasma properties are obtainedby ensem-
ble averaging of the 12 sets of data. The coulomb logarithm K a b

is assumed to be constant. We determine it from the initial con-
dition, that is, K ie =5.39, K ee = 7.00, and K ii =3.78. We
chose the time steps for calculating i –e, e–e, and i –i collisions as
2 D ti e = D tee = D tii = s p .

Fig. 1 Radial distributions of electron density.

Fig. 2 Comparison of ne and 5ni.

B. Results and Discussion

Figure 1 shows the time evolution of the electron number den-
sity ne. The evolution of the ion number density ni (not shown)
is much like that of the electron number density. To examine the
charge neutrality of the plasma, we show the comparison of ne and
5ni in Fig. 2 in the early stage of the expansion. In the expanding
region, both densities decrease exponentially with radius r . Elec-
trons in the forefront rush into a vacuum, and a rarefaction wave
propagates backward into the plasma core. Except for the region
near the ion front whose position is shown by the vertical dotted
line, the overall expansion of the plasma can be regarded as an am-
bipolar phenomenon. The detailed behavior is as follows. Because
electrons have much higher thermal velocities than ions, electrons
are � rst apt to escape from the plasma, whereas positive ions are
left behind. This results in induction of an electric � eld that pulls
electrons inward and pushes ions outward. Consequently, the � ow
velocities of ions and electrons are adjusted by the � eld in such a
way that the number � uxes of both species agree. We can divide
Fig. 2 into three regions: the region near the ion front where charge
neutrality is broken, the intermediate expanding region, and the in-
nermost region still undisturbed by the rarefaction wave. We call
the last region the plasma core. These features were discussed by
Denavit.20 He performed the PIC simulationto analyze the structure
of one-dimensionalplanarexpansionand con� rmed that the particle
simulation data correspond with a self-similar solution23 obtained
from the hydrodynamic model based on the assumptions of charge
neutrality and isothermal electron equilibrium. Because the cylin-
drical expansion in the early stage can be regarded approximately
as a planar expansion, we compare our simulation results with the
self-similarhydrodynamicsolution for a planar expansion in Fig. 3.
The self-similar density pro� les are given by

ni = ni0 exp{ ¡ [1 + (1/cs) ¢ (r ¡ R) / t]} (25)

where cs =
p

(ZkTe0 / m i ) = 6.338 £ 104 m/s is the ion acoustic
speed, Z (= 5 for C5+ ) is the charge of ion in units of electronic
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Fig. 3 Simulated ion density and self-similar solution.

Fig. 4 Evolution of ion radial � ow velocity.

charge e, and m i is the ion mass. The ion density pro� les obtained
from the present simulation correspond very well with the self-
similar solution up to the ion front.

The ion radial � ow velocity vir normalized by the ion acous-
tic speed cs is shown in Fig. 4, where the vertical lines in-
dicate the ion front. The speed of the ion front increases and
reaches a point 10 times as high as the ion acoustic speed for
t ¸ 4000s p =6.3 £ 10 ¡ 11 s (not shown). The linear increase of the
ion � ow velocity in Fig. 4 was predictedby Denavit.20 This velocity
pro� le is quite similar to that behinda blastwave.24 All curves inter-
sect at r =10 l m; the � ow velocity at the edge of the initial plasma
core (r =10 l m) remains constant (vir ’ cs ). This corresponds to
the self-similar solution.20 Furthermore, in the self-similar solution,
a group of ions that are initially located near the edge of the plasma
core and have the � ow velocityv1 at an early time t1 are accelerated
according to

v p = cs (t / t1) + v1 (26)

The peak velocities v p in Fig. 4, which is the velocity of the ion
front, represent the � ow velocityof such ions. The velocitiesv p ob-
tained from the PIC simulationare compared in Fig. 5 with Eq. (26),
where t1 = 9.450 £ 10 ¡ 13 s (= 60s p ) and v1 =2.410 £ 105 m/s. The
simulation results showa qualitativeagreementwith the self-similar
solution.The reason for the deviation from the self-similar solution
can be explained by considering the electric � eld. The calculated
electric � eld is comparedwith the self-similarsolutionin Fig. 6. The
calculated � eld inside the peak agrees approximately with the self-
similar solution, E = kTe0 / ecs t. Because the peak is located at the
same positionas the ion front, the ions near the front are accelerated
more than the case of the self-similar solution.

Plasmas for x-ray laser sources are so dense that coulomb col-
lisions are expected to have signi� cant effects on the expanding
� ow. To examine these effects, we performed simulations with and
without coulomb collisions. Figure 7 shows the time evolution of
the electron density in the case when coulomb collisions are dis-
regarded. Compare Fig. 7 with Fig. 1. In Fig. 1 the density of the

Fig. 5 Simulated ion front velocity and self-similar solution.

Fig. 6 Simulated electric � eld and self-similar solution.

Fig. 7 Electron density without coulomb collisions.

plasma core remains constantuntil the rarefactionwavearrives.This
is because coulomb collisions prevent the electrons in the plasma
core from escaping outward.

Figure 8 shows the radial distributions of the electron tempera-
tures in the case when coulomb collisionsare considered,where Ter ,
Te h , and Tez are the radial, azimuthal, and axial components, respec-
tively. The vertical lines in Fig. 8 represent the locationat which the
electron density is 1% of ne0 . Beyond these lines, the meaningful
electron temperature cannot be sampled because of large � uctua-
tions. Temperature components hardly vary over the region from
the center of the plasma core to the vertical line. To be precise, the
temperature shows a slight decrease with radius r . Note that the
edge of the undisturbed plasma core seen in Fig. 1 cannot be rec-
ognized in Fig. 8 and that all temperature components agree well.
These features are quite different from the case for no coulomb
collision. In the case of no coulomb collision, the electron temper-
ature (not shown) varies largely with r , and the temperature pro� le



384 YONEMURA AND NANBU

Fig. 8 Radial distributions of electron temperature components.

Fig. 9 Radial distributions of ion temperature components.

is snapped at the edge of the plasma core. Furthermore, without
coulomb collisions, a large separation appears among the temper-
ature components. Coulomb collisions make the separation very
small. Because electrons move rapidly from cell to cell, the spatial
nonuniformity of the electron temperature is greatly reduced, as is
shown in Fig. 8, whereas the ion temperature in Fig. 9 shows a large
spatial variation. Figure 8 also shows that the electron temperature
components decrease with time. The electron cooling in Fig. 8 is
not due to adiabatic expansion, but rather to the conversion of the
electron thermal energy to the energy of a directed � ow.

Figure 9 shows the ion temperaturecomponentsfor the case when
coulomb collisions are considered, where Tir , Ti h , and Tiz are the
radial, azimuthal, and axial components, respectively. In Fig. 9,
the separation among the temperature components, which is large
without coulomb collisions, becomes very small. Coulomb colli-
sions among ions greatly reduce the temperature separation, as in
the case of electrons.Different from the electron temperatureshown
in Fig. 8, we can clearly recognize the edge of the plasma core in
Fig. 9. Because ions move much more slowly than electrons, the
spatial nonuniformity of ion temperature is kept in the expansion.
No ion cooling occurs in the plasma core.

IV. Rapid Cooling Accomplished
by an Ambient Cold Plasma

As described in the Introduction, the rapid cooling of the OFI
plasma is essential for increasing the rate of three-body recombi-
nations. Nagata et al.9 succeeded in cooling an OFI plasma using a
singly ionized lithium plasma as a target medium, whereas neutral
gas is used as the target in the conventional OFI, and he demon-
strated the ampli� cation of the Lyman-a transition at 13.5 nm in
H-like Li ions. However, this cooling mechanism has not yet been
explained. In Sec. IV, we try to clarify the cooling mechanism by a
PIC simulation.

A. Plasma Condition

At t =0 the plasma core (r < R), which is produced by the OFI
along the axis, is composed of electrons and Li3+ ions. The core is
surrounded by a cold plasma composed of electrons and Li+ ions.
In the initial plasma core, the temperaturesof the electronsand Li3+

ions are set at 100 eV, and the number densities of the electronsand
Li3+ ions are set at 3 £ 1024 m ¡ 3 and 1024 m ¡ 3 , respectively. In the
ambient plasma, the temperatures of the electrons and Li+ ions are
set at 1 eV, and the numberdensitiesof the electronsand Li+ ions are
set at 1024 m ¡ 3 . In this condition, k D is 42.92nm from Eq. (3) and
s p is 6.430 £ 10 ¡ 14 s from Eq. (14). Because the cell dimension D r
shouldbeof theorderof k D , we choose D r =40 nm and J1 =2500.
N is set at 3000 for both the electrons and Li3+ ions in the initial
plasma core, whereas N is set at 1000 for both the electrons and
Li+ ions in the initial ambient plasma. The number of cells in the
initial plasma core is 250 and that in the initial ambient plasma is
2250.Therefore,the numbersof simulatedelectrons,simulatedLi3+

ions, and simulatedLi+ ions are 3 £ 106, 7.5 £ 105, and 2.25 £ 106,
respectively. We performed 15 simulations, each of which starts
from an independentdata set. All plasma propertiesare obtainedby
ensemble averaging of the 15 sets of data. We choose the time step
for calculatingcoulomb collisions to be s p . The coulomb logarithm

K a b is calculated from Eqs. (16) and (17) at each collision time
step in each cell.

B. Results and Discussion

Figure 10 shows the evolution of the electron number density ne .
With time, a dense wave front expands in the radial direction,while
theelectrondensitynear thecenteraxisdecreases.The densityof the
expanding wave front decreases with time. It is interesting that the
electronnumberdensitynear thecenteraxisbecomeslower than that
of the ambient plasma for t ¸ 3600s p . This results in the formation
of a crater in the electron density pro� le at the back of the moving
wave front.

Figure 11 shows the relation among the number densities of the
electrons, Li3+ ions, and Li+ ions. We have found that the charge

Fig. 10 Radial distributions of electron density.

Fig. 11 Relation among ne, 3n3+ and n+.
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Fig. 12 Radial distributions of Li3+ density.

Fig. 13 Radial distributions of Li+ density.

Fig. 14 Evolution of Li3+ radial velocity.

neutrality of the plasma is almost maintained: ne is approximately
equal to the sum of 3n3+ and n + , where n3+ and n+ are the number
densities of Li3+ ions and Li+ ions, respectively. The reason why
the dense wave front is formed can be understood from Figs. 12 and
13, which show the spatiotemporalevolutionof the Li3+ density and
Li+ density, respectively.Because the Li3+ � ow pushes the Li+ � ow
forward, the Li+ density increases in the region of impingement.
Because the masses of both ion species are much larger than the
electron mass, the density pro� le of electrons is settled in such a
way as to maintain the charge neutrality.Namely, the distributionof
positive charge formed by impinging ion � ows results in the dense
wave front in the electron density pro� le.

Figure 14 shows the evolution of the radial � ow velocity vir of
Li3+ . We cansee that the ion front runs in the radialdirectionand that
its speeddecreaseswith time. The ionsnear the front lose their speed
due to braking by the ambient plasma. Furthermore, although the
ion velocityshoweda linear increasewith r in the caseof no ambient

Fig. 15 Relation between velocities and densities of Li3+ and Li+.

Fig. 16 Radial distributions of electron temperature components.

Fig. 17 Electron temperature components for the case of expansion
into a vacuum.

plasma (Fig. 4), a dent now appears in the ion velocity pro� le. The
cause of the dent can be understood from Fig. 15, which shows
the number densities and � ow velocities of Li3+ and Li+ . Because
the Li3+ � ow impingeson the denserLi+ � ow, the Li3+ � ow velocity
is suppressed near the peak of n+ .

Figure 16 shows the distributionof the electron temperature.The
electron temperature in the core region decreases by 40% in a brief
period of 120s p (=7.72 £ 10 ¡ 12 s). For t ¸ 480s p , the electron tem-
perature shows a monotonic decrease in the radial direction. There
is no appreciable separation among the temperature components.
To examine the effects of the ambient plasma, the PIC simulation
of Li3+ plasma is also performed for the case in which the initial
plasma core is surrounded by a vacuum. Figure 17 shows the elec-
tron temperature components in the case of a vacuum. The electron
temperaturedecreasesabout 10 times as slowly as it does in the case
when the ambient plasma exists. From these results, it is found that
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Fig. 18 Mixing of electrons from core plasma and ambient plasma.

Fig. 19 Electron temperatures for all electrons, core electrons, and
ambient electrons.

an ambient cold plasma makes a great contribution to the coolingof
an OFI plasma. Next, let us focus on the mechanism of this cooling.

First we divide electrons into two groups. One is the group of
the electrons that are initially in the plasma core, and the other is
the group of the electrons initially included in the ambient plasma.
Figure 18 shows the number densities of the two groups in the early
stage of expansion (t =120s p ). We can see that the mixing of the
two groups proceeds much more quickly than the expansion itself.
At t =120s p , the electrons coming from the backgroundamount to
about a half of the total numberof electrons in the plasma core.This
is the reason why the electron temperature in the core region de-
creases so fast. Figure 19 shows the temperaturesof the two groups.
Note that the temperaturepro� les of both groups coincidevery well
in the core region. Energy transfer between the two groups due to
coulomb collisions is very effective.

The next question is why the mixing of the two electron groups
proceeds so quickly. Figure 20 shows the distribution function for
the radial velocity of electrons existing near the edge of the plasma
core at t =60s p =3.86 £ 10 ¡ 12 s. The velocity distribution of the
bold line has two peaks. It is far from Maxwellian. Electrons from
the background� ow inward,while electronsfrom the core � ow out-
ward. This feature of electrons results in two peaks in the velocity
distribution.The reason why electrons behave in such a way can be
explained from Fig. 21, which shows the electric � eld and charge
density near the edge of the plasma core at t = 60s p . At t = +0,
electrons with high energy near the edge of the plasma core start to
escape from the core and ions near the edge are left as they stand
because electrons move much more quickly than ions. Such posi-
tive ions induce an intense electric � eld near the edge, as shown in
Fig. 21. This electric � eld pulls electronsinward.However, the elec-
trons pulled into the plasma core are not the electrons that escaped
from the core but the electrons with low energy in the background.
This is the mechanism of the rapid mixing of the electron groups.
In other words, this is the mechanism of the rapid cooling observed
in the Nagata et al. experiments.9,10

Fig. 20 Distribution of radial velocity of electrons near the edge of
plasma core.

Fig. 21 Electric � eld and charge density near the edge of plasma core.

Fig. 22 Evolution of double layer of electric charge and electron den-
sity.

Furthermore, we can recognize a double layer of electric charge
in Fig. 21. Figure 22 shows the time evolution of the double layer.
It can be seen that a double layer always appears at the dense wave
front.

V. Conclusion
We developeda PIC simulationcode includingthe latest coulomb

collision algorithm. Using this code, the mechanism of cooling in
OFI plasmawas clari� ed.The resultsobtainedcanbe summarizedas
follows. Items 1 and 2 are relevant to the expansion of C5+ plasma
into a vacuum, and other items are pertinent to the expansion of
high-temperatureLi3+ plasma into an ambient cold Li+ plasma.

1) In the case when the initial plasma core expands into a free
space, the ion density obtained from the PIC simulation agrees well
with a self-similar hydrodynamic solution.
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2) The effect of coulomb collisions on the expansion is large:
Coulomb collisions greatly recover the translationalequilibrium of
electrons and ions, largely reducing the separation of temperature
components during the expansion.

3) Expansion of the plasma proceeds, accompanied by a dense
wave front. The electron density behind the wave front decreases
with time, and in the later stage of expansion, this electron density
becomes lower than that of the ambient plasma.

4) The radial distributionof the electrondensity can be explained
by the impingement of the Li3+ � ow and Li+ � ow. The Li3+ � ow
pushes the Li+ � ow forward, and hence, the Li+ density pro� le
shows a peak in the location of impingement, where the electron
density pro� le also shows a peak because of charge neutrality.

5) The electron temperaturein the core region drops very quickly.
This is ascribable to a rapid invasion of the ambient cold electrons
into the core.

6) A double layer is formed in the wave front; charge den-
sity changes signs in the layer. The electric � eld corresponding to
the double layer pulls electrons inward. The electrons pulled into
the core are mostly the electrons with low energy coming from the
background,which is the reason for the rapid invasion described in
item 5.

7) A large nonequilibrium in the velocity distribution function
shows that only the particlemodel makes sense in such problems as
are treated in this work.
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