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Abstract

®

CrossMark

Based on fluid model, the three-dimensional expansion of ultracold plasma is studied. The model
considered both thermal pressure and ambipolar potential rising due to the local charge
separation. By using isothermal assumption and quasi-neutrality condition, the time dependent
asymetric expansion parametric investigation is conducted for two different ultracold plasma ion
species (St and Ca™). It is found that ion temperature, in the range of ultracold limit, did not
affect strongly the expanding profile but decreases the expanding density by an amount of
~0.5% to ~7%.The ion inertia is also found to enhance the asymetric aspect of the anisotrpic

plasma expansion.
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1. Introduction

Recent developments have made it possible to form neutral
plasmas with thermal energy much less than the energy
required to collisionally ionize atom. Indeed, in plasmas of
temperature above 300 K thermal energy leads to collisional
ionization which sustains the system and prevent recombi-
nation that gives rise to neutral gas where collective effect are
not important. To achieve neutral plasma state one has to
increase the temperature for moderate densities or have a very
high densities at low temperatures, not an easy task for
laboratory plasmas, particularly when the temperature is less
than 10* K. However, at temperatures of order one Kelvin, a
neutral plasma is produced by photoionization of laser-cooled
atoms. First, Rydberg atoms of density in the range
10°-10"cm ™ are cooled and confined in a magneto-optic
trap. This Rydberg gas is then ionized by applying a delayed
electric field leading to the spontaneous production of ultra-
cold-neutral plasma [1-3]. The latter experimentally began at
the National Institute of Standards and Technology since
1999 [1], where ions of temperature ~10 K had been pro-
duced by the photoionization of laser-cooled xenon atoms to
have a neutral plasma of density 10° cm™>. In such a plasma
particles can be near the strongly coupled regime [4, 5]. This
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is characterized quantitatively by the Coulomb coupling
parameter I = (Z,%e*/4negay) [k T, where,
a, = (4mn,/ 3)71/ 3 is the Wigner—Seitz radius characterizing
the separation between particles at density n, and of temp-
erature T,. A plasma is said to be in strongly coupled regime
when I' > 1. Because electron temperature is almost always
greater than that of ions, electrons can be in a weakly coupled
regime while ions are strongly coupled [6]. Thus, ultracold
plasma may span a wide range of applications such as the
formation of antihydrogene atoms [6], stopping highly
charged ions to be used in trap measurement and diagnostic
purposes [7, 8] as well as in the development of plasma based
accelerators [9].

Ultracold neutral plasma expansion is mainly governed
by electron thermal pressure which makes it very sensitive to
electron temperature [10]. To study particles dynamics and
energy flow associated to an expanding ultracold plasma, a
radio frequency electric field has been used to excite plasma
oscillation [11]. Direct imaging of the plasma has also been a
very important tool to investigate the plasma expansion [12].
During expansion ions can be removed from the plasma by
three body recombination in which one ion and two electrons
are involved. An electron and an ion recombine and a second
electron serves to conserve energy and momentum resulting
on electron and exited atom [3, 13]. This recombination also
decreases electron correlation [14]. In the case of freely
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expanding neutral ultracod plasma the strongly coupled
parameter increases considerably, due to ions adiabatic
cooling [15]. The ion temperature decreases, as the system is
not connected to any energy reservoir. For electrons, disorder
induced heating leads to a non self-similar expansion in the
strongly coupled regime [16] and the quasi-neutrality breaks
down. Thus, ultracod plasma expansion evolves a change
imbalance leading to slowdown the outer plasma expansion
[17]. However, expansion remains self similar despite a non
global thermal equilibration. As the neutrality of ultracold
plasmas is not perfect, their exterior region, due to electron
screening, exhibits a non neutrality which turns out to
increase the electron cooling rate [18].

To investigate the spatial expansion of ultracod plasma
an isothermal self-similar model has been used. For an
elliptical symmetric plasma, the anisotropic expansion is
characterized by a faster velocity in the symmetric plan
compared to the elongated direction, parallel to the laser
probe [19]. Commonly in plasmas ion acceleration can be
attributed to thermal processes induced by temperature gra-
dients and to the electric processes resulting from local charge
separation. From a theoretical point of view, each processes
have theirs own signatures, especially during the earlier times
of expansion. The main aim of the present work is studying
the anisotropic ultracold plasma expansion to depict the
contribution of both thermal pressure and local charges
separation on different directions of the expanding plasma
mechanisms. For this purpose the study is conducted to find
the main physical parameters that govern such an expansion.

2. Physical model

The laser ionization creates a plasma from where electrons,
having enough kinetic energy to overcome the electric barrier,
escape leading to a net positive space charge. Then, electrons
at the head of expanding front pull ions, by the ambipolar
electric field, to be accelerated. Escaping electrons leave the
sample within nanosecond time scale [20]. At each point in
time these electrons are assumed to be in thermal equilibrium,
governed by Maxwell-Boltzmann distribution i.e.

ew)} W

ne(F, 1) = ng, exp( kol
where ¢ = ¢(¥) stands for the electrostatic potential, n,, is
the initial electron density, T, is the electron temperature and
kg is the Boltzmann’s constant. Since the electron thermali-
zation time (~ns) is very small compared to the time scale of
the ultracold plasma expansion (~pus) [12], electron thermal
equilibrium is set during all the process. For an asymptotic
behavior i.e. long times the hole plasma expansion is quasi-
neutral and self-similar. Thus, the dynamic of the collisionless
ions can be described by the following equations,
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where n; = n;(7, t), vi = v;(¥, t) are the ion density and ion
velocity, respectively. m;, e are the ion mass and the ele-
mentary charge, respectively. The set of equations is closed
by Quasi-neutrality condition which occurs in plasma
expansion as long as the characteristic plasma size is greater
than the Debye length. In this case, expansion can be studied
without solving Poisson’s equation since we have V¢ = 0
and the electrostatic potential ¢(x) can be obtained implicitly
from the condition n; = n,. Such an assumption has been
largely used in plasma expansion and provides simple solu-
tions to the expansion problems [21]. Moreover, by using
quasi-neutral condition asymptotic solution can be obtained
for the sake of solving boundary value problems or combine
this solution with other models such as a Child-Langmuir
model [22]. Quasi-neutrality applies also for ultracold plas-
mas where two region are observed, an interior region of the
most scientific interest with two-component i.e. ions and
electrons, where neutrality applies and a non-neutral outer
region. The expansion is very sensitive to the neutrality of the
UCP that needs to be considered for correct measurements
[18]. However, when the quasi-neutrality breaks down one
has to consider non-neutral plasma and solve Poisson’s
equation by invoking molecular dynamics or particle-in-cell
simulation. From Maxwell-Boltzmann distribution given by
equation (1), the electrostatic potential can be written in terms
of density and temperature as

6(F) = sz;m( e ) @)

e Neo

We note that there is no sink/source terms in equation (2)
because we assume that recombination can be neglected and
the number is conserved. Indeed, the three-body recombina-
tion rate is proportional to n? Te_9/ 2, For a plasma of density
~10"%c¢m™> and electron temperature ~100 K, one finds a
rate of ~10" Hz and a corresponding time of ~0.1 ns, very
small compared to the expansion time scale [13]. The amount
of recombination and its influence strongly depends on the
initial electron temperature and density. If the electrons are
too hot (about 50K for typical experimental densities of
10° cm ), recombination is strongly suppressed [23]. In our
works we take the temperature 100 K for Ca™ ion plasma and
55 K of Sr™.

Commonly, as the temperature is very small, momentum
equation includes only the charge separation effect. The main
aim of the present work is to establish the temperature limits
for which pressure term has no effect on the ultracold plasma
expansion. We use isothermal fluid model [24], where the
pressure corresponds to ,; = kgT;n;. The three-dimensional
plasma expansion results from an initial cylindrical plasma
shaped by Gaussian laser. This profile is obtained by
adjusting the laser-cooling parameters and imaging the cloud
in two perpendicular axes. The initial ion-density distribution
is proportional to the Gaussian distribution of the laser-cooled
atom cloud from which the plasma is created [16, 25]. The
longitudinal direction belongs to the laser propagation axis
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and the radius is in the (x, y) plan [20]. However, for an
elliptical symmetry the plasma expands in two dimensions. In
this case the density drops more slowly than in the three-
dimensional case. We hypothesize a density distribution of
the form:

N5y

n(x,y,z, 1) = ——>—
! 7372

xexp[—? + y) i) — 22601, (5)
where N; is the number of ionized ions and the functions 3,
and (3, are time dependent. At initial time (;(0) = a;z and
52(0) = ofzagz. The ions density of n; ~ 10" cm 3 results
from a laser pulse of intensity about 20 Mw cm™ > [12].

Following the change of variables, the ion velocity has a
linear form given by [19],

i = @i +y)) + nzk. (6)
The plasma is set to be globally neutral throughout the
expansion, the quasi-neutrality equation is given by
ne(?s l) = ni(?v t) (7)
From these assumptions, the electric potential of ultracold
plasma can be calculated and expressed as:
kpT,
e

P(x,y,2) = — (Bix* + Biy* + B222). ®)

Inserting equation (6), (5) into (2), we obtained the following
system of equations

4B
dr
v, is a parameter determining the local mean of the
velocity distribution. All components have the same form of
solution. By using equations (3)—(6) and (8), one obtains
dyk

2kg
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By using equations (9) and (10) we obtain the differential
equation
.. . 2
ﬂ—’;—éﬂ%+2v2(>\+1):0
B 2 B
which describes the dynamic of plasma, where A\ = T;/T,,
and v* = 2kgT,/m; represents the plasma expansion velocity.
Solving equation (11) yields main insights into ultra-cold
plasma dynamics, through the functional form of the ion
expansion,

(11

A1) = [0 + (A + Dy ! (12)
Br(t) = [P0 + (A + Dv2]! (13)
() = (A + Dvpi(r) (14)

Y (t) = (A + Dvipy (1), (15)

where oy being the size of the plasma cloud assumed to be the
same as the pulse beam focused to the MOT [26]. The
parameter « defines ellipticity of the system [19]. The time
evolution of the parameters describing the expansion of an
ultracold plasma can be written as
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3. Results and discussion

Expansion occurs when a confined fluid finds free openings.
It can hold into vacuum or other medium under thermal
pressure for a neutral gas and due to the combined effect of
thermal pressure and electrostatic potential for a plasma par-
tially or totally ionized. However, an ultracold plasma, is
mostly in strongly coupled regime where electric interaction
dominates thermal ion agitation. Thus, it is reasonable to
question to what extent an ultracold plasma can be assumed
only governed by the rise of a local charge separation that
creates the ambipolar electrostatic potential. For that purpose
in figure 1 is plotted the density variations in the plan x—y for
an ultracold plasma. In this figure we have gathered three
situations for the expansion mechanism: (a) due to electron
thermal pressure (b) with only ion thermal pressure and (c) in
the presence of both effects. This is achieved by setting initial
ion temperature to zero (non zero ion temperature), initial
electron temperature to zero (non zero ion temperature), and
then neither temperature to zero, respectively. As reported by
previous works [25], ion pressure term did not play a sig-
nificant role in the ultracold plasma expansion mechanism.
Rather, the electrostatic potential (due to electron thermal
pressure) that have the main role. Such a potential is created
by electron fast motion under electron thermal pressure. As
shown by figure 1 profiles are not affected by the presence of
ion thermal pressure term in the equation of motion. Such a
term reduces the density by an amount of 0.5% at the plasma
bulk, where the density is high and the particle inter-distance
is small. The ion pressure term contribution is more important
at the plasma outer-shells where the plasma is rarefied to give
a density reduction by an amount of ~7% on the density
when ion thermal pressure is considered. In the plan x—y, the
expanding profiles remain symmetric whatever the processes.
However, by analyzing different expansion mechanisms its
clear that under electron thermal pressure effect the expansion
is faster. At the first stage light-weighted species and higher
speed electrons are at the head of the expanding front and pull
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(a): potential effect
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Figure 1. Plots of Sr* ion density measured in the x—y plan at a fixed expansion time corresponding to t = 10

(b): pressure effect

(C): potential and pressure effect
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correspond to g, = 1.4 mm, T; = 1 K, T, = 55 K [27]. (a) In the presence of only the electrostatic term, (b) under the effect of thermal
pressure and (c) in the presence of both electrostatic and thermal pressure effects.
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Figure 2. Contour plot of plasma density variation during a specific time domain. (left) for St in the domain ¢ € [0, 10°] s and right for Ca*
in the domain 7 € [0, 10~°] s. First row in z direction and the second row corresponds to x direction.

with them some ions to preserve quasi-neutrality. Thus, these
ions slow-down the next wave expanding ions (of the inner
shell) which, at the end, makes all the expanding processes
slower.

In figure 2, the first row is plotted by considering
a=250,=14mm,T; = 1K, T, = 55K and ion number
N; =7 x 107 ([12, 27]) for Sr" and for the second row we
use oo = 0.05cm, N; = 10° and 7, = 100 K with Ca™ as an

ion species [24]. Note that the expanding domain is not the
same because light-weighted ultracold plasma ion species
finds its expansion ends earlier (n — 0). As the initial ion
distribution was set asymmetric, this is preserved during all
the expansion time. However, the asymmetric behavior is
stronger for heavy ion species (Sr"), may be due to particles
inertia which force the Gaussian profile as the system expands
and governs the dynamics. The energy is localized in the
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Figure 5. Expansion velocity effect on plasma potential for v = 80 ms~" (b). First row for Sr™ and second row for Ca™.

plasma bulk (z ~ 0), ions of this region have sufficient energy
to overcome the coulomb barrier but faster for light-weighted
species which turns to give similar profiles in x and z direc-
tions. Indeed, although the expansion is self-similar because
the Debye length remains less than the plasma size (figure 3)
it grows faster for Sr* and particularly in the z-direction to
reach the present model limitation (quasi-neutral assumption).

In figure 4 we investigated the effect of initial velocity on
radial expansion. This velocity is achieved by the outward
electron pressure [28] which is monitored by electron temp-
erature. In a recent work [29] the electron temperature was
found to play a crucial role due to diverse heating and cooling
mechanisms in which they are involved. The acceleration of
electrons having higher kinetic energy turns to increase the
local ambipolar potential giving rise to faster ion motion of
the outer shell, as shown by the second column of figure 4. In
addition, This leads immediately to a stronger filed which
keep a higher density in the bulk plasma particularly when the
ion inertia is weak because of the strongly coupling between
particles (figure 5). Thus, initial expansion velocity can be
used to monitor the density [30].

4. Conclusion

The three-dimensional expansion of a laser-produced ultra-
cold plasma having a Gaussian shape is studied using a fluid
model for ions along with isothermal electrons having
asymmetric Gaussian distribution characterized by time
dependent parameters. In the quasi-neutral limit, numerical
investigation showed that the ultracold ion expansion is
governed by the ambipolar potential created by local charge
separation rather than ion thermal pressure which only redu-
ces the density of the expanding front by an amount ranging
from ~0.5% for the bulk plasma to ~7% for the plasma
outer-shells. However, the electron temperature which gov-
erns the initial velocity of the expansion has a significant
effect on the time expansion evolution. In addition the inertia
effect investigated by studying the expansion of ultracold
plasma of Sr* (heavy-weighted) as ion species and light-
weighted one (Ca™) reveals that the asymmetric aspect of the
expansion is stronger when the ion inertia is important.
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