
Abstract. It is shown that the recent production [T C Killi-
an et al. Phys. Rev. Lett. 83 4776 (1999)] of an ultracold
laser plasma (Ne � 2� 109 cmÿ3, Te � 0:1 K, Ti � 10 mK)
can be considered as the first experimental demonstration
of the metastable state of a supercooled plasma, which we
predicted theoretically. Our theory provides an explanation
for the moderation of three-body recombination observed in
the above-cited paper. We present the calculations that sim-
ulate the conditions of the ultracold-plasma experiments.

1. Experimental results
Killian et al. [1] reported the production of an ultracold
laser plasma with unique parameters: the charge density
Ne � 2� 109 cmÿ3, the electron temperature Te � 0:1 K,
ion temperature Ti � 10 mK, and the ionisation degree a
� 0:1. The plasma was produced by a two-stage (l1 � 882
nm and l2 � 514 nm) ionisation of the 6s�3=2�2 metastable
states of xenon.

The metastable Xe atoms produced in a discharge were
slowed down employing the Zeeman deceleration technique,
collected in a magneto-optical trap, and radiation-cooled on
the 6s�3=2�2ÿ 6p�5=2�3 (l1 � 882 nm) transition down to a
temperature of � 10 mK. The ionising photon energy (l2 �
514 nm) was so selected that the electron detached in the pho-
toionisation had a low kinetic energy E=kB � 0:1ÿ 1000 K.

Such a plasma is strongly nonideal. The nonideality para-
meter g of this plasma, equal to the ratio of the average poten-
tial energy of particles to their kinetic energy (g � e2=(aT )), is
rather large and equals ge � 34 for the electrons and
gi � 3:4� 105 for the ions [e is the electron charge and
a � �4pNe=3�ÿ1=3 � 5� 10ÿ4 cm is the average distance bet-
ween the charged particles]. According to the conventional
theory of three-body recombination, a plasma with such
parameters should decay instantly. The characteristic
three-body recombination rate t�0�rec � 0:3�m1=2

e T 9=2
e �=e10N 2

e
(me is the electron mass) is � 5� 10ÿ16 s for Ne �
2� 109 cmÿ3, Te � 0:1 K and � 2 ns for Ne � 2� 108 cmÿ3;
Te � 1 K. However, the plasma lifetime observed in the experi-
ments of Ref. [1] was many orders of magnitude longer,
amounting to � 100 ms.

In our opinion, the experiments performed in Ref. [1] are
of fundamental importance not only because of the unique
plasma parameters achieved, but also for statistical physics
and the theory of phase transitions.

2. Theoretical prediction of recombination
moderation
The moderation of recombination in a supercooled nonideal
plasma was first predicted in the late 1980s based on the
analysis of the simulated behaviour of a great number of
Coulomb particles (see reviews [2 ^ 5] and references therein).
The analysis of numerical multiparticle dynamics (MPD)
simulations revealed that a metastable state appears in the
system, which is remote from the thermodynamic equili-
brium in respect of the degree of ionisation and the sub-
sequent relaxation is moderated. More precisely, the subse-
quent relaxation to the thermodynamically equilibrium
state takes place to only the degree to which the time rever-
sibility (time symmetry) of the numerical solution of dyna-
mic equations is lost.

To verify these conclusions experimentally, it was pro-
posed to produce a nonideal plasma bunch by ionising ions
with laser radiation with the photon energy being close to
the ionisation energy [6, 7]. The viewpoint that the recombi-
nation moderation can occur in a dynamic system received
support in Ref. [8].

There are grounds to believe that it is the metastable state
of a supercooled plasma predicted in our work that was real-
ised in the experiments of Ref. [1]. Consider to what extent
the results obtained agree with the theoretical predictions
made earlier in Refs [2 ^ 5].

3. Initial stage of relaxation
Although in Ref. [1] the achievement of the electron temper-
ature Te � 0:1 K was reported, experimental results were
given only for Te of the order of several Kelvins. This is
unlikely to be accidental. The point is that electrons heat
up, according to our results, due to collective interactions
in a time t � 0:5oÿ1L �oL � (4pe2Ne=me)

1=2 is the Langmuir
frequency]. During this period of time, the mixing of the
phase trajectory of the multiparticle Coulomb system occurs,
which is characterised by the Lyapunov index L � 2:4oL [4,
5]. As a result of the mixing, the nonideality parameter g is
reduced to about 0.4 ^ 0.8.

We performed special MPD calculations by the method
outlined in Refs [2, 3] to model the experimental conditions
of Ref. [1]. Electrons and ions were treated, as before, as small
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charged spheres of diameter d � 0:05N ÿ1=3
e . The charge

density was 2� 109 cmÿ3. The initial conditions simulated
the photoionisation of neutral atoms and were specified
as follows. The initial coordinates of n ions (n � 512) were
spe-cified in the simulation range (a cube with the edge
a � n=Ne� �1=3 and walls that reflect the particles specularly)
with a probability density uniformly distributed over the
cube volume. The initial ion velocities were specified in
accordance with the Maxwell distribution for temperature
Ti � 10 mK. There was one electron per every ion in the sim-
ulation range (the initial coordinates of the ions and the
electrons coincided), the electron velocities were uniformly
distributed over directions, and their kinetic energy was set
equal to the ionisation energy of a given pair of particles
(`atom').

Then, the Newton equations for 2n particles were solved
with the inclusion of all electrostatic interactions in the sys-
tem and sufficient statistics was accumulated. The cal-
culation showed that the electron thermalisation stage is pre-
ceded, for the given initial conditions, by the stage of escape
from the potential wells (the descending portion of the tem-
perature curve in Fig. 1a). Then, upon the onset of multi-
particle interactions, the electrons thermalise, as we noted
previously. Due to heating, in a time 0:5oÿ1L � 0:2 ns the elec-
tron temperature sets in at a level Te � 3:3 K, for which
g � 1.Then, Te grows slowly, so that the average temperature
Te is 5 K.

Note that the use of the classical approximation for the
description of the motion of free particles is quite legitimate
under the conditions of the experiments [1]. The parameter
a meTe� �1=2=�h, which characterises the ratio between the aver-
age interparticle distance and the de Broglie wavelength is
high enough even for Te � 0:1 K: a(meTe)

1=2=�h �53 [for
Te � 5 K we have a(meTe)

1=2=�h � 370)]. For ions and atoms,
a mXeTi� �1=2=�h � 260 for Ti � 10 mK (mXe is the mass of a
xenon atom).

Thus, even if the laser-induced ionisation gives rise
to electrons with a zero kinetic energy, the electron temper-
ature of several kelvins should become settled in a time of
less than a nanosecond. This is consistent with the data of
Ref. [1].

4. On the recombination mechanism
In MPD simulations [2 ^ 5], the electron velocity distribution
function in the metastable state was shown to be Maxwellian.
However, the distribution f (e) of total electron energy is not
the Boltzmann distribution. In the negative energy range
e < 0, the distribution f (e) falls off exponentially as
�exp

ÿÿ 0:32jej=e2N 1=3
e
�
. This distinguishes radically the

metastable state distribution from the Boltzmann distribu-
tion, which is characterised by an exponential growth. We
obtained a similar result in this paper by simulating the
experimental conditions of Ref. [1] (Fig. 2). The exponential
decay of the total-energy electron distribution in the range of
high negative energies is responsible for a significant recom-
bination moderation.

Earlier, we developed a recombination theory that is con-
sistent with the results of simulations.The theory explains the
absence of the effect of recombination moderation under
usual conditions. The point is that for high-negative-energy
electrons

e < ÿe1 � Ry
e2N1=3

e

2Ry

 !2=3
; Ry � mee

4

2�h2
� 13:6 eV, (1)

the spectrum discreteness becomes important and the relax-
ation due to binary collisions, which are described by tra-
ditional kinetic models based on the principle of detailed
balance, becomes dominant. The following expression for
the recombination time was obtained in this case [3]:

trec � t�0�recx; x � 1:82d5=6x1�e1=Te�x2�Ne�

� 6:73d7=6�x2�Ne� ÿ 1�: (2)

Here, t�0�rec is the recombination time used in the conventional
theory; and x is the correction factor;

d � 2e6Ne

T 2
e

;
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Figure 1. Time evolution of Te and Ti (a) and of the nonideality parameter
ge � e2=�aTe� (b).
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Figure 2. Electron total-energy distribution function (2n � 1024;
Ne � 2� 109 cmÿ3): the distribution in the metastable state obtained by
averaging over a time oLt � 3:1ÿ 12:4 ( 1 ), microfield distribution calcu-
lated by the formulas of Refs [2 ^ 5] ( 2 ), and the Boltzmann distribution
( 3 ). The microfield and Boltzmann distributions were plotted for
Te � 3:6 K ^ a value obtained by averaging the temperature over the time
interval. The electrons were assumed to initially reside on the ions and
possess the kinetic energy equal to the ionisation energy.
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Expression (2) yields results close to those of the conven-
tional three-body recombination theory in the range of not-
too-low temperatures (x � 1 for Te > 0:03 eV � 350 K).
For this reason, we paid earlier the main attention to the fea-
sibility of producing a strongly supercooled ion-ion plasma
wherein the role of quantum effects is insignificant. Attaining
the parameters of an electron-ion plasma in the range where
the recombination moderation is significant seemed hard to
realise in experiments.

However, it was these parameters that were achieved in
the experiments of Ref. [1]. Indeed, for Te � 5 K and
Ne � 2� 109 cmÿ3, we have e1 � 56 K, and expression (2)
yields a significant recombination moderation compared to
the conventional theory: x � 2:4� 103. In this case, the cha-
racteristic trec following from our theory is 60 ms. For
Te � 5 K and Ne � 109 cmÿ3, we have x � 2:5� 103, and
trec � 212 ms, which is also consistent with the results of
experiments [1]. Note that the radiative recombination under
these conditions can be neglected because its time amounts to
several seconds.

5. Conclusions
Thus, there are strong grounds to believe that Killian et al.
[1] realised experimentally a supercooled plasma whose char-
acteristic recombination time turned out to be several orders
of magnitude larger than is predicted by the theories relying
on the principle of detailed balance in its traditional form.
The recombination moderation corresponds to the theory
developed by us earlier. We believe that the recombination
moderation will become far more significant as we pass to an
ion-ion plasma.

Note especially the fundamental importance of the exper-
imental realisation of the metastable state for the sub-
stantiation of statistical physics and the theory of phase tran-
sitions. The matter is that the difference between the
traditional treatment and our approach is deep in nature
and is not reduced to the difference in the kinetic models
only (for more details, see Ref. [5]).

Acknowledgements. The authors are grateful to I L Iosilev-
skii, who called our attention to Ref. [1].

References

1. Killian T C, Kulin S, Bergeson S D, Orozco S D, Orzel C, Rol-
ston S L Phys. Rev. Lett. 83 4776 (1999)

2. Maiorov S A, Tkachev A N, Yakovlenko S I Usp. Fiz. Nauk 164
298 (1994) [Physics ëUspekhi 37 279 (1994)]

3. Maiorov S A, Tkachev A N, Yakovlenko S I Phys. Scr. 51 498
(1995)

4. Tkachev A N, Yakovlenko S I Izv. Vyssh. Uchebn. Zaved., Fiz.
41 47 (1998)

5. Yakovlenko S I Phys. Vibrat. 6 267 (1998)
6. Yakovlenko S I Kvantovaya Elektron. 19 5 (1992) [Sov. J.

Quantum Electron. 22 1 (1992)]
7. Yakovlenko S I Laser Phys. 2 196 (1992)
8. Kadomtsev B B Dinamika i Informatsiya (Dynamics and Infor-

mation) (Moscow: Edition of the Editorial Office of the `Usp.
Fiz. Nauk' Journal, 1997)

Moderation of recombination in an ultracold laser-produced plasma 1079

http:/www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=1994&tur_v=37&tur_n=3&tur_c=13

