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In recent experiments ultracold plasmas were produced by photoionizing small clouds of laser
cooled atoms. This paper presents the results of molecular dynamic simulations for the early time
evolution of such plasmas. Contrary to earlier speculation, no evidence of strong electron—electron
correlations is observed in the simulations even if the initial value of the coupling parareter (
=e’/akT,) is much larger than unity. As electron—electron correlations begin to develop, the
correlation energy is released to heat the electrons, raising the electron temperature to the point
wherel' .~ 1 and limiting further development of correlation. Further heating of the electrons occurs
as a by-product of three-body recombination. When a model of laser cooling is added to the
simulation, the formation of strong ion—ion correlation is observed. Contrary to earlier suggestion,
the rate of three-body recombination is observed to be in reasonable agreement with the traditional
formula, R=3.9x10° s [n(cm %) ] T«(K)] %2 but care must be taken to use the correct
temporally evolving temperaturd,.. The simulations are challenging because it is necessary to
follow three-body recombination into weakly bouffdgh n quasiclassicalRydberg states, and the

time scale for such states is short compared to that for the plasma dynamics. This kind of problem
was faced earlier in computational astrophysics when studying binary star formation in globular
clusters and the simulation method used here is adapted from such studRB02CAmerican
Institute of Physics.[DOI: 10.1063/1.1497166

I. INTRODUCTION ried off by an electron, rather than a photon. One can think of
the process as the collisional approach to a state of thermal
In recent experiments;® ultracold neutral plasmas were equilibrium, which is a neutral gas.
produced by abruptly photoionizing small clouds of laser  The rate of three-body recombination is controlled by a
cooled xenon atoms, carefully adjusting the energy of theinetic bottleneck at a binding energy of a fewT,, where
ionizing photons to barely exceed the ionization potentialk is the Boltzmann constant afd, is the electron tempera-
Electron temperatures as low dg=0.1 K were reported. ture. For binding energies above the bottleneck, subsequent
The ions inherited the even lower temperature of the lasecollisions typically reionize an electron—ion pair. However,
cooled atoms T;=10mK). In closely related occasionally a collision leaves a bound pair with energy be-
experiment$; ®the cooled atoms were photoexcited to high-low the bottleneck. Then subsequent collisions produce a
n Rydberg states, and an ultracold plasma resulted from cokascade to ever deeper binding. Thus, a pair can be declared
lisional processes. Here, we focus on the plasmas that werecombined when it passes below the bottleneck. The simu-
produced directly by photoionization, since the initial condi- lations follow many bound pairs as they cascade to energies
tions for the plasma state are well defined. below the bottleneck. Since the critical range of binding en-
These novel plasmas present interesting challenges trgies scales lik&T, and sincekT, is orders of magnitude
theory. For example, it has been suggested that the initial lowmaller than the Rydberg energy, the essential physics can be
temperature of the plasmas implies strong correlatialso,  captured by a classical molecular dynamics simulation.
there has been a worry that the traditional theory of three- The necessity of following the recombination into
body recombination is not applicable at the low temperaturesveakly bound(high-n) Rydberg states is the main challenge
of the plasmas: In contrast, we argue here that rapid intrin- to the simulation. The difficulty is that the time scale for an
sic heating of the electrons raises the temperature to the poietectron orbit in such a state is much shorter than the time
where strong correlation cannot develop and where the trascale for the orbit of a typical unbound electron. In plasma
ditional theory of three-body recombination is approximatelysimulations of this kind some authors have used two time
correct. These arguments are substantiated by molecular dgeales: one for particles with near neighbors and another for
namics simulations of the early time plasma evolution. Wethe remaining particleSAnother variant is to use piecewise
also simulate a proposed experinfeint which the ions that analytic solutions for Kepler orbits. We prefer a treatment
result from photoionization are themselves laser cooled, anthat does not make special assumptions about particles with
in this simulation strong ion—ion correlation is observed. near neighbors, but seamlessly encompasses the continuum
At the low temperatures of these plasmas, three-bodpf time scales required.
recombination is very rapid—much faster than radiative  Fortunately, such a treatment was developed previously
recombinatiorf. Three-body recombination proceeds throughin computational studies of binary star formation in globular
a sequence of collisions, with the recombination energy carelusters. The binary stars are the analog of the InigRyd-
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berg atoms and the cluster is the analog of the plasma clouévolves. However, as the electron correlations begin to de-
We have adapted a code developed by Aaf8éth the study  velop, the correlation energy is released to the electron
of binary star formation. plasma as heat, and this limits the strength of correlation

The code is a molecular dynamics simulation in thereached. To reach a correlation strength corresponding to
sense that the force on a given particle from each of the othdf,=1, each electron picks up thermal enekjf,=e?/a. At
particles is calculated directly. Time integration is effectedthis point the coupling parameter has the value
with a predictor corrector scheme using a fourth order poly- _ 2 2 o\
nomial fit to the orbit. The crucial feature is that the time step Fe=eakTe=(efa)/(e7/a) =1,
for each particle is adjusted independently depending oso further development of correlation ceases. Even if the
such factors as the rate of change of the acceleration. Thus,Ritial electron temperature were zero, corresponding for-
bound electron can have a much shorter time step than mally to infinite 'y, strong correlation would not develop.
typical electron without slowing down the whole simulation. We hasten to add that the initial electron temperature
To keep all of the particles moving in near synchrony, thewould not be zero even if the energy of the ionizing photons
code advances next the time step for the particle that igxactly matched the ionization potenti&r a single isolated
furthest behind in absolute time. To evaluate the force on thigtom. Because of the Coulomb fields from neighboring elec-
particle, the other particle positions are extrapolated back itrons and ions, the ionization potential for atoms in the
time to exact synchrony using the polynomial fit to the or-plasma varies from atom to atom by an amount of order
bits. e’/a, and this sets a minimum temperature of orddr,

As one would expect, there are interesting parallels be=- e?/a.’® The picture is further complicated by the fact the
tween three-body recombination in these plasmas and binafgnization process takes place over a finite time. Typically,
star formation in clusters. We will see that a by-product ofheating due to the release of correlation energy is occuring
three-body recombination is heating of the unbound elecwhile the plasma is being created.
trons and even production of suprathermal electrons that are In the following we ignore these complications and con-
ejected from the plasma. Likewise, binaries “harden” by sider simulations where the initial electron and ion tempera-
giving kinetic energy to other stars through collisional inter-tures (or more precisely, kinetic energjeare zero, corre-
actions, sometimes ejecting stars at high velocity from thesponding formally to infinite initial values fofF, andT’;.
core of the clustel! This heating mechanism is now thought This gives correlations the best opportunity to develop. The
to be the primary mechanism for supporting globular cluster®bserved failure of strong correlations to develop then
against gravothermal contraction and core colldpse. emerges as an intrinsic consequence of the dynamics. The

Two recent papeté!*have provided a good theoretical release of correlation energy as heat limits the development
description of the long term evolution of ultracold plasmaof correlation.
clouds. Our work is complementary in that it focuses on the ~ The time scale for this electron dynamics is of order
early time microscopic physics: the correlation physics andu,}el, where w,e= J4mne?/m, is the electron plasma fre-
the cascade process of three-body recombination. Theuency. On a longer time scalee., wgﬁ:\/mi/mew;el),
Aarseth simulation method is ideally suited to focus on thision—ion correlations begin to develop and the released en-

physics. ergy heats the ions limiting the effective ion—ion correlation
strength.

Il. CORRELATION AND INITIAL HEATING Murillo 6 considered ion heating by the release of corre-
lation energy, but he treated the electrons as a dielectric fluid,

A. Theory background and focused on the liberation of correlation energy for a sys-

For a plasma in thermal equilibrium, the strength of cor-tem of Debye shielded ions. Unfortunately, this approach
relation is determined by the coupling parametEr misses the electron heating that dominates the early stages of
=e’/akT, where a is the Wigner—Seitz radiudi.e., evolution, and the degree of shielding depends through the
4ma®n/3=1).1° We use cgs units throughout the paper. ForDebye length on electron temperatusee Sec. Il ¢
the maximum density and lowest temperatures reported in
the experimentsi.e., n=2x10° cm 3, T,=0.1 K, andT,;
=10 /K], the electron coupling parameter has the valueB. Simulation results
I'.=30, and the ion coupling parameter is much larger.
Thus, one might expect the low temperatures to be assocb—ar
ated with strong correlation.

By using properly scaled length and time, the number of
ameters that define a simulation was reduced to a mini-

) - by three parameters: the mass ratio/m,, the number of
and electron—electron correlations are negligible. There maXIectrons(which was equal to the number of ion¥, and a

be some electron—ion correlation that remains as an artifa%unding paramete for the Coulomb potential. To avoid

qf the |on|za't|on process, but this |s'not a thermal equlllb'singularities, the Coulomb potential was rounded to the
rium correlation. For example, there is no long range Orderform

Thermal equilibrium correlations can develop only
through the action of Coulomb interactions as the plasma  1/\/|r;—r,|%/a®+&2, 1)
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FIG. 1. Scaled temperature vs scaled time. The insert shows change %596_27 Electron—electron correlation function, averaged fta,=3.5 to
temperature during the time»,.<<3 when rapid heating occurs. @pe= f-%-

wheree<1. For this simulationg was chosen to have the Indeed, the heating from three-body recombination is
value 1/31. This value is small enough that the rounded poslightly larger than appears from this picture. The rate of
tential was a good approximation to the Coulomb potentiaincrease in the electron temperature is reduced somewhat by
for the vast majority of particles. For a few deeply boundcollisional cooling on the iongésee Sec. Il € This effect is
pairs, the approximation was marginal, but these deeplgxacerbated by the artificially low mass ratig/me=100.
bound pairs were not the focus of this simulation. The mas8Y skipping ahead to Fig. 13, one can see the electron heat-
ratio was chosen to have the valog/m,=100. This rela- ing for the case of realistic mass rafior Xe ions, where
tively low value insured that the ions had time to participatethe electron—ion collisional energy transfer is negligibly
in the correlation dynamics during the course of the simulasmall over the duration of the simulation.

tion. The electron—electron correlation function relaxed to a  Figure 2 shows the electron—electron correlation func-
steady-state form in a few scaled time units, and the ion—iofion averaged over the time interveb,.=3.5 to 7.1. The
correlation function in a time that was longer kjm;/m,  correlation function started out flat, corresponding to ran-
=10. The simulation ran foy,,wpe=70.9 scaled time units, domly distributed electrons, but quickly relaxed to the form
and energy was conserved to an accuracy of N¥?/a, shown in Fig. 2 and retained this form. The only change with
whereNe?/a is the scale of the total energy. increasing time was in the width of the region né@r—r,|

One might worry that the rapid heating is not resolved= 0, whereGee~— 1. This value foiG,. reflects the fact that
by the simulation since the heating occurs in about one uni is energetically unfavorable for two electrons to be at the
of time (i.e., w,4). However, the unit of time is not the time same location, and the width of the region is of orgier
step. The time step is variable, but each particle has many f2|=€*/kT. In measurements dB,. at later times the
time steps(typically hundredsin one unit of time, so that Width was observed to decrease as the electron temperature
the heating dynamics is adequately resolved. slowly increased.

So that the correlation function assumed the simple form  For comparison, Fig. 3 shows the correlation function
G(ry,r,)=G(|r;—r,|), we arranged the initial and bound- for a one component plasnt@CP) in thermal equilibrium at
ary conditions to insure uniform plasma density. Specifically.correlation strengths =1, 10, 20, and 46>'" As expected,
4096 electrons and 4096 ions were distributed randomly inthe correlation curve in Fig. 2 corresponds in shape to the
side a spherical volume bounded by a reflecting wall. Thd =1 curve in Fig. 3. The curves in Fig. 3 fbr=10, 20, and
correlation measurements were made well away from the
wall. In scaled units, the radius of the sphere was determined
by the number of electronsy {/a)*=N. As mentioned ear-
lier, the initial temperatures for both electrons and ions were
chosen to be zero.

The initial density profiles for the experimentally pro-
duced plasma clouds were GaussiahOne should think of
the uniform density spherical plasmas as a small central sec-®
tion of a larger Gaussian cloud.

Figure 1 shows a plot of the scaled electron temperature
[i.e., kTq(t)/(e?/a)=1/T4(t)] vs the scaled timéwpe. To
obtain this plot, histograms of electron kinetic energy were
made (excluding tightly bound electropsand matched to
Maxwellians. Rapid heating tb.=1 is clearly visible. The
longer-term slower heating is associated with three-body re-
combination. FIG. 3. Correlation function for one component plasma.
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plasma together giving rise to an effective pressure that is

0.5 negative. If there were no intrinsic heating and the cloud
&“ 0.25 were strongly correlated, the pressure would be negative and
o the cloud would not expand. Alternatively, one can rule out
= 0 expansion on energetic grounds. The correlation energy is
o 025 negative[i.e., Us~ —N(e%a)], so plasma expansion can
occur only by supplying positive kinetic energhi.e.,
-0.5 (3/2)NkT,]. However, in the limit of strong correlation,
-0.75 =e’/akT,>1, there is not enough kinetic energy to drive the
expansion.
1 2 3 4 5 6
|F1’- F2'|/a C. lon—ion correlation in laser cooled clouds

Killian noted that both Strontiun{Sr) atoms and Sr
ions can be laser cooled and suggested that a strongly corre-
lated ion plasma might be achieved by laser cooling the ions
shortly after the plasma is producétiVe have explored this
interesting suggestion using simulations.

FIG. 4. lon—ion correlation function averaged over the time intetugl,
=67.4 10tw,e=70.9.

40 exhibit oscillations indicating the presence of local order, . ) . .
that is, of a local lattice. The lack of these oscillations in Fig. _Th_e laser 009"”9 was modeled in t_he simulations by
2 shows that such order was missing in the electron distripue€riodically _redum_ng the speed (_)f each ion by a small per-
tion for the ultracold plasma. cent. Two simulations were carried out: one for which the

Figure 4 shows the ion—ion correlation function aver-nitia! elezctron temperature was relatively higfi.e.,
aged over the time interval,.=67.4—70.9. Again the cor- kTe(0)/(e“/a)=1/'¢(0)=31] and another for which the ini-

relation function started out flat and relaxed to the formtal temperature of both species was zero. For both simula-

shown, although the relaxation time was longer than for thdions, 2048 electrons and 2048 ions were followed for the

electrons. The absence of oscillations shows that local orddf™Me tmax@pe=354, and total energfplasma energy plus ex-
was missing. tracted energy was conserved to better than 6

_4 . .

Figure 5 shows the electron—ion correlation function av-> 10 “Ne’/a. The mi\ss ratio an_d the rounding parameter
eraged over the time intervéd,.=3.5 to 7.1. In this case, had the valuesn; /m,=100 ands_— 1_/62’ and the particles

G, is positive neafr;—r,|=0, since it is energetically fa- initially were placed randomly inside a spherical volume

vorable for an electron to be near an ion. However, this posiPounded by a reflecting wall.

tive electron—ion correlation is not an indication of the local FOF the case of high initial electron temperature, Figs.

order characteristic of strong correlation; rather it reflect2(® and @b) show the evolution of the ion and electron

Debye shielding and the beginning of recombination. This€MPeratures as a function of time. The ion temperature in-
latter observation also was made in Ref. 13. creased initially as ion—ion correlations develop and the cor-

Finally, we note that the experiments themselves providéEIaﬂon energy was released to heat the ions. The simulated

some evidence against early strong correlation. The plasmgSer cooling then reduced the ion temperature to a steady

expansion is driven by the electron pressure, but the effectivaiate value given by the_ balance_ betvv_een collisional heating
from the electrons and ion cooling. Figurébp shows that

pressure becomes negative for a strongly correlated plasma.
the electron temperature gradually decreased, as the electrons

This effect is well known from the theory of one component ) ; )
plasmas’ and is easy to understand physically. Because o_peated the ions. For the relatively high electron temperature

correlations, the electrostatic forces of interaction bind the! this simulation, three-body recombination and the con-
comitant heating of electrons was negligible.

Figure 7 shows the ion—ion correlation function aver-
aged over the time intervadlw,.=106—-354, which is the

1.5 time interval of steady state ion temperature. The peak and
125 the oscillations show the existence of order. Comparison to
fied Fig. 3 for an OCP suggests a correlation strength in the range
e 1 ] I';=20, which is in good agreement with the steady state ion
gq—, 0.75 ] temperature of Fig. @) [i.e., kT;/(e?*/a)=0.05 orI';=20].

To see how the steady state ion temperature would scale

0.5 ] with the electron to ion mass ratio and with the electron

0.25 temperature, we note that weakly correlated electrons heat
cold ions collisionally at the raté
0 ~>—o—s- —t—t—s—o—o-
1 2 3 4 5 6 s efn me (V3
|F1'- El/a (Heating ;= V327 kT, ™ n(W) 2
FIG. 5. Electron—ion correlation function averaged over the time intervalUP 10 @ numerical factor this expression is simply
twpe=3.5-7.1. vei(Meo/my)kT,, wherevy; is the usual electron-ion collision
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FIG. 6. Evolution of temperature as a function of time for the case of IaserFIG 8. Evoluti f i functi f time in th £l
cooled ions and high initial electron temperatu@. lon temperature(b) - ©. Evolution of temperalure as a function of ime In the case of laser-

electron temperature. cooled ions and zero initial electron temperatu.lon temperature(b)
electron temperature.

frequency. If the laser cooling rate is given fpyT; , then the . .
steady state ion temperature is given by power balance More important reasons for using warm electrons are
" that the rate of three-body recombination is greatly reduced

e'n m, [V3 and the ion-ion interactions are not shielded. The reduction

Yeli= \/327Tﬁ mn 2/ (3)  of the effective ion—ion coupling strength by electron shield-

MeK Te T € ing is illustrated by the simulations where both species were

The steady state ion temperature in Figp)6s given by this  started with zero temperature. Figuréa)@&and 8b) show the
relation to within a factor of 2. To mak&; small, there is ion and electron temperature as a function of time. Initially
advantage in using heavy ions and hot electrons, althoughoth species are heated as correlation energy is released. lon
this latter advantage does not cut in until the scaled electronooling then reduces the ion temperature to a steady state
temperaturekT./(e*/a)=1T", exceeds about 20 For value thatis in accord with E¢3). The electron temperature
scaled temperature between 1 and,1the 1A/T, depen- continues to rise gradually because heating due to three-body
dence and the ImB/T'>?) dependence compensate one an+ecombination exceeds collisional cooling on the ions.

other leaving the heating rate nearly independent of Figure 9 shows the ion—ion correlation function aver-

0.5 0.5
&N 0.25 o2

Sy = — ———
O o2 O 025
-0.5 -0.5
-0.75 -0.75

1 2 3_ 4 5 6 1 2 3 4 5 6
Ir-Tl/a Ir- ol/a

FIG. 7. lon—ion correlation function averaged over time interta), FIG. 9. lon—ion correlation function averaged over the time intetugy,
=106 to 354 for the case of laser-cooled ions and high initial electron=106—354 for the case of laser-cooled ions and zero initial electron tem-

temperature. perature.

Downloaded 19 Sep 2002 to 132.239.69.90. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



3748 Phys. Plasmas, Vol. 9, No. 9, September 2002 S. G. Kuzmin and T. M. O’Neil

aged over the time interval .= 106 to 354. In this case, ditional theory is valid. The rate can be off by order unity,
the evidence of order is less pronounced than for the previbut not by the factor (33} that one might have expected.
ous simulation(see Fig. 7. Comparison to Fig. 3 for a OCP A deeper understanding of rate express{nrequires
suggests a coupling parameter I6f<10, which is lower an understanding of the kinetic bottleneck. To this end, con-
than that for the previous simulation, even though the twasider a single ion at rest in a sea of electrémsutralized by
simulations have nearly the same steady state ion tempera-uniform background chargeSuppose further that the Cou-
tures. lomb potential well for the ion is made flat at some relatively

Presumably, the reason for the difference is that the eleaeep potentialbelow the bottleneck When the system is in
trons shielded the ion—ion interactions somewhat in the sea state of thermal equilibrium, electrons are constantly going
ond simulation reducing the effective coupling strength. Foiinto and out of the well. The bottleneck can be understood by
weakly correlated electrons, the Debye shielded ion—ion inealculating the one way thermal equilibrium flux toward
teraction, deeper binding. Using the Gibbs distribution and insight

2 gained from a Monte Carlo analysis, Mansbach and Reck
e
v=—exp —r/\p), (4) argued that the flux through a phase space surface character-
r ized by binding energ¥ is proportional to

suggests an effective ion coupling strength’/
=T exp(—a/\p).t® Here, A\p=(kT./47ne?) 2 is the elec- =2
tron Debye length. The ratia/Ap= /3T is small for hot
electrong(i.e.,I';<1), but is order unity fol's~1 implying  The flux is the product of a phase space factd*1&nd a
a significant reduction in the effective correlation strength.Boltzmann factor. For small values of E/kT, the flux is
ForI'.>1 the shielding is large but is not correctly describedlarge because the phase space fact&,1is large. For large
by expressior(4). —E/KkT,, the flux is large because the Boltzmann factor is

Another interesting effect is apparent in Fig. 9. Note thatlarge. The minimum aE= —4KkT, is the kinetic bottleneck.
Gii(|r,—r,|/a) increases fofr;—r,|/a<1. We believe that
weakly bound electron-ion pairs are polarized by and at-
tracted to neighboring ions, and this cau§gg|r,—r,|/a) 150
to turn upward at smalk, —r,|/a. We checked this interpre-
tation by removing ions with bound electrons from the ’ - .
sample used to evalua®; , and found thaG;; goes to zero 100 ; ;
for [ry—r,|/las1. i “ w

Apparently, the upturn occurs only for simulations where S -
both the electrons and the ions are relatively cold. The elec- i -
trons must be cold to have recombined pairs, &g must
be smaller than or comparable to the potential energy of T, i
interaction between the ion and the induced dipole. Note that 2 2k
the upturn does not occur in Fig. 7 or in Fig. 4. !

(Fqu)l~iexp[—E/kTe]. (6)

'

[$3]
=]

I1l. THREE-BODY RECOMBINATION i
A. Theory background

The traditional theory of three-body recombination, de-
veloped in a classic paper by Mansbach and Keglelds
the following expression for the recombination rgter ion:

-150 -100 -ad Q a0 100 150

2

—9/2

R=3.9x10"°

cm 3

Te

K

s L (5)

The predicted rate is very large at low temperature because
of the scalingT, %2. However, the traditional theory as-
sumes thal’,<<1, and rate expressidb) can be trusted only

in this regime. Recently, Hahhextended the theory into the
regime wherd > 1.

For the highest density and lowest initial electron tem-
perature reported in the experiments with ultracold plasma
clouds, the initial value of ', is larger than unityi.e., I'¢(t
=0)=30], so one might worry that the traditional theory
would not be applicable. However, as we have seen, raplelectrons and blue dots are ions. Part of the halo consists of suprathermal

initial heaFing reduces the value Btz to unity or less. Thus, electrons that were produced as a by-product of three-body recombination.
the experiments are on the edge of the range where the tratso shown is a plot of the potential in the cloud at the end of the run.

EIG. 10. (Colorn Cloud at the end of the rurtw,.=354; red dots are
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FIG. 12. Histogram of scaled kinetic energy for unbound electrons and a fit
60 to a Maxwellian.
40
|E|>kT.. On the average, the kinetic energy of the bound
20 electron also i$E|. Consider a close collision with an elec-
HHHH tron that approaches with kinetic energy.. Typically the
m 55 — ';0 s '1"5"'””” 0 5 o collisional dynamics divides the kinetic energy more or less
> 100 ' 3 evenly between the two electrons, so one of the two leaves
(c) -~ with energy |E|/2>kT,. The remaining electron is then
80 bound more deeply. Incidentally, this simple picture shows
how suprathermal electrons are produced as a by-product of
60 the cascade to deeper binding.
40 B. Simulation results
20 Our most extensive simulation was used to study three-
HHHH body recombination. The evolution of 4096 electrons and
P P 1 | 4096 ions was followed for a scaled ting,y wpe=354,
100 -25 -20 15 -10 = -1 which required a month run on an XP-1000 alpha worksta-
d) tion. Energy was conserved to<2l.0” “Ne?/a.
80 For this simulation, a realistic mass ratio was usfed
v . o -
Xe™ ion9g), and the electrons and ions were distributed ini-
60 tially with a Gaussian density profile in accord with experi-
ment. In scaled units, the mean-square radius of the Gaussian
40 is specified by the number of electrons througtt)/a®
=(6/7)®N?"3, In potential(1), the rounding parameter was
20 chosen to have the value=1/62, which is small enough
ﬂﬂ HHHH HHHH that the recombination dynamigsassage through the bottle-
an==la 18N neck was treated accurately. Specifically, the inverse 1/

25 -20 -15 -10
E/(e7a)

-5

-1

FIG. 11. Binding energy histograms &) tw,e=0, (b) twp.=117, (c)

twpe=234, (d) twye=354. Each column shows the number of electrons in

that energy bin. The squiggle at the top of the column for the lowest energy 1.5
bin indicates that the number exceeds the range of the graph.

kT,/(e7a)

Electrons come into and out of the well many times before

passing through the bottleneck. However, once they have

fallen below the bottleneck, they continue to ever deeper 0.5

binding. With this picture in mind, note that expressiéhis

an evaluation of the one way flux through the bottleneck. . )
The reason that a collision almost always removes en- 0 50 100 150 200 250 300 350

ergy from a deeply bound pair can be understood dynami- tmpe

cally. Consider an electron—ion pair with binding energy

FIG. 13. Evolution of temperature in the cloud vs time.
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FIG. 14. Sample energy cascades to deeper binding. . o .
FIG. 16. Number of recombined pairs in the central region of the cloud.

=62 is much larger than the scaled binding energy at the )

bottleneck[i.e., —E,/(e?/a)=4T,<7]. Since 16=62 is fit dgtermlr!es the. temperature of the unboupd electrons at a
comparable to the scaled binding energy of the most tighﬂ)pamcular time. F_lgure 13 shows the eyolutlon of the tem-
bound pairs at the end of the simulation, the cascade rate fgrature versus time. The gradual heating due to three-body
deeper binding for these pairs may have been slightly sup€combination is apparent. _
pressed. Since the focus of this simulation is three-body re-  Figure 14 shows sample energy cascades to deeper bind-

combination, rather than the rapid initial heating, the simu-ng- Each curve is a plot of scaled binding energy vs scaled
lation started with a small but finite initial electron time for anion and bound electron, or sequence of electrons,

temperaturdi.e., kT,/(e?/a) = 1T .= 0.31]. sincel collisions can interchfange bound and fr.ee electrons.
Figure 10 shows a picture of the clouced dots are Figure 15 proyldes ewldence for.the existence _of the
electrons and blue dots are iora the end of the run. Many bottleneck. The SO.|Id curve is the fraction of bound.pa!rs that
of the electrons in the surrounding halo were ejected fronfeached a given blhdlng energ?y, and then were reionized.
the cloud as suprathermal electrons produced as a by-produtf€ dashed curve is the fraction that made it from enérgy
of three-body recombination.
Figures 11a), 11(b), 11(c), and 11d) show binding en-

ergy histograms for the four timeso,.=0, 117, 234, and 0
354. For a bound electron, the binding energy is the kinetic 5 (@)
energy plus the potential energy in the field of the nearest
ion. Each figure displays the number of particles in bins of __-10
scaled binding energy ranging froBf(e?/a)=—1 to — 25. L
One can see the temporal progression to deeper binding. <15
Although the bound electrons were far from thermal w 20

equilibrium, the unbound electrons were nearly in thermal
equilibrium. Figure 12 shows a histogram of scaled kinetic 25
energy for unbound electrons and a fit to a Maxwellian. The
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FIG. 15. The solid curve is the fraction of bound pairs that reached a given
binding energyE, and then were reionized. The dashed curve is the fractionFIG. 17. (a) Average energy of an electron as it cascades to deeper binding.

that made it from energ§ to a sink atE=—18%/a. These two curves Error bars show the standard deviation for the distributibhLog—log plot
provide evidence for the existence of the bottleneck. of the average energy.
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to a sink atE= — 18(e?/a). Taking the crossing point for the recombined pairs was observed to be a decreasing function
curves as the energy of the bottleneck yield&, /(e%/a) of principle quantum number. Equivalently, the distribution
=8, which is close to four times the final temperature in Fig.over the magnitude of the binding enerd¥|E|), was ob-
11[i.e., 4T /(e?*/a)=T7]. served to be increasing |&| over a certain range below the
Figure 16 shows the number of recombined pairs in théottleneck. For the histograms shown in Fig. 11 this is not
central region of the cloudi.e., forr<r,) vs scaled time. the case. However, we believe thait/d|E| would become
Here, r,= \/73<r2)1’2 is the radius where the density has positive over some range if the simulations were run longer.
fallen to 1/e of its maximum value. Recall that a pair is The reason is easy to understand physically. In steady
defined to be recombined when its binding energy drops bestate, the flux of bound pairs through any enefgymust be
low the energy level of the bottleneck, which in accord withindependent ofE|, so we obtain the equation
Fig. 15 we take to b&,= —8(e?/a). dlE|
The dashed line at the top end of Fig. 16 provides a N(|E|)d—(|E|)=const. (10)
smoothed slope foN,(tw,e) at the end of the run. From t
this slope we obtain the recombination rate for the particleSinced|E|/dt« 1/ E| decreases with increasing|, N(|E|)
in the central regiondN,e./dt=(0.56)w,e. FOr comparison must increase.
the theoretical prediction from E@5) for this rate is

r
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