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Plasma formation from ultracold Rydberg gases
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Recent experiments have demonstrated the spontaneous evolution of a gas of ultracold Rydberg atoms into
an expanding ultracold plasma, as well as the reverse process of plasma recombination into highly excited
atomic states. Treating the evolution of the plasma on the basis of kinetic equations, while ionization/excitation
and recombination are incorporated using rate equations, we have investigated theoretically the Rydberg-to-
plasma transition. Including the influence of spatial correlations on the plasma dynamics in an approximate
way, we find that ionic correlations change the results quantitatively but not qualitatively.
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Advances in cooling and trapping of neutral gases hav&€oulomb coupling parameter, however, is infinite in the
opened up a new branch of atomic physics, namely, dynanframework of this model. Consequently, the role of ion-ion
ics in ultracold T<1 K) systems. Ultracold neutral plasmas correlations could not be estimated.
have been produced from a small cloud of laser-cooled at- Our description is similar to that of Ref7] with small
oms confined in a magneto-optical trgp—5]. At NIST  differences, e.g., inclusion of black-body radiation as a
[1-3], a plasma was produced by photoionizing laser-coolegource for photoionization. This is necessary to describe the
Xe atoms with an initial ion temperature of about A®. initial ionization of the Rydberg gas in the experimeptsh]
Tuning the frequency of the ionizing laser, the initial electronsince the ionization rate through cold atom-atom collisions is
energyE, was varied corresponding to a temperature rangénuch lower at these densities. More importantly, in addition
1 K<E./kg<1000 K, and the subsequent expansion of theo Ref.[7], we allow for spatial correlation effects. Briefly,
plasma into the surrounding vacuum was studied systematwe use a set of kinetic equations for the plasma expansion,
cally. A significant amount of recombination was observed agombined with rate equations for the description of
the plasma expands, leading to the formation of Rydberdonization/excitation and recombination. The kinetic equa-
atoms from the plasma. In a complementary type of experitions are derived from the first equation of the Bogoliubov-
ment[4,5], ultracold atoms were laser excited into high Ry- Born-Green-Kirkwood-Yvon hierarchy, which yields the
dberg states rather than directly ionized. In these experistandard Vlasov equation for the evolution of a collisionless
ments, also the reverse process has been observed, nam@iigsma, augmented by additional terms accounting for spa-
the spontaneous evolution of the Rydberg gas into a plasm&al correlations. Since the electronic Coulomb coupling pa-

An issue in the theoretical consideratiof®-9] stimu- rameter is well below unity under all experimental condi-
lated by the experiments has been the question whether tfi@ns realized so far(as we have convinced ourselves
evolving plasma is strongly coupled or not. Due to the veryincluding electronic correlations on the basis of two-
low initial temperature, the electron Coulomb coupling pa-component Debye-Hikel theory; see also Reff7]), we ne-
rameterl"o(t=0) is found to be significantly greater than 1 glect them and treat the ions as a one-component plasma
[T.=e?/(akgT,), wherea is the Wigner-Seitz radijsOn  embedded in a neutralizing background.
the other hand, it has been pointed out in R&fthat, for the Assuming that the correlation function vanishes at dis-
initial conditions of the NIST experimenfd—3], the devel- tances larger than the correlation lengthand that the spa-
opment of equilibrium electron-electron correlations leads tdial density varies slowly over a distanag, we find that the
a rapid heating of the electron gas, bringifig down to  force induced by ionic correlations can be expressed in terms
order unity on a very short time scale. The molecular-of the local ion-ion correlation energy per particle,
dynamics calculatioh6] was limited to a short time interval

(=100 ns) in the initial stage of the plasma evolution due to 2 f gi(y:r)
dy I ’

the large numerical effort required. For the first quantitative u;i(r)= %Pi(f)
comparison with experiment, the plasma dynamics has been

modeled within a kinetic approach, while ionization, excita-

tion, and recombination have been treated by a separate sgfth the correlation functiomy(y) and the density; related

of rate equationf7]. The electron dynamics was described intg the one-particle distribution functidn by p; = fdvf; . The

an adiabatic approximation with the atom and ion temperagorrelation energy for a one-component plasma in thermal
tures set to zero. Since this model does only account for thequilibrium is a function of the Coulomb coupling parameter

mean-field potential created by the charges, possible correlgnly [10], and simple analytical formulas have been given
tion heating could not be described. Nevertheless, due tgyr 3 wide range of". We use

heating by three-body recombinatiol, does not exceed a

value of ~0.2 during the plasma expansion. Hence, the in- ) 13
fluence of electronic correlations on the plasma dynamics uled= ik TT. =— 9i<4w ) )
could be neglected. With zero ionic temperature, ithrgic " Bl 10 pif
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derived from the ion sphere model, which is a good approxi- do? 5
mation forI">1 [11]. ai 2yo*°,

The time scale for relaxation towards the individual equi-
librium of electrons and ions, respectively, is determined by
the corresponding inverse plasma frequenczy,;l
= m/4mpe? [12). Under typical conditions of the experi-
ments[1—4], it is of the order of 10° s for electrons, while
equilibration of the ions takes between t0and 10°° s de-
pending onp. These time scales for equilibration have to b
seen relative to the expansion time of the plasma, which is of
the order of several I s. Hence, an adiabatic approxima- 3 3
tion for the electron distribution function can be safely ap- Eior== NeKg(Te+ T)) + =M y262+ U,, (5)
plied. The kinetic equation for the electronic component of 2 2
the plasma then yields a relation allowing one to express the o )
mean-field potential in terms of the density, which can be ~ 1-€- the sum of the kinetic energy and the correlation energy
inserted into the corresponding equation for the ions. Uc=/drujip. The set of equationé4) reduces to the one

The much slower equilibration of the ions renders anuseéd in Ref[7] if the correlation term is dropped ang
adiabatic approximatioa priori difficult. However, even in =0. Very recently, it has been shown that this simple ansatz
situations where static parameters, e.g., relevant masses, ggovides a good description of the plasma dynamics even if
riods, or rates, speak against an adiabatic treatment, it &0me of the assumptions, such as the quasineutrality of the
sometimes made possible through dynamical adiabaticit lasma and.the Gaussian distribution of the densities, only
(see, e.g., Refi13]). Of course, this can only be verified Nold approximately17]. .
posteriori by more elaborate calculations without adiabatic ~ The low-temperature enhancement of the expansion ve-
approximation. For now, we simply assume an adiabatic timéocity of the ultracold plasma produced in R¢2] can be
evolution of the plasma, i.e., we estimate the ionic correlaWell modeled by combining a hydrodynamic description of
tion energy from its equilibrium valugEq. (2)] and use a the expansion dyna}mlcs _vv_|th conventional rate equations ac-
homogeneous ion temperature at all times. This is the oppdounting for inelastic collisions between f[he plasme} particles
site limit to a zero ionic temperature which would never leada@nd Rydberg atoms7]. In our calculations, we include
to equilibration. Hence, our results are expected to clarifyoound-bound transitions by electron-impact excitation and
influence on the dynamics at all. combination, electron-impact ionization, and black-body ra-

For typical temperatures and densities, the Debye lengtdiation. We use the collision rate coefficients from Rag]
is considerably smaller than the size of the plasma. More@nd black-body photoionization is described by first-order
over, the overall charge of the plasma is small compared tgerturbation the_zorﬂlg], using an asymptotic expression for
more than 80% of the electrons are trapped. For the caségte of ionization by quasistatic dipolar atom-atom interac-
starting from a Rydberg gd$], we estimate the fraction of tion including threshold lowering on the basis of REf1],
trapped electrons to be roughly 95%ogether, this justifies and found it to be more t'har) two orders of magnitude smaller
the quasineutral approximatiop,=p;=p [14]. Hence, a than the black-body ionization rate. _
closed equation for the ion distribution function is obtained, Finally, the question of the expansion velocity of the Ry-
and the resulting equationithout the correlation ternper- ~ dberg atoms has to be addressed, since they are not driven by
mits self-similar analytical solutiorfd4]. One of them is the the Coulomb drag of the expanding electrons. Under typical
Gaussian profile describing the initial state in the experi-conditions pe= 199 .Cm_?,Te=20 K), the time scale for
ments under consideration. Exact self-similar solutions exisglectron-atom collisions is of the order of 10s. Therefore,
even in the case of an additional linear fofd&]. This con-  in the course of the expansion of the plasmaT(16), any
dition is satisfied by the correlation force to a good approxi-given atom with binding energy of sevetedT will recom-
mation save for the outer periphery of the p|asmﬁ] bine and reionize many times. In addition, collisions between
Hence, we can write ions and atoms significantly equilibrate the hydrodynamical

velocities even for lower Rydberg stafe?]. Following this
reasoning, we use the approximation of assuming equal hy-

dy , Ne

Y :M_O_Z[kB(Te+Ti)+Wc/Ne]a 4
where W= 1/3[dr pd(u;ip)/dp arises from the correlation

gPressure andl is the total mass of the plasma. The thermal

nergy is determined from the total energy of the system,

2 mv—w(r)]? drodynamical velocities and density profiles for the ions and
fiocexp( — - |, ©) atoms. This implies that the expansion of the neutral Rydberg
207 2kgT; atoms can be simply taken into account by changing the

mass of the ions to an effective madsin Eqg. (4), which is

the total mass of theotal system(plasma and atoms
where o is the width of the spatial density distribution and  As a test, we have simulated the expansion of an initially
w(r)=yr is the hydrodynamic velocitysee also Refl7]).  fully ionized plasma as in Ref§2,3] (the atoms not ionized
Substitution of Eq(3) into the ionic kinetic equation finally by the laser pulse are bound so deeply that they can be ne-
leads to the set of equations glected for the current purposén accordance with previous
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FIG. 1. Time evolution of the degree of ionization for the fol- oLl L ) T T,
lowing initial conditions: atom density=8x 10° cm 3, atom tem- 0 50 100 150 0 50 100 150
peratureT ;=140 uK, plasma widtho=60 wm, and initial princi- n

pal quantum number of the Rydberg atomg=70. Results are
shown with ionic correlationgsolid) and without ionic correlations
(dashedl

FIG. 3. Level distribution of Rydberg atoms aftends, 1.4 us,
4 us, and 25us.

CalCUlatiOﬂ{?], we find quantitative agreement for the elec- The production of initial “seed Charges” by b|ack_b0dy ra-
tron energy dependence of the asymptotic expansion velogtiation does not depend on ionic correlations. The ionization
ity. Furthermore, the calculations qualitatively reproduce thegyalanche appears somewhat i us) earlier than in the
nonmonotonic time dependence of the numberdefected  experiment since in reality the first electrons produced by the
atoms observed in Reff3]. black-body radiation will leave the atom cloud until a suffi-
The results of our calculations for the case starting frongjently strong positive space charge builds up to trap the
Rydberg atoms are summarized in Figs. 1-3. Figure 1 showslectrons. With increasing number of free charges, the
the degree of ionization of the Rydberg gas, i.e., the plasmgjasma forms quickly, followed by a partial back evolution
fraction of the system, as a function of time during the ex-into a Rydberg gas. This last stage of the expansion is quali-
pansion of the system. For comparison, the result withougatively similar to the expansion of a directly produced
correlationU.=T;=0 in Eqgs.(4) and(5)] is also shown. As  plasma[1-3] under similar conditions. Figure 1 shows that
has been observed experimentally, it takes of the order akjs part of the gas dynamics may indeed be affected by
two to three microseconds before significant plasma formajon-jon correlation, which leads to a more efficient recombi-
tion occurs, which sets in with an ionization avalanche. lonnation in the final stage of the plasma evolution. One sees
ization mechanisms other than black-body ionization, suclyom Egs.(4) and(5) thatW, andU., lead to an acceleration
as atom-atom collisions, etc., may affect the preavalanchgep/ou_ if Eq. (2) is used foru] in addition to the ideal
behavior quantitatively. However, we do not expect a signifi-thermal electron pressuresT,. Hence, adiabatic electron
cant influence on the ionization avalanche itself, which iscooling during the expansion is faster than without correla-
due to the rapid increase in the number of free electrongons. In turn, recombination is accelerated, since the corre-
produced by electron-impact ionization at this stage, nor oRponding rate strongly increases with decreasing tempera-
the later stages of the plasma evolution. Note that the earlyre. Corresponding effects of the same order of magnitude
time development including the ionization avalanche is obye also found for the experimerit,3], where they do not
viously not influenced by the ionic correlations. Their devel-gjgnificantly affect the expansion dynamics of the plasma
opment requires a significant amount of charged plasma pafart because the correlations mainly influence the recombi-
ticles which are only available after the ionization avalanchenation into high-lying states at later stages of the evolution.
Since these are very weakly bound, they hardly influence the

08 kinetic energy of the system which determines the expansion
§ fr > @ p AR (b) ; locity. Hence, good agreement is found between calcula-
= ! S velocity ' 9 g
061 / F e T sl tions with and without inclusion of correlation effects as long
& 04'_ ;'l __ \: as quantities related to the plasma expansion are compared.
B L Figure 2 illustrates the dependence of the plasma evolu-
§0,2 H 1 tion on the initial conditions. For fixed initial width of the
é" L[ 1 Rydberg atom cloufFig. 2@)], the plasma formation occurs
0g L e earlier with increasing density, due to the fact that ionization
is faster and more efficient at higher densities. The later

t t :
Lus] [us] stages of the evolution, on the other hand, depend only
FIG. 2. Degree of ionization as a function of time for various Weakly on the density. This may be attributed to the fact that

initial conditions 1= 70). (&) o=80 um fixed,p=2.5x10° (dot-  in the evolution equatiof¥), p enters only in the fornN/M,
ted), 5x10° (dashed, 1x 10 cm™2 (solid); (b) p=5x10° cm 3 i.e., essentially as the degree of ionization. For fixed initial
fixed, o=60 (solid), 80 (dashey, and 100um (dotted. densityp, the ionization avalanche occurs at the same time,
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in accordance with the argument made previo(Elg. 2(b)]. sensitive to the initial condition&ensity, initial excitation,
However, for smaller width, the plasma expands faster, leadand Rydberg gas vs directly produced plastian “macro-
ing ultimately to lower electron temperatures and increasedcopic” plasma parameters such as expansion velocity, etc.
recombination. In order to shed more light on this issue, further experimental
Figure 3 shows the population of Rydberg levels in thestudies of the final distribution of Rydberg atoitas a func-
initial and final stages of the expansion, as well as at the tim@gon of initial excitation no) would be very interesting and
of the maximum degree of ionization. Initially, all atoms are should provide a stringent test for theoretical models.
prepared with a principal quantum numbg=70. At later In summary, we have described the formation of a cold
times, the interplay between ionization, recombination, a”‘blasma from a highly excited Rydberg gas, using a simple
exciting and deexciting collisions leads to a decrease of theyodel based on kinetic equations for the plasma evolution.
average excitation. This decrease in excitation is the maifyicroscopic molecular-dynamics simulations are limited to
source of energy that triggers the ionization and the plasmgych shorter time scales due to the large numerical effort
expansion, and the energy absorbed from the black-body rgaquired. We have estimated the maximum effect of ionic
diation field is negligible in comparison. Finally, recombina- correlations by including them into the model assuming in-
tion repopulates higher leve{ahich “freeze out” due to the  stant equilibration of the ions. In this respect the calculations
rapid decrease of electron temperajutmit the peak of the \yithout equilibration(no correlationT;=0) and with instant
distribution is still found at relatively low excitations. This eqyilibration should bracket the actual ionization yield of the
redistribution scenario is in qualitative agreement with Ref-Rydberg gas. Given the difference in the ionization yields
[5], but in contrast to Refi4] where no redistribution has \jth and without ionic correlatioriFig. 1), more elaborate
been observed. This discrepancy between the findings of thgyculations are worthwhile, although at present it is unclear
experimentg4], carried out at much lower initial excitation \yhether the plasma evolution including correlation can be

no=40, and the experimef$] and our calculations, hints at fg|lowed over sufficiently long times, e.g., wif®M codes.
the possible importance of other effects at these lower exci-

tations. So far, this discrepancy remains unexplained and cer- It is a pleasure to thank P. Gould, E. Eyler, T. Killian, and
tainly has to be addressed in the future. In general, we hav8. Kulin for helpful comments. Financial support by the
found the distribution of Rydberg atoms to be much moreDFG through SPP 1116 is also gratefully acknowledged.
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