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Formation of Rydberg Atoms in an Expanding Ultracold Neutral Plasma
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We study the formation of Rydberg atoms in expanding plasmas at temperatures of 1-1000 K and
densities from 10°—10'" cm™3. Up to 20% of the initially free charges recombine in about 100 us, and
the binding energy of the Rydberg atoms approximately equals the increase in the kinetic energy of the
remaining free electrons. Three-body recombination is expected to dominate in this regime, yet most of

our results are inconsistent with this mechanism.
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Recombination of electrons and ions to form neutral
atoms is a fundamental process in plasma physics. The
flow of electrons between bound and unbound states must
be understood in order to optimize lighting sources and
commercial processing, or to model astrophysical chem-
istry or fusion reactors. At typical plasma temperatures
of 1000 K or higher, radiative recombination (RR), dielec-
tronic recombination (DR), and three-body recombination
(TBR) are the dominant processes, and theory and experi-
ment agree well [1,2]. RR [3], in which an electron is
captured and a photon is released, populates tightly bound
levels and dominates at densities below 10'* cm™3. DR
[1] can be seen as a variation of this process, in which an
intermediate excited electronic state is formed before ra-
diative decay occurs. TBR [4], in which an electron and
an ion recombine and a second electron serves to conserve
energy and momentum, becomes important at higher den-
sities and populates high lying Rydberg atomic states.

The situation changes drastically at temperatures of or-
der one Kelvin, which can be realized in an ultracold neu-
tral plasma produced by photoionization of laser-cooled
atoms [5]. The total three-body rate is predicted to vary
with temperature as 7~°/2, implying fast recombination
that dominates over RR and DR even at moderate den-
sities of 10'° cm™3 or lower. This divergent temperature
dependence has inspired investigations into whether TBR
theory must be modified in this new regime [6—8]. In
ion storage rings, collisions between ions and electrons
in electron coolers can be in the 10-100 K energy range,
and anomalously large recombination rates have been ob-
served for highly charged ions [9]. Some authors have
suggested an enhanced contribution from TBR to explain
a portion of the excess [10]. In addition to the fundamen-
tal interest in TBR at low temperatures, the process has a
possible application in the formation of cold antihydrogen
through positron-antiproton recombination [11]. We note
that the inverse process, the spontaneous evolution of a
cold gas of Rydberg atoms into a plasma, has recently been
reported [12].

We have observed recombination into Rydberg atoms in
an ultracold neutral plasma. At temperatures ranging from
1-1000 K, and densities from 10°—-101° ¢cm™3, up to 20%
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of the initially free charges recombine on a time scale of
100 ws. The Rydberg atom distributions as a function of
principal quantum number and time are determined for a
wide range of initial conditions, allowing us to compare
the recombination rate with existing theory. This study
was motivated by our recent observation [13] of anoma-
lous heating of electrons under cold and dense plasma
conditions.

The creation of an ultracold plasma has been described
in [5]. Approximately 5 X 10% metastable xenon atoms
are laser cooled to 10 uK. The peak density is about
5 X 10'° cm™3, and the spatial distribution of the cloud is
Gaussian with an rms radius o = 180 wm. To produce the
plasma, up to 25% of the atoms are photoionized in a 10 ns
two-photon excitation. Because of the small electron-
ion mass ratio, the resulting electrons have an initial ki-
netic energy (E,) approximately equal to the difference
between the photon energy and the ionization potential. In
this study we vary E./kp between 1 and 1000 K. The
initial kinetic energy of the ions varies between 10 uK
and 4 mK.

Figure 1 shows the electron signal from an ultracold
neutral plasma created by photoionization at t = 0. A
5 mV/cm dc field, applied using grids located above and
below the laser-atom interaction region, directs electrons to
a multichannel plate for detection. Some electrons leave
the sample and arrive at the detector within a few us, pro-
ducing the first peak in the signal. The ions are essen-
tially immobile on this time scale, and the resulting excess
positive charge in the plasma creates a Coulomb potential
well that traps the remaining electrons [5]. In the work re-
ported here, typically >80% of the electrons are trapped,
and the plasma density profile is initially similar to that of
the laser-cooled atom cloud. As the plasma expands [13],
the depth of the Coulomb well decreases, allowing the re-
maining free electrons to leave the trap. This produces the
broad feature in Fig. 1 centered at t = 50 us.

After the free electrons have escaped, the electric field
is increased to 120 V/cm in 50—-100 ws. This field can
ionize Rydberg atoms bound by as much as 70 K, corre-
sponding to a principal quantum number of about n = 47.
From the number of electrons reaching the detector we
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FIG. 1. Electron signal from a plasma created by photoioniz-

ing 10° atoms at t = 0, with E,/kz = 206 K. The first and sec-
ond features represent free electrons escaping from the plasma.
The third feature arises from ionization of Rydberg atoms. A
5 mV/cm field is present before the large field ramp commences
at about 120 us, and the collection and detection efficiency for
the first and second features is approximately 10% of the effi-
ciency for electrons from Rydberg atoms.

infer the number of Rydberg atoms formed, and from the
field at which the atoms ionize we construct the distribu-
tion of Rydberg atoms as a function of n.

We find that the Rydberg atoms survive for hundreds
of microseconds with no significant change in their distri-
bution. This implies that most of the atoms are in high
angular momentum states (high /) that have long radiative
lifetimes [14,15].

During field ionization, as the electric field increases,
atomic levels shift due to the Stark effect, and there are
many level crossings before atoms ionize. At the high n
and [ of this work, interactions between levels are small,
and even for the slow field ramp used, atoms traverse
the crossings diabatically, without changing state. For a
given n, the distribution of field values at which differ-
ent sublevels ionize begins at Fga, = Fo/(9n*), where
Fo = 5.14 X 10° V/cm [14], and has a tail that extends
up to 2—3 times higher [16]. Simulations based on the
decay rates of hydrogenic Stark states [17] indicate that
for equal population of all sublevels, the average ioniza-
tion field exceeds Fgip by about 50%. We will use this
average result when determining Rydberg population dis-
tributions from the ionization signals.

Figure 2 shows typical data. As the number of atoms
photoionized (N;) increases, or E, decreases, a greater
fraction of charges recombine and the Rydberg distribu-
tion shifts toward more deeply bound levels. The integral
of each curve yields the total number of Rydberg atoms
formed, which can reach a fraction of 0.2(1) of the initial
number of ionized atoms [18]. The expected rates for RR
or DR are many orders of magnitude too low to account for
the observed Rydberg atom formation. We turn to TBR,
which is expected to dominate at ultracold temperatures.

At electron temperature T,, the TBR rate per volume
[6,19] into a given n can be written as

l')n = CpgpionTe_ln4(1 - e_xn)<
8e8ion
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FIG. 2. Rydberg ionization signals for various plasma condi-
tions approximately 100 ws after photoionization. The time
origin is the start of the electric field ramp. (a) Constant
E./kg = 42 K. N, is indicated near each curve. (b) Constant
N; = 1.6 X 10°. E,/kg is indicated near each curve.

where C = 4.6 X 1073 m®Ks~!. All quantities in this
equation are in SI units (including density in m~3) and
x, = E,/kgT,, where E, = E;/n? is the binding energy
of level n. (E; = 2.18 X 1078 J is the ionization poten-
tial of hydrogen.) The degeneracies are g, = 2 for elec-
trons, and gio, = 4 for ions (total angular momentum of
3/2). An ion also forms the core of each Rydberg atom,
for which g, = 8n? [20].

Models of population distributions in equilibrium plas-
mas take into account TBR through Eq. (1), collisional
ionization, and collisional and radiative population redis-
tribution. They predict a density-independent maximum
in the Rydberg atom distribution at levels bound by a few
kT [2]. This contradicts the trend observed in this experi-
ment towards more deeply bound levels as N; increases or
E, decreases (Fig. 2).

Data taken after all recombination has ceased, such
as in Fig. 2, is difficult to quantitatively analyze because
the electron temperature may change significantly during
the plasma expansion. By measuring Rydberg atom distri-
butions at various times after photoionization [21], how-
ever, we can isolate and analyze particular features of the
recombination process. Figure 3 shows such data for a
plasma with high N; and low E, [22]. By 12 us, there
are large numbers of Rydberg atoms in low n states (n <
60). The corresponding recombination rates per level of
~5 X 107 s7! in this time interval agree with Eq. (1)
evaluated for the initial plasma conditions. For higher
n, Eq. (1), which scales as n®, predicts many more Ryd-
berg atoms than observed. This suggests that the electron
thermal energy is comparable to or exceeds the binding
energies, and collisional ionization is destroying Rydberg
atoms as fast as they are created. The expected Saha equi-
librium distribution [19] agrees well with high n data.

From 12-22 us, there is a net loss of Rydberg atoms.
This is consistent with decreasing density, which pushes
equilibrium towards fewer neutral atoms provided the tem-
perature does not drop significantly. We know from [13]
that a plasma with these initial conditions expands with a
velocity of about 60 m/s, and the density will decrease as
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FIG. 3. Rydberg atom distributions at various times after

photoionization for E,/kz = 9 K and N; =7 X 10°. The
12 ps Saha equilibrium distribution shown is for 7, = 8.5 K
and a Gaussian plasma density distribution with rms size
o = 600 um. These are reasonable conditions for the 12 us
data. The Rydberg atom distributions at ¢+ = 50 us do not
match the equilibrium distribution for any reasonable parame-
ters. The inset shows the total number of Rydberg atoms
observed as a function of time and the peak density in the
plasma for an expansion velocity of vy = 60 m/s [13]. There
is a 10% uncertainty in the assigned quantum numbers due
to the diabatic ionization, and there is a factor of 2 scale
uncertainty in the number of Rydberg atoms [18].

shown in the inset in Fig. 3. In TBR, the extra electron in-
volved, which remains free in the plasma, gains the binding
energy as kinetic energy. The binding energy of the Ryd-
berg atoms is significant compared to E, and could offset
cooling due to adiabatic expansion, or even cause initial
heating of the electrons.

Surprisingly, from 22-125 ws the Rydberg atom popu-
lation increases again as the plasma density decreases be-
low p = 10® cm™3. The observed recombination rate for
n = 55is ~107 s~! during this time. To account for this
with a naive application of standard TBR theory embod-
ied in Eq. (1), the temperature would need to drop be-
low 1 mK. Such extreme cooling is possible. Neglecting
heating due to Rydberg atom formation and using a poly-
tropic exponent of y = 5/3 [23,24], adiabatic expansion
of the plasma would decrease the electron temperature to
about 30 mK by 50 us. The escape of electrons out of
the trap formed by the ions, such as shown in Fig. 1 from
20-100 ws, could further reduce the temperature of the
electrons through evaporative cooling [25]. However, at
such a low temperature the system would have an elec-
tron Coulomb coupling parameter [26] I', = 300. It is un-
known how a neutral plasma would behave in this regime;
single component systems with such strong coupling be-
have as solids and minimize their potential energy by form-
ing Wigner crystals [27]. In this regime standard TBR and
classical plasma theory are invalid.

Perhaps recombination in expanding ultracold plasmas
proceeds through a qualitatively different mechanism. Lig-

uidlike spatial correlations between particles develop as
the system cools to I', = 1. Through a many-body pro-
cess, spatially correlated ions and electrons could freeze
out during plasma expansion, resulting in Rydberg atoms.
A detailed model of the thermodynamics of the expanding
plasma or an experimental probe of the temperature of the
electrons is needed to explore these possibilities.

Plasmas with lower N; and higher E, than represented
in Fig. 3 form fewer prompt (¢ < 20 ws) Rydberg atoms
and exhibit little or no indication of equilibrium. Also, the
distributions shift to higher n. An increasing recombina-
tion rate at ¢t > 20 us, however, is common to all initial
experimental conditions.

An important piece of information that can be extracted
from the data is the total binding energy released during
the formation of Rydberg atoms. To conserve energy, this
must be balanced by an increase in energy in some other
part of the system. The hydrodynamic model developed
in [13] shows that the pressure of the electron gas drives
the plasma expansion, and the expansion velocity is a sen-
sitive probe of the electron thermal energy at early times.
For initial I, =< 0.1, the thermal pressure was observed
to be characteristic of the energy available from the pho-
toionization, E,. At higher I', (higher density and lower
temperature) the plasma expansions were faster than ex-
pected for a given E,, indicating the existence of an addi-
tional source of electron thermal energy. By plotting the
Rydberg binding energy on the same graph as the excess
expansion energy (Fig. 4), we see that within the uncer-
tainty [18], the two energies are equal for I', < 0.5. Data
from several different detector configurations and calibra-
tions are shown.

The Rydberg data in Fig. 4 does not extend as highin I,
as the expansion data does because as either E, decreases
or N; increases, the Rydberg distributions shift towards
lower n, and eventually significant population is in more
deeply bound levels than the field ramp can ionize. The ob-
served Rydberg distributions then yield an underestimate

T T T ] '-'.‘I_
10 b AE from Rydberg atom binding energy -ll i
E/ky an "
=3 ..I
7 ik ,
a [
S ,lownk w ¥
= o 100 K = VANRVAN
= ”m s Tk
S v b a®
Foir  opfh o -
F A d0
L 2 % O = AE from excess expansion energy
0.01 @' ) .
0.05 0.1 02 0.5 1 2

Fe

FIG. 4. The excess energy in the plasma expansion (from [13])
approximately equals the binding energy of the observed Ryd-
berg atoms. AFE is the total energy observed divided by the
number of ions initially formed. I', is the initial coupling pa-
rameter, calculated by setting 3kzT./2 = E,.
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of the total binding energy. This limits the measurement
to I', = 0.5. The problem is also evident at lower I',
for high N;, as seen in the rollover of Rydberg data for a
given E,.

The equivalence of the excess expansion energy and the
Rydberg binding energy suggests that the recombination is
associated with the heating of the remaining free electrons.
TBR would produce an energy balance similar to the one
observed because the extra electron takes the binding en-
ergy as kinetic energy. It is important to note, however,
that the heating occurs before most of the Rydberg atoms
are formed. In [13] the electron heating was evident in
the plasma expansions by 20—-30 ws. In the present ex-
periment the Rydberg atom distribution is still changing
significantly at this time (see Fig. 3), and the total bind-
ing energy is typically only 20% of its final value. The
Rydberg distributions analyzed in Fig. 4 were taken after
all recombination was completed, approximately 100 ws
after photoionization. The time delay between the appear-
ance of excess energy in the expansion and the formation
of Rydberg atoms suggests that the recombination mecha-
nism is more complicated than just TBR.

We have observed the formation of large numbers of
Rydberg atoms in ultracold neutral plasmas. High recom-
bination rates at low density can be explained with existing
theory only if the electron temperature drops below 1 mK
during the expansion. Even if such extreme cooling does
occur, other data appear to be at odds with three-body re-
combination —the increase in the average binding energy
of the Rydberg atoms with decreasing E, and increasing
N;, and the time delay between the increase in the ex-
pansion velocity and the formation of Rydberg atoms. A
detailed model is required to quantitatively explain all the
observations, and we hope this study will motivate more
theoretical work on recombination and plasma dynamics
in this regime.

This work was funded by the Office of Naval Research.
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