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Coulomb Expansion of Laser-Excited Ion Plasmas
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We determine the electric field in mm-sized clouds of cold Rb� ions, produced by photoionization of
laser-cooled 87Rb atoms in a magneto-optical trap, using the Stark effect of embedded Rydberg atoms.
The dependence of the electric field on the time delay between the ion plasma production and the probe
of the electric field reflects the Coulomb expansion of the plasma. Our experiments and models show
expansion times <1�s.
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FIG. 1. Experimental Rydberg excitation spectrum of 87Rb
5P3=2 atoms embedded in a laser-generated ion plasma. Three
types of spectral ranges with low signal, denoted hs-, mid- and
pd-gaps, become filled in at critical wavelengths that depend on
the strength of the plasma electric field. The figure shows the
ionization [7]. The thermal electrons are counted using a
microchannel plate detector and a photon counter, and the

construction that we use to determine the critical wavelengths
at which the spectral gaps close.
Cold plasmas generated by the laser excitation of laser-
cooled clouds of atoms [1] have revealed novel phenom-
ena, including recombination into Rydberg states [2,3]
and plasma oscillations [4,5]. Dense clouds of Rydberg
atoms have been found to evolve into cold plasmas [6] or,
at lower density, to undergo a conversion into long-lived
Rydberg states due to l mixing [7]. Wigner crystallization
of ions in quasineutral cold plasmas confined in traps
appears possible [8–10]. Very recently, the early evolution
of neutral cold plasmas has been studied in simulations
[11–13]. Rydberg atom spectroscopy is well suited to the
study of plasma electric fields [14]. In the present paper,
we employ this method to measure the Coulomb expan-
sion of photoexcited, mm-sized plasmas consisting
mostly of cold Rb� ions. We find, in agreement with a
simple theoretical model, that these plasmas dissipate
within 1 �s.

In our experiment [15], we obtain cold Rb� ion plas-
mas in a two-step optical excitation process. Laser-cooled
87Rb atoms confined in a volume � 1 mm3 are excited
from the ground state 5S1=2 to the 5P3=2 state using a
diode laser pulse that strongly saturates the transition.
A UV laser pulse (�UV � 355 nm, duration <10 ns,
pulse energy & 1 mJ, fluence & 5� 1016 cm�2) partially
ionizes the 5P3=2 atoms (ionization cross section � 8�
10�18 cm2), producing photoelectrons with 0.9 eV initial
kinetic energy. These photoelectrons escape on a time
scale of a few ns, leaving behind a cloud of slow Rb�

ions. Both laser beams used for the photoionization are
large enough in diameter to cover the entire atom cloud.
Therefore, the initial ion probability distribution equals
that of the atom cloud, and has been determined by
absorptive CCD imaging of the atom cloud [15].

We probe the electric field in the expanding plasma as
follows. At a time delay of 25 to 1000 ns after the UV
pulse and while the lower-step laser is still on, 5P3=2
atoms embedded in the ion plasma are excited by a blue
dye laser pulse (� � 480 nm, duration <10 ns, bandwidth
� 10 GHz). The blue pulse excites bound Rydberg atoms,
which subsequently undergo l mixing and slow thermal
0031-9007=02=89(17)=173004(4)$20.00
counts are recorded vs the wavelength of the blue laser.
The Stark effect visible in the Rydberg excitation spectra
is used to determine the plasma electric fields.

Figure 1 shows a typical experimental Rydberg excita-
tion spectrum of atoms in an electric-field-bearing
plasma. Electric-field-induced mixing of Rydberg states
causes what appears as parity-forbidden transitions in
Fig. 1: p lines and high-hli states (states with near-zero
quantum defects, labeled h) are observed to become in-
creasingly prominent with increasing principal quantum
number n. The electric field E causes the high-hli states to
fan out over an energy range 3n2E (atomic units) ([16]
and Fig. 2). Because of line broadening, the high-hli states
in Fig. 1 are not resolved into individual spectral lines but
appear as the quasicontinuous spectral h features. The h
features first show up as triangular structures between
neighboring s and p lines and, with increasing n, pro-
gressively expand and fill in the spectral gaps of origi-
nally zero signal between the discrete s, p, and d states,
which have large quantum defects (�s � 3:13, �p � 2:65,
and �d � 1:34). There are three types of spectral gaps,
which we label hs-, mid- and pd-gaps. With decreasing
 2002 The American Physical Society 173004-1
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wavelength, the gaps become filled in with significant
signal in exactly that order, at well-defined critical wave-
lengths. Those wavelengths can be readily converted into
critical effective quantum numbers nhs, nmid, and npd. We
find that the ni are robust indicators for the electric field,
because they are solely determined by the general spread-
ing behavior of the quasicontinuous h features and are
only weakly affected by the power and frequency fluctu-
ations of our Rydberg excitation laser.

Using the numerical parameters given in Fig. 2, which
reflect the noninteger parts of the quantum defects of Rb
and the linear Stark effect of the high-hli states, the
critical quantum numbers ni at which the spectral gaps
become filled in can be related to E as follows:

E � 0:086n�5
hs E � 0:23n�5

mid

E � 0:33n�5
pd �atomic units	:

(1)

Atoms other than Rb would follow similar relations
with different numerical factors, dependent on their
quantum defects. Equations (1) share the n�5 dependence
of the well-known Inglis-Teller relation [17]. Equa-
tions (1) apply to Rydberg atom spectra in constant elec-
tric fields. In a plasma, the electric field typically follows
probability distributions centered about a most probable
electric field, and Eqs. (1) can be used to approximately
determine that field.

We have measured a series of spectra for different delay
times of the UVand blue laser pulses, shown in Fig. 3. The
plasma-field-induced signatures recede to higher n as the
delay time increases. This observation reflects the expan-
sion of the ion plasma and the associated decrease of the
plasma electric field. In Fig. 3, we determine the critical
wavelengths at which the three types of spectral gaps
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FIG. 2. Calculated Stark map of Rb in the vicinity of n � 29
and n � 30.
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(discussed above) close. The corresponding electric fields,
obtained from Eqs. (1), depend on the pulse delay time as
shown in Fig. 4 and demonstrate that the plasma dissi-
pates within a time <1 �s. The electric-field decay time
is much shorter than the dissipation time of quasineutral
ultracold plasmas, which is of order 50 �s [1]. The mea-
surements of the plasma electric field and its decay be-
havior are the main results of this paper.

We begin our discussion with the initial state of the
plasma. Since the excitation beams are larger than the
atom cloud, we assume that the plasma has an initial
shape similar to that of the atom cloud. The area density
distribution of the atom cloud used for the data shown in
Fig. 3 is elliptical, with initial FWHM in the direction of
the long and short axes of 2:0
 0:1 mm and 1:2
 0:1
mm, respectively. Using absorption images and magneto-
optical-trap fluorescence measurements before and after
the ionizing UV pulses, we estimate an ion number of
5:0� 106 with a statistical uncertainty of 0:5� 106.

The question arises whether there is a significant elec-
tron component present during the early stages of the
plasma expansion. Using the kinetic energy of the photo-
excited electrons, �E � 0:9 eV, and the size of the atom
cloud, an expression given in Ref. [1] can be used to
estimate a critical number N� of ions above which the
space-charge effect of the ions becomes large enough to
retain electrons in the ion cloud: N� � �Ef

���������
2=�

p
e2=

�4��0�	g�1, where � is the rms radius of the ion cloud.
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FIG. 3. Experimental Rydberg excitation spectra of 87Rb
5P3=2 atoms embedded in photoexcited plasmas. The delay
times between the plasma excitation and the excitation of
Rydberg atoms are indicated. The lines indicate the closing
of the pd- (dotted), mid- (dashed), and hs-gaps (solid).
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FIG. 5. (a) Calculated radial dependence of the charge den-
sity � at the indicated times for an initially Gaussian ion cloud.
The corresponding probability distributions for the detected
electric field, shown in (b), include the effect of microfields
(see text).
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FIG. 4. Time dependence of the electric field in photoexcited
plasmas obtained from the closing of the pd- (triangles), mid-
(full circles) and hs-gaps (open circles) observed in experi-
mental Rydberg excitation spectra. The indicated typical
uncertainty is due to the graphical determination of the
wavelengths at which the spectral gaps close. The lines show
theoretical electric fields derived from a model explained in
the text.
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With an increasing fraction of retained electrons the
plasma becomes increasingly neutral. As a result, beyond
a critical number of ions the electric-field-induced signa-
tures in the Rydberg atom excitation spectra recede, in-
dicating the collection of electrons in the plasma that
neutralize the macroscopic plasma electric field. In earlier
work we have observed and pointed out this effect [18]. In
our present work, we aim for a large initial electric field.
Therefore, we keep the ion number low enough that the
electric-field-induced signatures in the spectra are not
diminished. Thus, we are confident that the fraction of
retained electrons is zero or very small. A moderate
inconsistency between the above quoted equation for N�

and the estimated ion number and cloud size may be due
to the deviations of our ion cloud from a spherical
Gaussian and/or to systematic errors in the determination
of the ion number.

To model the plasma expansion, we consider the
plasma a one-component ‘‘charged liquid’’ with a slowly
varying, spherically symmetric density distribution and
constant charge=mass ratio. This model applies only if
there are no electrons in the plasma; if there were, more
sophisticated models [11–13] would have to be used. The
expansion is simulated using a set of 2000 concentric
shells evenly covered with charges consistent with the
initial charge distribution, which is assumed to be a
Gaussian g�r	 with a FWHM diameter of 1.65 mm. As
Fig. 5(a) shows, the charge distribution does not preserve
its shape during the expansion. In the central region, the
charge density drops and tends to become constant over a
large volume, while at the perimeter of the expanding
173004-3
cloud a relatively strongly charged outer layer develops.
At times later than about 1:5 �s, the charge density of the
outer layer becomes singular, forming an expanding
shock front. We believe that a model developed by
Robicheaux et al. [12] will, in the limit of a high initial
electron energy and a large initial electron escape proba-
bility, produce results consistent with ours.

The probability distribution P�E	 for the electric field
experienced by an atom randomly placed in the plasma is
determined as follows. The distributions of Fig. 5(a) are
used to randomly place a set of discrete ions. The
5P3=2-detector atoms are placed according to the same
function g�r	 that is also used for the initial ion distribu-
tion. This placement of the detector atoms is justified by
the fact that the ion and Rydberg atom excitation proc-
esses are not saturated and the cloud of 5S1=2 and 5P3=2
atoms does not expand during the time delay between the
UVand the blue pulses (unlike the rapidly expanding ion
plasma). In the described procedure, the electric-field
sampling over the plasma volume is weighted by g�r	,
and it accounts for microfield effects [19]. The resultant
distributions P�E	 are shown in Fig. 5(b), and the corre-
sponding field averages

R
P�E	EdE are shown as dashed

curve in Fig. 4.
We have estimated the uncertainty inherent to the

analysis scheme used for the experimental data. For about
50 field values we have calculated Rydberg atom excita-
tion spectra for random atomic orientation and light
polarization (methods described in [20]). To account for
the laser linewidth, the spectra are convoluted with a
Gaussian of 10 GHz FWHM, yielding spectra S�E; �	.
Then, the probability distributions P�E	 shown in
Fig. 5(b) are used to form a weighted sum S��	 of the
S�E; �	. The S��	 show excellent qualitative agreement
with the measured spectra (compare Figs. 3 and 6). We
have then used the graphical method to identify the
critical wavelengths, explained in Fig. 1, and Eqs. (1) to
extract electric-field values from the spectra S��	. Those
fields are shown as dotted line in Fig. 4.

Our model qualitatively reproduces the experimentally
observed electric-field decay behavior. The values of
173004-3
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FIG. 6. Calculated isotropic excitation spectra S��	 of a
Gaussian cloud of 87Rb 5P atoms into Rydberg states in the
presence of 5� 106 discrete Rb� ions with spatial distributions
shown in Fig. 5(a).
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experimental and theoretical electric fields agree to
within about 40%. Since a number of difficult calibration
measurements (cloud size, atom number, photoionization
probability) had to be performed in order to arrive at a
quantitative experiment-theory comparison, this level of
agreement appears satisfactory. A comparison of the data
shown in Fig. 4 with additional calculations in which the
effect of the microfields on P�E	 was ignored has further
shown that, at present, we are not able to isolate microfield
and other local effects of the charge carrier distribution.
The short expansion time of non-neutral plasmas is,
obviously, a result of the strong Coulomb repulsion be-
tween the ions. In contrast, quasineutral ultracold plasmas
expand mostly due to the pressure of the electron compo-
nent [1,12]; that mechanism leads to a much slower
plasma expansion. We expect that, when the fraction of
electrons retained in the plasma is increased from 0% to
100%, there is a gradual transition between a Coulomb
expansion and a pressure-driven expansion. The model in
[12] should be suited to theoretically study these issues,
while position- and time-resolved electric-field measure-
ments of the plasma could provide experimental insight.

In summary, we have used spectroscopic electric-field
measurements and numerical models to study the expan-
sion of an ultracold non-neutral plasma of Rb� ions. We
have found agreement in observed and calculated expan-
sion times. The developed field measurement method has
considerable potential. In future experiments, we plan
position-sensitive electric-field measurement using
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crossed and focused Rydberg atom excitation beams.
The use of a laser with a narrow bandwidth (� 1 MHz �
1=10 000 of our current spectral resolution) will allow us
to measure electric-field distributions rather than average
fields. It should thus become possible to isolate the effect
of the microfields and to measure the Holtsmark distri-
bution [21]. Accurate field measurements could also re-
veal inhomogeneities and instabilities in the expanding
plasma. A study of the shock front dynamics mentioned
in the paper should also be possible. Spatial order in the
charge carrier arrangement, such as Wigner crystals [8],
may become detectable via measurements of electric-field
distributions.
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