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Probing the fields in an ultracold plasma by microwave spectroscopy
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By observing the Stark shift of the Rb 42s1/2-42p1/2 microwave transition we have measured the electric fields
in an ultracold plasma formed by photoionizing Rb atoms in a magneto-optical trap. Using this approach and
a model of the electron charge distribution we have been able to measure both the microscopic fields due to
nearest-neighbor ions and the macroscopic fields due to the charge imbalance in the plasma.
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I. INTRODUCTION

Since their introduction a decade ago, ultracold neutral
plasmas produced from atoms in a magneto-optical trap
(MOT) have generated a great deal of interest [1–3]. There
are two appealing features of these plasmas. First, they have
well-defined initial conditions, and second, they offer the
prospect of strongly coupled plasmas [2,3], perhaps leading
to crystallization, as observed in single-component cold-ion
plasmas [4,5]. Although the plasmas are initially cold, several
mechanisms heat the plasma. The random spacing of the
MOT atoms leads to heating of the ions when the atoms
are photoionized [6,7] and the plasma electrons are heated
by three-body recombination of the electrons, followed by
superelastic electron-Rydberg atom collisions [8–12]. An
aspect of these plasmas which has not been measured is the
electric field. Plasmas have, in general, two kinds of electric
fields, microscopic and macroscopic fields. The microscopic
fields come from the ions in the plasma, which are so slowly
moving that they produce quasistatic fields [13,14]. For any
atoms but one at the edge of the plasma, the fields from distant
ions average to zero, and it is the field of the nearest-neighbor
ion which is most important. Accordingly we approximate
the microscopic field by the inverse square of the distance to
the nearest ion, leading to a ρ

2/3
I dependence. We ignore the

electrons since they move rapidly and all do not in any way
resemble a quasistatic field. The macroscopic fields are due
to, for example, the applied field in a discharge or the charge
imbalance in a nonneutral plasma. An example of the latter
occurs in an ultracold plasma formed by photoionizing the cold
atoms held in a MOT [1]. A fraction of the photoelectrons leave
and the remainder are trapped by the excess positive charge of
the cold, approximately motionless ions. The higher the energy
of the photoelectrons the larger the excess positive charge
required to trap the electrons [1–3]. If the photoelectrons
initially have very low energy the resulting plasma is very
nearly a neutral plasma, with as little as a 1% charge imbalance.

A classic method of measuring the fields in low-density
plasmas is measuring the Stark shift and broadening of atomic
transitions [15]. Laser spectroscopy of Rydberg states has been
used to measure the fields in both the cathode fall and positive
column of low-pressure gas discharges [16,17], and fields as
low as 10 V/cm have been measured with this approach. In
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all the discharge measurements the fields were macroscopic
fields. The microscopic fields, expected to be 0.1 V/cm in
their case [16], were too small to measure with the available
10 GHz laser resolution. While the resolution was limited
by the laser linewidths, due to the Doppler broadening of the
optical transitions the resolution and field sensitivity cannot be
improved by much in any case. Recently the fields in highly
nonneutral ultracold plasmas, termed Coulomb clusters, of
Rb have been measured by a similar technique [18]. Rb 5p

atoms in a MOT were photoionized with a 355 nm laser pulse,
creating photoelectrons with approximately 1 eV of energy.
Most of the electrons leave, and the macroscopic field due to
the net positive charge is probed by a delayed second laser
to observe the Stark broadening of the excitation spectrum
from the Rb 5p state to the Rydberg states. Fields as low as
10 V/cm were observed, due to the macroscopic field from
the excess positive charge. The microscopic fields were too
small to observe with the 10 GHz laser resolution, although in
this case the Doppler broadening does not present an inherent
problem.

Here we report the measurements of the fields in an
ultracold Rb plasma using a method similar to that employed
by Feldbaum et al. [18], but with two important differences.
First, we use a dye laser to photoionize the Rb 5p atoms,
allowing us to produce photoelectrons with energies from 1
to 143 cm−1, corresponding to temperatures of 1 to 206 K,
allowing the production of more nearly neutral plasmas.
Second, we probe the fields after the plasma is created by
exciting Rb 42s atoms with a second laser and driving the 42s

to 42p microwave transition and observing its Stark shift. The
linewidth of the microwave transition is 5 MHz, and the Stark
shift of the 42s to 42p transition is 33 MHz/(V/cm)2. We can
observe frequency shifts in the line which are 10% of its width,
enabling us to detect fields as low as 0.1 V/cm, which enables
us to observe both the microscopic and macroscopic fields.

In the sections which follow we describe the experimental
approach, present our observations, and extract the fields by
applying a simple model to these observations.

II. EXPERIMENTAL APPROACH

Many details of the apparatus can be found elsewhere, so
we here outline only the essential features [19]. As shown
in Fig. 1, cold Rb atoms are held in a vapor-loaded MOT,
at the center of a four rod structure used to apply static and
pulsed electric fields, the latter for field ionization and charged

1050-2947/2010/82(2)/023421(6) 023421-1 ©2010 The American Physical Society

http://dx.doi.org/10.1103/PhysRevA.82.023421


HYUNWOOK PARK, RAHEEL ALI, AND T. F. GALLAGHER PHYSICAL REVIEW A 82, 023421 (2010)

FIG. 1. Schematic diagram of the apparatus. The six 780 nm MOT
beams and the vacuum envelope are not shown, and the microwave
horn is outside the vacuum envelope. The 480 nm laser beams produce
cylindrical volumes of plasmas and Rydberg atoms.

particle collection. The cold atom cloud has a diameter of
approximately 1 mm and a density of up to ∼1010 cm−3. The
trap lasers provide a steady-state population in the 5p3/2 state,
and we excite atoms from this state with two 8 ns ∼480 nm
laser pulses at a repetition rate of 15 Hz. The timing of the
experiment is shown in Fig. 2. The first laser pulse is a dye
laser pulse which excites the 5p3/2 atoms to energies from
1 to 143 cm−1 above the ionization limit. The excess energy
above the ionization limit determines the electron energy and
temperature in the plasma. The second pulse, at a time t from
10 ns to 20 µs later, excites atoms from the 5p3/2 state to
the 42s state. The spatially overlapped 480 nm beams are
focused to diameters of 160 µm and pass vertically through
the center of the MOT, as shown in Fig. 1, producing a
cylindrical volume of both plasmas and 42s Rydberg atoms.
The second laser pulse, to excite atoms to the 42s state, is
from a frequency doubled 960 nm diode laser, which produces

FIG. 2. Timing diagram for the experiment. The first, plasma
laser pulse produces the ultracold plasma. The second, 42s laser
pulse, which is delayed by time t, produces the probe 42s atoms. The
microwave pulse immediately after the second laser pulse is used
to drive the 42s to 42p transition, which is detected by selective
field ionization of the 42p atoms during the field ionization pulse.
As shown, the 42p signal is earlier than the 42s signal. The shift
and broadening of the microwave transition are used to determine the
fields in the plasma.

a 42s population which only fluctuates by 5% from shot to
shot [20]. The frequency fluctuations of a dye laser would lead
to fluctuations of roughly a factor of 5 in the 42s population,
but for excitation above the limit the frequency fluctuations
are of no consequence. The atoms are then exposed to a 200 ns
long microwave pulse to drive them to the 42p1/2 state. The
microwaves are propagated through a glass window from a
horn outside the vacuum system. Subsequent to the microwave
pulse, a field-ionization pulse is applied to selectively detect
the atoms which have made the transition to the 42p1/2 state.
The field pulse also pushes ions or electrons of the plasma to the
microchannel plate (MCP) detector. The microwave frequency
is slowly swept through the 42s-42p resonance frequency over
many shots of the pulsed lasers. The resonance line shapes are
recorded as a function of the density of the plasma, the electron
temperature of the plasma, and the time delay t after the initial
formation of the plasma. The microwave power is reduced
to the point that the observed resonances are 5 MHz wide,
a limit determined by both the microwave pulse duration and
the inhomogeneous magnetic trapping field. The density of the
42s atoms is kept low enough that there is no dipole-dipole
broadening of the transition.

The field-ionization pulse can have either polarity. If it is
positive it field ionizes the atoms and forces ions resulting from
field ionization and all those created by the first laser pulse to
the MCP detector. Since the pulse rises in 1µs the signals
due to plasma ions, 42p atoms, and 42s atoms are resolved in
time. If the polarity is negative, the electrons resulting from
field ionization and those electrons trapped in the plasma are
driven to the detector. Again, the signals are resolved in time.
The initial geometry of the plasma and the atom samples
are determined by the radius of the MOT, rm = 0.45 mm,
and the waists of the superimposed pulsed laser beams, both
rw = 160 µm.

We determine the number of ions we produce with each
laser pulse by measuring the reduction in the number of atoms
in the trap by the photoionization laser, a procedure similar
to that employed by Singer et al. [21] and Han [22]. First,
we measure Nmax, the maximum number of trapped atoms
by measuring the fluorescence power from the MOT into a
solid angle of 1.86 × 10−3 sr without the photoioization laser.
Second, we measure the filling time of the MOT by observing
the time-dependent fluorescence after the trapping lasers are
turned on, yielding the filling time τfill = 0.85 s. Finally, we
measure Navg, the time average number of atoms in the MOT
when the photoionization pulses are present. The number of
ions produced by each laser shot is given by

Nion = (Nmax − Navg)Rτfill, (1)

where R is the repetition rate of the pulsed laser, 15 Hz. By
observing the electron and ion signals with the field-ionization
pulse applied with zero delay we determined the ratio of
quantum efficiencies for electrons and ions to be 1.6(5).

The density of ions is a function of radial position in the trap
perpendicular to the direction of the 480 nm beam propagation
r = √

x2 + y2, and the position in the propagation direction
z. Explicitly, it is given by

ρI (r,z) = ρI0e
−(r2/r2

w+z2/r2
m), (2)
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where ρ0 is the ion density at the center of the MOT. The
relation between the total number of ions in the trap and
the density at the center of the trap is obtained by integrating
the density over the trap volume

Ni =
(√

π

2

)
ρI0r

2
wrm, (3)

which is typically 4 × 104 ions.

III. OBSERVATIONS

We first measured the Stark shift of the 42s1/2-42p1/2

transition in the presence of a static field. The shift arises
from the difference in the polarizabilities of the two states,
and it is characterized by �ν = −βE2, where β is half the
difference between the 42p1/2 and 42s1/2 polarizabilities,
and E is the static field. These measurements yield β =
33.0(3) MHz/(V/cm)2.

Typical resonances in the presence of a plasma are shown
in Fig. 3, for which the first laser was tuned 1 cm−1 above the
ionization limit so as to make a nearly neutral plasma, and the
second laser pulse was delayed from the first by 10 ns (i.e., in
Fig. 2 t = 10 ns) to allow equilibration of the electrons but no
motion of the ions. As the number of ions is increased from
0 to 2.4 × 104, the resonance shifts to lower frequency, with
a maximum shift of 1.07(8) MHz, corresponding to a field of
0.6 V/cm. When the shifts of Fig. 3 are fit to an ion density

FIG. 3. 42s1/2 to 42p1/2 resonances in a nearly neutral plasma.
The dash-dotted lines represent Lorentzian fits of the experimental
data. The laser producing the plasma is tuned 1 cm−1 above the
ionization limit to produce a nearly neutral plasma and the number of
ion in the plasma is varied by adjusting the intensity of the laser. As
more ions are produced, the resonant peak shifts further to the low
frequency side due to the increasing microscopic field.

FIG. 4. 42s1/2 to 42p1/2 resonances in the presence of plasmas
with different electron temperatures. In all cases the number of ions
is 4 × 104. The dash-dotted lines represent the lineshape model.
In (a) Te = 1 K, there is only a microscopic field. For all higher
temperatures, the microscopic field exists as background for the
macroscopic field produced by the excess ions. As the laser frequency
is tuned further above the ionization limit, the resonant peak tends to
shift further to the low-frequency side and shows a non-Lorentzian
profile due to the increasing charge imbalance between the electrons
and ions in the plasma.

dependence, they vary as ρ
0.64(22)
I , in good agreement with the

expected ρ
2/3
I dependence.

If the tuning of the laser creating the plasma is raised from
1 to 143 cm−1 above the limit, we observe the results shown in
Fig. 4. In all cases the same number of photoions, 4 × 104, is
produced with the first laser pulse, and the second laser pulse
is 10 ns after the first. As the first laser is tuned further above
the limit we observe larger shifts, due to the increasing charge
imbalance between the plasma electrons and ions. The ratios of
the number of electrons to the number of ions at temperatures
of 1, 62, 134, and 206 K, are 99(5)%, 89(7)%, 81(8)%, and
73(10)%. Furthermore, the lineshape becomes double peaked,
which we attribute to the differences in the spatial distributions
of the probe atoms, the ions, and the electrons.

To extract the plasma fields from the measurements shown
in Fig. 4 we have developed a model for the lineshape. As
shown by Fig. 1, the volume of plasma and Rydberg atoms
excited by the 480 nm laser is a cylinder of height much
larger than its diameter (i.e., rm � rw). Accordingly, as an
approximation we assume that the ions and atoms are in an
infinitely long cylinder with Gaussian radial densities given by

ρI (r) = (ρI0/a)e−r2/r2
w , (4a)

and
ρa(r) = (ρa0/a)e−r2/r2

w , (4b)
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where, for example, ρI0/a is the average density of our 1 mm
long plasma at r = 0, and a is a geometrical factor, which
is given by a = 1.42 in our case. The microscopic field is
determined by the distance to the nearest ion. Explicitly, its
magnitude is given by

|Emicro| = 1

R2
NN

, (5)

where RNN is the distance to the nearest ion. Using
4π
3 R3

NN=ρI (r) leads to

|Emicro| =
[

3ρI (r)

4π

]2/3

. (6)

The microscopic field depends only on the ion density of
the plasma, not on the temperature. It is highest at the center
of the plasma/atom volume, and its direction is random.
To compute the macroscopic field requires that we know
the spatial distributions of both the ions and the electrons.
Once we know them, applying Gauss’ law to the ion and
electron distributions we obtain the macroscopic plasma field.
Explicitly, Emacro is given by

|Emacro(r)| =
∫ r

0
[ρI (r ′) − ρe(r ′)]r ′ dr ′, (7)

and is in the radial direction. Here ρe(r) is the electron density.
The motion of the ions in 200 ns is assumed to be negligible,

and they are assumed to form an electrostatic trap for the
plasma electrons. If the electrons were at zero temperature,
they would have a Gaussian distribution identical to that of
the ions, truncated at the radius rT at which all the electrons
have been used [23,24]. From Eq. (7), it is apparent that such
a distribution would result in zero macroscopic field at radial
distances smaller than the truncation radius rT and nonzero
fields at larger radial distances. However, for r < rT , there
would still be a microscopic field due to the nearest-neighbor
ions. The electrons are not at zero temperature, and we have
found that assuming them to have a radial Gaussian distribution
ρe(r) = ρe0e

−r2/r2
c of adjustable width and a fixed number of

electrons, equal to what we measure, provides a reasonably
good representation of our data, as shown by the fits of
Fig. 4.

We assume the resonance lineshape L(ν,r) for an atom at
radial position r to be given by

L(ν,r) = W 2

4[ν − ν0 + βE2(r)]2 + W 2
, (8)

where W is the full width at half maximum of the resonance
observed in the absence of a plasma, and the squared total field
is given by

E2(r) = E2
micro(r) + E2

macro(r). (9)

For all the measurements W = 5.2 MHz. Averaging L(ν,r)
over the volume occupied by the atoms gives the lineshape
L(ν), which can be compared to our observations, as shown in
Fig. 4. Explicitly,

L(ν) =
∫

L(ν,r)ρa(r) dr∫
ρi(r) dr

, (10)

FIG. 5. Radial ion and electron distributions. The width of the
electron cloud is determined by the best fit of the lineshape model in
Fig. 2. As the laser is tuned further above the ionization limit, there
are fewer electrons left in the plasma since more electrons escape
from the ion cloud due to their higher kinetic energy.

where ρa(r) is the density of 42s atoms, which is proportional
to the ion density. The fits shown in Fig. 4 are obtained
from the radial electron distributions ρe(r) shown in Fig. 5.
Also shown are the ion distributions (the atom distributions
have the same form as the ion distributions.). As shown by
Fig. 5, there are fewer electrons when the laser is tuned further
above the limit since a greater charge imbalance is required
to retain more energetic electrons. In Fig. 6 we show the
microscopic and macroscopic fields in the plasma as well
as the atom density weighted by r , to indicate which fields
are being sampled by the atoms. The microscopic field is the
same in all cases, and its maximum is at the center of the
plasma, as shown. The macroscopic field is zero in the center
of the plasma, increases to a maximum, and then decreases
with radial position. Inspecting the fields of Fig. 6 we can see
that at T = 1 K the microscopic field is dominant, but at all
higher temperatures the macroscopic field is dominant, leading
to larger shifts and the double-peaked lineshape observed at
T = 206 K.

Delaying the second pulse allows us to observe the time
evolution of the plasma. With the photoionization laser tuned
1 cm−1 above the limit we photoionize 4 × 104 atoms, and
the number of electrons in the plasma decreases with time.
When we observe the 42s-42p transition as a function of the
delay of the second laser we observe the set of resonances
shown in Fig. 7. With 10 ns of delay the resonance is shifted
to 1 MHz below the atomic frequency due to the microscopic
fields. The frequency shift increases as the delay t is increased
until it reaches a maximum of 2.5 MHz at a delay of 4 µs,
and with longer delays the shift decreases. A qualitative
explanation of these observations is that for the first 4 µs
after its creation the plasma loses a substantial number of
electrons, developing a growing charge imbalance, which leads
to an increasing macroscopic field and frequency shift of the
42s-42p resonance. After 4 µs the expansion of the plasma
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FIG. 6. The microscopic and macroscopic fields of plasmas with
various temperatures. The microscopic field is dominant in the Te =
1 K plasma since the plasma is nearly neutral. In the other plasmas,
the macroscopic field is stronger than the microscopic field.

lowers both the microscopic and macroscopic fields at the
center of the plasma, where the probe atoms are located.

A more quantitative description along the lines above can
be developed if we know the size of the ion cloud. We use the

FIG. 7. 42s1/2 to 42p1/2 resonances as a function of delay time
between the plasma laser and the probe laser. The dash-dotted
lines represent the best fits of the lineshape model to the observed
resonances. At early times, until 2.5 µs, the resonant peak shifts to
lower frequency due to the creation of the excess ions. For delays in
excess of 2.5 µs the peak shifts back to the atomic frequency due to
the expansion of the ion cloud.

FIG. 8. The sum of the calculated microscopic and macroscopic
fields for the best fits to the observed data in Fig. 5. The total field
reaches its maximum in the central region where the probe atoms (42s

atoms) are located at 4 µs. At later times the field at the location of
the atoms decreases although the peak field, at larger radial distance,
continues to increase.

temporal broadening of the photoion signal with delay time to
determine the size of the ion cloud. The correlation between
the time when we detect an ion and its position before the field
pulse is determined by translating the photoionization laser
beam and observing the change in the time at which we detect
the ions using a field pulse applied immediately after laser
excitation.

We assume that the ion cloud expands as a Gaussian with
radius rexp(t) given by [8]

r2
exp(t) = r2

w + (v0t)
2, (11)

where v0 is the initial velocity of the plasma. Choosing
the initial velocity v0 = 40 m/s provides an excellent fit
to our observations, and this velocity is consistent with the
observations of Kulin et al. [8]. Using the radius of the ion
cloud from Eq. (11) and the procedure used to fit the zero
delay data of Fig. 4 we fit the observed lineshapes of Fig. 7. For
each delay time we know the number of ions and their spatial
distribution, as well as the number of electrons. The electrons
are again assumed to have a Gaussian distribution which is
adjusted to produce the fit curves of Fig. 7, which reproduce the
experimental curves reasonably well. The combined electron
and ion distributions lead to the total field distributions shown
in Fig. 8. For delay times longer than 4 µs the plasma has
expanded so much that the macroscopic field is only large
outside the Rydberg atom cloud, which does not expand but
has the same diameter it had at zero delay.

IV. CONCLUSION

We have demonstrated a sensitive new method for measur-
ing the fields in low-density plasmas, measuring the Stark
shift of a microwave transition between Rydberg states.
Using this technique we have been able to measure both the
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macroscopic and microscopic fields in an ultracold plasma. In
these measurements we have a sensitivity to fields as small as
0.1 V/cm. They can be improved and extended in several ways.
Sensitivity to substantially smaller fields could be obtained by
observing, for example, the Rb 40d to 39f transition, which
has a larger Stark shift, and by turning off the inhomogeneous
trap magnetic fields. In a plasma of 1 mm diameter it should
be possible to make a spatially resolved field measurement by

exciting small volumes of Rydberg atoms with crossed focused
laser beams. Achieving a spatial resolution of 50 µm should
be straightforward.
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