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Abstract: The wide range of applications using metastable noble gas atoms has led to a number
of different approaches for producing large metastable state densities. Here we investigate a
recently proposed hybrid approach that combines RF discharge techniques with optical pumping
from an auxiliary state in xenon. We study the effect of xenon pressure on establishing initial
population in both the auxiliary state and metastable state via the RF discharge, and the role of the
optical pumping beam power in transferring population between the states. We find experimental
conditions that maximize the effects, and provide a robust platform for producing relatively large
long-term metastable state densities.

1. Introduction

Metastable noble gas atoms are used in diverse areas ranging from fundamental physics
experiments [1–4], to applications in plasma display panels [5–7], ultralow-power nonlinear
optical devices [8–10], and rare gas lasers [11–16]. In many of these applications, the production
of high densities of metastable states is desirable, and techniques for efficiently promoting a
substantial fraction of the ground state population to the metastable state are of paramount
importance. Although relatively high metastable state densities (∼1013 cm−3) can be achieved for
short time scales using pulsed electrical discharge techniques [5–7], the realization of comparable
long-term steady-state densities remains a significant challenge. Standard approaches include
steady state RF excitation (see, for example, [17–19]), optical pumping techniques [20–22], and
a recently proposed hybrid method which combines both [23,24]. In this paper, we investigate
the experimental conditions needed to optimize this hybrid approach to maximize the production
of metastable state densities. Our study specifically investigates the production of metastable
xenon (Xe*), but the general results are expected to apply to other noble gas species as well.

The energy level diagrams in Figure 1 provide a simplified comparison of the various methods
used to promote the ground state, |g〉, of a noble gas atom to the metastable state of interest,
|m〉. Here, |m〉 lies roughly ∼10 eV above |g〉, and optical transitions between |g〉 and |m〉 are
forbidden by electric dipole selection rules. Noble gas atoms also have a nearby auxiliary state,
|a〉, which does have a direct optical transition from |g〉 at a resonance wavelength in the deep
UV ( ∼100 nm). Finally, we consider an upper-level state, |u〉, which has NIR optical transitions
(∼800 nm ) between both |a〉 and |m〉.

Panel (a) of Figure 1 represents a traditional electrical discharge technique [17–19]. Here an
RF (or DC) field is applied to a gas of atoms, resulting in various collisional mechanisms that
transfer population (both directly and indirectly) from |g〉 to |m〉. In contrast, panel (b) shows
an “all optical” approach in which resonant VUV light (typically from an external lamp) excites
|g〉 → |a〉 [20–22]. Population is then optically pumped from |a〉 → |u〉 using a narrowband laser,
and spontaneous emission then causes a transition from |u〉 → |m〉. Panel (c) shows an alternative
“all-optical” approach that relies on a direct two-photon transition from |g〉 → |u〉 [25, 26].

Panel (d) of Figure 1 shows the hybrid approach of interest here [23]. The key idea is that the
same electrical discharge that creates population in |m〉 (cf. panel (a)) also creates population
in the auxiliary state |a〉. This electrically-produced auxiliary population can then be optically
pumped from |a〉 → |u〉 → |m〉 to supplement the existing electrically-produced |m〉 population.
At the same time, spontaneous emission from the dipole-allowed |a〉 → |g〉 transition provides
a source of resonant VUV photons that can be subsequently absorbed by nearby ground state
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Fig. 1. Comparative overview of 4 different methods used to promote ground state |g〉
population to the metastable state |m〉 in noble gas atoms: (a) standard RF discharge
technique, (b) “all-optical” technique involving transitions to an auxiliary state |a〉
and upper state |u〉 [20–22], (c) alternative “all-optical” technique [25, 26], and (d) the
hybrid technique of interest here [23]. The hybrid technique in panel (d) combines the
electrical discharge of panel (a) with the optical pumping of panel (b).

atoms. Because the overall number of atoms that are excited by the RF discharge in a typical
experimental setup is much larger than the number of atoms in the cross-section of the NIR
optical pumping beam, this effect gives a significant boost to the population that can be optical
pumped from |a〉 → |m〉. The combination of all of these effects results in the strong optical
enhancement to the electrically-produced population of |m〉 that was first observed in [23].

In this paper we investigate the experimental conditions that maximize this optically-enhanced
electrical production of metastable states. We use a strong RF discharge and spectroscopic
techniques to study and compare the initial populations of both the metastable state |m〉 and the
auxiliary state |a〉, and find that they are each maximized under the same experimental conditions.
In addition, we experimentally observe that the metastable state population can be enhanced by
an amount greater than the steady-state population of the auxiliary state due to the drastically
different effective lifetimes of these states. The end result is a convenient and robust method
to experimentally optimize the overall steady-state metastable state population using the hybrid
technique illustrated in Figure 1(d).

2. Metastable xenon

Our study uses a low pressure (∼100 mTorr) gas of xenon atoms. An overview of the relevant
energy levels is shown in Figure 2. Here, the metastable state |m〉 (6s[3/2]2 state) has a natural
lifetime of ∼43 s [27] which is reduced to the order of ms due to collisions under our typical
experimental operating conditions [28–30]. The auxiliary state |a〉 (6s[3/2]1 state) has a lifetime
of ∼4 ns, which is significantly shorter than the lifetime of |m〉. In xenon, the UV optical
transition between |a〉 and the ground state |g〉 (5P6 state) is at 147 nm, and the NIR transition
between |a〉 and the upper state |u〉 ( 6p[3/2]1 state) is at 916 nm. This 916 nm transition is
driven by a narrowband pump laser in our experiments.
Once populated, |u〉 can decay to the desired metastable state |m〉 via spontaneous emission

at 841 nm with a probability of 80%, or back to the auxiliary state |a〉 with a probability of
20%. The lifetime of the upper state |u〉 is ∼38 ns [31]. In addition to the four key atomic states
of interest, we also utilize an extra upper state |u′〉 ( 6p[3/2]2 state) to perform spectroscopic
measurements that characterize the metastable state (Xe*) density as a function of various
experimental parameters.

As will be described below, the baseline steady-state Xe* density under optimized RF discharge
conditions in our experiment is ∼1011 cm−3. Under the same conditions, the baseline density of
atoms in the auxiliary state |a〉 is ∼1010 cm−3. The goal of optically enhanced production of
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Fig. 2. Relevant energy level diagram and associated parameters for xenon. Here, the
metastable state |m〉 has an intrinsic lifetime of τ∼43 sec, while the auxiliary state
|a〉 has a lifetime of τ∼4 ns. In our experiments, the baseline densities (due to the
RF discharge alone) of the metastable state and auxiliary state are ρm∼1011cm−3 and
ρa∼1010 cm−3, respectively. The goal of the experiments is to optically pump as much
of the |a〉 population to |m〉 as possible. The metastable state density ρm is measured by
performing spectroscopy on an 823 nm transition between |m〉 and a second upper-level
state |u′〉.

Xe* is simply to transfer as much of this |a〉 population as possible into |m〉 [23]. Intuitively,
the requirements are (1) starting with a large population in |a〉, and (2) driving the process
with a strong optical pumping beam at 916 nm. In the following sections, we summarize a
series of experimental measurements that characterize the optimization of this process. The key
parameters that influence the process are the overall pressure of the neutral xenon gas, and the
strength of the 916 nm optical pumping beam.

3. Experimental setup

Figure 3 provides an overview of the pump-probe experimental setup. The pump and probe
lasers are independent narrowband tunable diode lasers (Toptica DL Pro; linewidths ∼300 KHz)
centered at 916 nm and 823 nm, respectively. For the spectroscopic measurements of interest,
the lasers are scanned over ranges of ∼10 GHz, and the laser frequencies are measured using
a calibrated wavelength meter with 100 MHz resolution (High Finesse WSU-30). The pump
and probe lasers are combined into a single spatial mode using a single-mode fiber, and then
launched into the xenon vacuum chamber as a common free-space beam with a diameter of ∼2
mm. A power meter that can be inserted into the free-space beam before the vacuum chamber is
used to measure the laser powers. To avoid atomic saturation effects, the experiments are done
with 823 nm probe beam powers of only ∼7.5 uW [32]. As will be described below, the 916 nm
pump beam power is a key experimental parameter that is varied in the range of 0 - 10 mW.
The vacuum system is comprised of a standard 4.5" stainless steel ConFlat cube with glass

viewports that let the pump and probe beams pass through the chamber. The chamber is typically
pumped down to a pressure of ∼10−6 Torr and then backfilled with xenon gas. A capacitance
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Fig. 3. Overview of the pump-probe setup used to characterize the experimental
conditions that maximize the optical production of Xe*. The pump and probe lasers (at
916 nm and 823 nm, respectively) are combined into a common spatial mode using a
single-mode fiber, and then launched as a free-space beam through a vacuum chamber
containing a gas of xenon atoms. A xenon glow discharge plasma is produced using
an RF coil mounted on the outside of a glass window on the vacuum chamber. The
dashed-box inset represents a “zoom-in” on a cross-section of the experiment. The RF
field excites atoms throughout the entire chamber, while the 2mm diameter pumping
beam (and probe beam) only interact with a small subset of the atoms. The 2 key
experimental parameters are the neutral xenon pressure and the 916 nm pumping beam
power.

manometer gauge fitted on the chamber is used to monitor the neutral xenon pressure. The
neutral xenon pressure is a key experimental parameter that it is varied the range of ∼10 - 600
mTorr in the experiments.
A large 4.5" glass viewport is also used on one side of the cube to allow RF excitation of

the xenon gas. An RF coil is mounted on the viewport, and driven with a standard tank circuit
(consisting of the coil and capacitors). This system has an RF resonance frequency of 130 MHz,
and is driven by a low power signal generator that is amplified to produce a glow discharge
plasma in the chamber. For our full range of neutral xenon pressures, an amplified RF power of
∼20 W was found to maximize the initial Xe* density [10] (ie. the baseline |m〉 population; via
the process shown illustrated in Figure 1(a)).

The inset to Figure 3 illustrates a cross-section of the gas of atoms under the influence of both
the RF excitation field, and the optical pumping beam at 916 nm. This highlights the fact that
while a large ∼10 cm diameter cross section undergoes RF excitation, only a small subset of the
atoms interact with the optical pumping beam (∼2 mm diameter). These surrounding atoms
provide a source of spontaneously emitted 147 nm photons that boost the baseline population of
|a〉 in Figure 2.
A photodiode (PD) preceded by various filters is used to measure the transmitted laser powers

during the spectroscopic measurements. For the baseline spectroscopic measurements of the |a〉
to |u〉 transition at 916 nm, or the |m〉 to |u′〉 transition at 823 nm, only a single laser is used. For
the full pump-probe experiments using both lasers, a narrow bandpass filter (centered at 823
nm) is used to block the transmitted 916 nm pump beam, while passing the 823 nm probe beam



during the measurements.

4. Experimental results

With the absence of the RF field, nearly all of the atoms in the gas are in the ground state
and the initial populations of |a〉 and |m〉 are roughly zero. The RF discharge contribution
to the population of |m〉 can then be determined by applying the RF field, and performing
transmission-spectroscopy measurements on the |m〉 → |u′〉 transition at 823 nm. An example
result at a neutral xenon pressure of 15 mTorr is shown in Figure 4(a). Here, the 6 “dips” in
transmission are due to absorption from the various isotopes of Xe [19]. We obtain an estimate
of the Xe* density to be ρm∼2 x 1011 cm−3 by fitting these transmission lineshapes using the
models of reference [33], while taking into account the natural abundances of the various xenon
isotopes and branching ratios of the hyperfine transitions [34]. This value of ρm∼2 x 1011 cm−3

represents the baseline steady-state Xe* density (ie. |m〉 population) that can subsequently be
enhanced by optical pumping population from the auxiliary state |a〉.

We estimate the baseline population of |a〉 by performing analogous transmission-spectroscopy
measurements on the |a〉 → |u〉 transition at 916 nm. Figure 4(b) shows a typical result using the
same RF discharge conditions and xenon pressure of 15 mTorr. Here, the large central “dip” and
smaller side dips are once again due to the various isotopes of Xe and the hyperfine splittings of
the relevant states [35]. Fitting the lineshapes in Figure 4(b) provides an estimated baseline |a〉
density of ρa∼4 x 1010 cm−3. Note that this population of |a〉 results from both the RF discharge,
as well as the absorption of 147 nm photons spontaneously emitted from surrounding atoms in
the large-scale gas.

Next, we repeat these independent measurements for a range of neutral xenon pressures ranging
from 10 to 600 mTorr. The results are shown in Figure 5, where each data point represents a
baseline density value extracted from fitting a transmission spectrum similar to those in Figure 4.
The key result here is the nearly identical behavior of the |m〉 and |a〉 populations as function
of the xenon pressure in our system. As the pressure is increased there are simply more atoms
to promote from the ground state and the populations increase, while at higher pressures the
role of collisions plays a more dominant role and limits the populations. Note that the trade-off
between these effects results in the same optimal pressure of 15 mTorr for both the |m〉 and |a〉
populations in our system. At pressures higher than ∼600 mTorr (or lower than 10 mTorr), we
were unable to produce a stable discharge in our system.
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Fig. 4. Single laser spectroscopy of (a) the |m〉 → |u′〉 transition at 823 nm, and (b) the
|a〉 → |u〉 transition at 916 nm. In panel (a) a detuning of zero corresponds to ωprobe

= 364,095 GHz. In panel (b), zero detuning corresponds to ωpump = 327,099 GHz.
Throughout the work, transmission spectra lineshapes like these are fitted to determine
the metastable state |m〉 and auxiliary state |a〉 densities ρm and ρa .
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Fig. 5. Baseline densities (due to the RF discharge alone) of the metastable state |m〉
(blue trace) and auxiliary state |a〉 (red trace) as a function of neutral xenon pressure.
The key result here is the similar dependence on pressure; optimizing the system for
the largest baseline ρm value also provides the largest baseline ρa value.

From a practical point of view, the significance of the nearly identical behavior in Figure 5 is
that the same experimental conditions that give the largest baseline Xe* density also provide the
largest auxiliary state density. Because the optical enhancement of Xe* production intuitively
requires a large baseline auxiliary state population, this result suggests that the conditions needed
for maximizing the optically-enhanced production of Xe* can be achieved by simply maximizing
the starting baseline density of Xe*.
In Figure 6 we investigate the role of the 916 nm optical pumping beam power, Ppump, for

transferring population from |a〉 to |m〉. We perform a series of pump-probe experiments for a
variety of neutral xenon pressures. Here, 823 nm (probe) transmission spectra similar to those in
Figure 4(a) are measured, but now with the 916 nm optical pumping beam turned on (and with
ωpump fixed at zero detuning). Figure 6(a) shows an example of results obtained at a relatively
high neutral xenon pressure of 300 mTorr. As Ppump is increased, more population is transferred
from |a〉 to |m〉, resulting in stronger absorption of the 823 nm probe beam (ie. increasingly
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Fig. 6. (a) example of full pump-probe experimental results at a neutral xenon pressure
of 300 mTorr. The data shows 823 nm probe spectroscopy for several different values
of 916 nm pump beam power Ppump ranging from 0 mW (pump off) to 9.5 mW. As
Ppump is increased, the increasing absorption “dips” are indicative of more population
being pumped from |a〉 to |m〉. (b) quantification of the desired increase in ρm as
a function of Ppump for several different neutral xenon pressures in the range of 15
mTorr to 600 mTorr.



deeper “dips” in the transmission spectra).
In order to quantify this population transfer, we fit each of the spectra in Figure 6(a) to obtain

estimates of the Xe* density ρm as a function of Ppump. We then repeat these pump-probe
measurements for a several different neutral xenon pressures ranging from 15 to 600 mTorr,
with the results summarized in Figure 6(b). In all cases, a dramatic increase of ρm is seen as
a function of increasing Ppump. In many ways, the results shown in Figure 6(b) represent the
main result of the study. We see that the goal of maximizing the metastable state density ρm is
achieved by using the neutral xenon pressure that maximizes the initial baseline values of ρm
(and thus ρa), and utilizing as much pump beam power as possible. A saturation-like effect is
also seen for all cases of neutral xenon pressure [23, 24].

The overall utility of this hybrid approach is seen most clearly for non-optimized neutral xenon
pressures which result in very small initial baseline densities ρm (for example, the 600 mTorr
case in Figure 6(b)). Here, the application of pump beam powers of only a few mW can provide
a relative increase in ρm by roughly an order of magnitude [23]. However, one significant result
which emerges from the data in Figure 6(b) is that these order-of-magnitude increases do not
hold for more optimized cases of larger initial baseline densities (for example, the 15 mTorr case
in Figure 6(b)). Rather, the data in Figure 6(b) show that the net increase in ρm as function of
Ppump is roughly constant over a large range of neutral xenon pressures. Figure 7 examines this
effect in more detail by plotting the net increase in metastable state density, ∆ρm, as a function
of neutral xenon pressure, for several different values of Ppump. The data shows that over the
range of xenon pressures from 15 mTorr to ∼300 mTorr, ∆ρm is essentially flat, with a value
determined solely by Ppump .
It is interesting to note that the value of ∆ρm (for all cases in Figure 7) actually exceeds the

initial steady-state baseline auxiliary state density ρa. For example, using our maximum available
pump power of Ppump = 9.5 mW (upper trace in Figure 7), the change in Xe* density is roughly
∆ρm∼8.5 x 1010cm−3 over the range of xenon pressures from 15 mTorr to ∼300 mTorr. Over that
same pressure range, the baseline auxiliary state density ρa varies from a maximum of only 3.9 x
1010 cm−3 down to 0.1 x 1010 cm−3 (cf. Figure 5). This apparent excess in ∆ρm is due to the fact
that the metastable state effective lifetime (∼ms) is several orders of magnitude larger than the
auxiliary state |a〉 and upper state |u〉 lifetimes (∼ns), resulting in a desirable continuous-wave
laser-pumped steady-state “build up” of population in the metastable state [36]. In Figure 7
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Fig. 7. Net change in metastable state density as a function of neutral xenon pressure
for 4 different values of pump beam power between a moderate value of 5 mW and our
maximum available power of 9.5 mW. The data shows that ∆ρm is fairly constant over
a large pressure range, with a value largely determined by the pump power.



the small drop-off in ∆ρm values for pressures higher than ∼300 mTorr is most-likely due to
insufficient initial ρa values in our set-up at higher pressures (cf. Figure 5).

5. Summary and conclusions

We have investigated the experimental conditions needed to maximize the optical production
of metastable xenon using the hybrid method of Figure 1(d) [23, 24]. Here, conventional
RF-excitation is combined with optical pumping from an auxiliary state to provide a dramatic
enhancement of the metastable state density. We find that the same RF discharge conditions
that optimize the initial metastable state density also optimize the auxiliary state density. While
these initial baseline densities (due to RF excitation alone) vary significantly with the neutral
xenon pressure, we find that the subsequent net increase in metastable state density (due to
optical pumping from the auxiliary state) is relatively constant over a large pressure range, and is
determined solely by the pumping beam power. In addition, the net increase in the steady-state
metastable state density can exceed the baseline auxiliary state density due to the vastly different
lifetimes of these states.

These results suggest that the hybrid technique of Figure 1(d) can provide a robust method for
producing relatively large long-term metastable state densities. It is important to note, however,
that the long-term densities achieved here (∼1011 cm−3) are still lower than those obtained using
short pulsed electrical discharge techniques (∼1013 cm−3) [5–7]. Nonetheless, the techniques
described here impact applications requiring high densities for longer continuous time scales [16],
and studying the transient dynamics of this hybrid approach in the pulsed regime may also be of
fundamental interest.
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