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We report the creation of an interacting cold Rydberg gas of strontium atoms. We show that the

excitation spectrum of the inner valence electron is sensitive to the interactions in the Rydberg gas, even

though they are mediated by the outer Rydberg electron. By studying the evolution of this spectrum we

observe density-dependent population transfer to a state of higher angular momentum l. We determine the

fraction of Rydberg atoms transferred, and identify the dominant transfer mechanism to be l-changing

electron-Rydberg collisions associated with the formation of a cold plasma.
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The combination of laser-cooled atoms and the strong,
tunable, long-range dipole-dipole interactions between
Rydberg states has emerged as a powerful new way of
studying strongly interacting quantum systems. In particu-
lar, the laser excitation of Rydberg states in cold, dense
clouds can lead directly to the formation of highly en-
tangled states via the dipole blockade mechanism [1–4].
The interatomic interactions also modify the atom-light
interaction [5], giving rise to cooperative effects [6] that
could be exploited to create photonic quantum gates [7].
Novel binding mechanisms give rise to long-range mole-
cules [8,9], and the Rydberg gas has also been observed to
spontaneously evolve into a plasma [10].

Currently, these experiments use alkali metal atoms,
where only the Rydberg electron is available for manipu-
lation by external fields. Elements that have two valence
electrons, such as strontium, provide additional degrees of
freedom. The valence electron that remains in the core can
be excited independently [11]. This raises the possibility of
imaging [12] or laser cooling Rydberg atoms, or confining
them in an optical dipole trap. A cold gas of ‘‘planetary’’
Rydberg atoms [13] could be created, where electronic
correlations play an important role. The creation of highly
entangled states of two-electron atoms via the Rydberg
blockade could have important applications in precision
frequency metrology [14].

In this paper we report the creation of a cold Rydberg
gas of strontium atoms. By exciting the inner valence
electron, we probe the state of the outer Rydberg electron
through the overlap of the two electronic wave functions.
This overlap causes the doubly excited Rydberg atoms to
autoionize. By measuring how the shape of the autoioniz-
ing resonance varies with density and time, we observe the
transfer of population from the initially excited Rydberg
state into other angular momentum states, in the presence
of repulsive van der Waals interactions. Several population
transfer mechanisms have been identified in cold Rydberg
gases, including blackbody radiation [15], superradiance
[16], resonant energy transfer due to dipole-dipole inter-
actions [17], and electron-Rydberg collisions [18]. From a

quantitative analysis of the autoionization signal, we de-
termine that electron-Rydberg collisions associated with
the formation of an ultracold plasma are the dominant
mechanism for population transfer under our experimental
conditions.
A schematic of the experiment is shown in Fig. 1(a). The

cold Rydberg gas is created by exciting cold atoms from
a magneto-optical trap (MOT), which operates on the
5s2 1S0 ! 5s5p 1P1 transition at �1 ¼ 461 nm. The MOT

is loaded using a Zeeman slowed atomic beam, and we
obtain �3� 106 atoms at a temperature of 5 mK and a
density of �2� 1010 cm�3. Once the MOT is loaded, the
MOT and Zeeman slower light is extinguished, and
the atoms are excited to the 5s56d 1D2 Rydberg state using
the two-step excitation shown in Fig. 1(b). The first step is
provided by a resonant probe beam derived from the
cooling laser, which is stabilized using polarization

FIG. 1 (color online). (a) Schematic of the experiment. The
MOT is formed between two segmented ring electrodes, which
direct the ions towards the MCP. (b) Energy level diagram. The
first electron is excited to the 5s56d 1D2 state by a two-step

excitation (�1 þ �2). After a variable delay �t, the second
electron is excited at �3 and the atom autoionizes. (c) An
example of the time-resolved ion signal. The autoionization
signal is much larger than the signal from spontaneously created
background ions.
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spectroscopy [19,20] and has an intensity of 0:7Isat. The
second step at �2 ¼ 413 nm is driven by a cw frequency-
doubled diode laser system. These laser beams are counter-
propagating, have a waist of 0.7 mm, and are linearly
polarized in the vertical direction. Both lasers are pulsed
on simultaneously for a duration of 4 �s.

After a variable delay �t, we excite the second electron,
using a 4 �s pulse with a variable detuning �3 from the
Srþ5s1=2 ! 5p3=2 transition at �3 ¼ 408 nm. This light is

provided by a cw external cavity diode laser, and the beam
has a power of 1.3 mW and a waist of �1 mm. This pulse
autoionizes the Rydberg atoms, and is followed by a 4 �s
electric field pulse that directs ions to a micro-channel
plate (MCP) detector. The amplitude of the field pulse
(3:6 V cm�1) is not sufficient to field ionize the Rydberg
atoms. The ion signal is averaged over 100 cycles of the
experiment. An example of the averaged, time-resolved ion
signal is shown in Fig. 1(c), which illustrates the increase
in signal due to autoionization.

For each value of the detuning �3 and delay �t, we
measure the spectrum of the Rydberg excitation by step-
ping the wavelength �2 across the Rydberg transition. In
this way, we obtain the peak ion signal on resonance S,
which we normalize by the atom number and power of the
408 nm beam. The linewidth of the Rydberg excitation is
close to the 32 MHz width of the 5s5p 1P1 intermediate
state, and we see no evidence of density-dependent broad-
ening effects [17,21,22].

However, density-dependent effects are visible in the
excitation spectrum of the inner electron. Figure 2 shows
the autoionization spectrum at �t ¼ 0:5 �s, taken with a
low power (P2 ¼ 1 mW) 413 nm beam. The spectrum
exhibits a double-peaked structure that is characteristic of
the Sr 5pnd autoionizing states [11], and which can be well
described by six-channel multichannel quantum defect
theory (MQDT) [23]. This model is in good agreement
with our data in Fig. 2. As the power P2, and thus the

Rydberg density, is increased, the line shape changes, as
shown in Fig. 3(a). By increasing the delay �t, the emer-
gence of an additional feature becomes clear. As shown in
Figs. 3(b) and 3(c), the shape of the Rydberg spectrum
clearly evolves as �t is increased. The double-peak struc-
ture associated with the 5s56d state decays, and after
100 �s only this narrow density-dependent feature re-
mains. Therefore, as the density of Rydberg atoms is
increased, we are observing the autoionization of
Rydberg atoms in states other than the initially excited
5s56d state [24].
The reduction in linewidth as compared to the 5s56d

state indicates a reduction in the overlap between the two
electrons. This could, in principle, result from an increase
in the principal quantum number n or l. Population transfer
to states nearby in n does not significantly alter the spec-
trum, as the width scales as n�3. The narrow peak that we
observe would require the selective population of Rydberg
states with n � 70. Higher 5snd states would also give rise
to a double-peaked structure, which we do not observe in
Fig. 3. In contrast, the width decreases extremely rapidly as
l increases [25], until spontaneous decay of the inner
electron becomes more probable than autoionization for
l � 8.
The persistence of the narrow component, as shown in

Fig. 3, is also consistent with the population of higher

FIG. 2 (color online). The autoionization signal at �t ¼
0:5 �s as a function of the detuning �3, for P2 ¼ 1 mW. The
solid line is a fit using a six-channel MQDT model for the 5s56d
state.

FIG. 3 (color online). (a–c) Autoionization spectrum for three
different values of �t. The Rydberg laser power P2 ¼ 10 mW.
The background ionization signal has been subtracted from the
data. The solid lines are fits using the combined 5s56d and
5s54f MQDT model. (d) Autoionization spectra for the
5s54f 1F3 (black dots) and 5s56p 1P1 (blue triangles) Rydberg

states. The solid line is a two-channel MQDT fit to the 5s54f
data.

PRL 105, 213004 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 NOVEMBER 2010

213004-2



angular momentum states that have less overlap with the
core, and hence a longer lifetime. Figure 4(a) shows the
variation in the lifetime of the autoionization signal across
the spectrum. The broad 5s56d component exhibits a
constant lifetime, whereas the lifetime is clearly greater
at the position of the narrow peak. In Fig. 4(b), we compare
the decay of the autoionization signal at the two detunings
marked in Fig. 3(b). At point A, away from the narrow
feature, the decay is well described by a single exponential,
yielding a lifetime of 25:0� 0:5 �s for the 5s56d 1D2

state. For �t > 50 �s there is a clear difference between
the two curves, and the decay at B deviates from a simple
single exponential. The double exponential fit shown in
Fig. 4(b) yields lifetimes of 24� 4 �s and 60� 7 �s,
consistent with the formation of a mixture of the
5s56d 1D2 state and another longer-lived state.

The nearest dipole coupled states, 5s56p 1P1 and

5s54f 1F3, are �15 GHz and þ12 GHz from the

5s56d 1D2 state, respectively. We can excite these states
directly by applying a small electric field during the
Rydberg excitation, which is switched off before the auto-
ionization pulse. The autoionization spectra of these states
are shown in Fig. 3(d). We measured the lifetimes of these
states and found 64� 4 �s for the 5s54f 1F3 state

and 84� 2 �s for the 5s56p 1P1 state. The 5s54f
1F3 state

lifetime is consistent with the second component in
Fig. 4(b), but we observe no long-lived component at the
position of the 5s56p 1P1 state.

From the data presented in Figs. 2–4, we conclude that
the population is transferred predominantly from the
5s56d 1D2 state to the 5s54f 1F3 state. In Figs. 3(a)–3(c),

we fit the evolution of the spectrum with a two-component
model. The 5s56d 1D2 component is described by six-
channel MQDT, as shown in Fig. 2. The 5s54f 1F3 state

is described by two-channel MQDT, which we fit to the
data shown in Fig. 3(d) to obtain the MQDT parameters.
The same two-component model is fit to the spectra

[Figs. 3(a)–3(c)] for different values of �t, with each
component allowed to decay with the lifetimes measured
in Fig. 4. The remaining fit parameters are the ion signals
SD and SF for each component at �t ¼ 0:5 �s. This two-
component model describes well the full time evolution of
the spectrum shown in Figs. 3(a)–3(c).
The initial ratio of population in each Rydberg state,

NF=ND, can be obtained from the ratio of the ion signals,
SF=SD, by NF=ND ¼ ð�DSFÞ=ð�FSDÞ, where �D;F are the

respective autoionization cross sections. The ratio of the
cross sections can be calculated from the MQDT parame-
ters for each component [26]. From this analysis, we find
that at �t ¼ 0:5 �s and P2 ¼ 10 mW [Fig. 3(a)], 13�3%
of the Rydberg population has been transferred to the
5s54f 1F3 state.

With this quantitative analysis and the data presented in
Figs. 2–4, the population transfer mechanism can be de-
termined. We eliminate blackbody radiation due to the
density dependence and the rapidity of the transfer, which
from Fig. 4 appears to be complete by the end of the
Rydberg excitation pulse. Similarly, Fig. 4(b) shows no
evidence of superradiant decay.
Density-dependent transfer could also result from Stark

mixing due to the background ions, or dipole-dipole inter-
actions. To estimate the importance of these two effects we
have calculated the relevant dipole matrix elements using
an independent electron model that neglects coupling
between the singlet and triplet states. To check the validity
of this method we have calculated the Stark map [27] at
n ¼ 56 and n ¼ 80 and found excellent agreement with
experimental data. To calculate the amount of population
transfer, the density of Rydberg atoms is also required,
which we estimate by measuring the loss of ground state
atoms after the Rydberg excitation. At P2 ¼ 10 mW,
�10% of the atoms are excited to the Rydberg state.
The dominant dipole-dipole coupling is

5s56d 1D2 þ 5s56d 1D2 ! 5s56p 1P1 þ 5s54f 1F3;

which is 2.5 GHz from resonance. This process results in a
repulsive van der Waals–type interaction, and we are far
from the resonant energy transfer regime. At our peak
Rydberg density we estimate that the dipole-dipole inter-
action is responsible for <0:5% of state mixing. This
mechanism would also populate the 5s56p 1P1 state, which
we do not observe.
The Stark map can be used to estimate the mixing due to

the field of the background ions. At our peak density, the
average electric field seen by a Rydberg atom, if its nearest
neighbor is ionized, is 0:7 V cm�1, which would mix in 4%
of the 5s54f 1F3 state and 2% of the 5s56p 1P1 state.

However, from the ratio of the autoionization signal to
the background signal, only 1% of the Rydberg atoms
are spontaneously ionized. Therefore, the field experienced
by the majority of the Rydberg atoms is much lower, and
the effect of Stark mixing due to the ions is negligible.

FIG. 4 (color online). (a) Variation in the lifetime, derived
from a single exponential fit to the decay of the autoionization
signal, with �3. (b) Decay of the autoionization signal at the two
positions A (red triangles) and B (black dots) indicated in
Fig. 3(b), measured at P2 ¼ 10 mW. The solid lines are fits
using a single (red or gray) and double (black) exponential
decay. At 150 �s the signal at A has reached the noise floor.
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Finally, we consider the role of l-changing electron-
Rydberg collisions. Appreciable transfer due to this
mechanism must be associated with the formation of an
ultracold plasma [28]. Using autoionization as a probe,
we can directly examine the link between l mixing and
the formation of a plasma. At a delay of �t ¼ 100 �s, the
autoionization signal at point B (Fig. 3) is dominated by the
long-lived 5s54f 1F3 atoms. Figure 5 shows the variation

of this signal SF with the initial 5s56d 1D2 Rydberg signal
SD. The data show a threshold in the amount of population
transfer, which is accompanied by a similar threshold in the
background ion signal Sbg. The rapid, spontaneous ioniza-

tion of a small fraction of the atoms in Rydberg gases with
repulsive interactions has been observed previously [29].
Once the density of the background ions is high enough, a
cold plasma can form, which is accompanied by a charac-
teristic threshold in the amount of ionization [10]. Under
our conditions, �1000 ions would be required for plasma
formation [30], which is compatible with our estimate that
1% of the Rydberg atoms are ionized. We conclude, there-
fore, that l-changing collisions due to the formation of a
plasma are the dominant population transfer mechanism in
these experiments.

Previously, plasma formation was observed to populate
very long-lived states with l > 3. We have observed spon-
taneous ionization of our Rydberg gas on time scales up to
20 ms, but only at higher Rydberg densities than those
discussed in this paper. Here we are probing the regime
close to the threshold for plasma formation, where the
ionization fraction is only �1%. Under these conditions,
we find that electron-Rydberg collisions predominantly
populate the 5s54f 1F3 state. Higher l states would give

rise to even narrower, longer-lived features in the auto-
ionization spectrum, which we do not observe.

In conclusion, an additional valence electron provides
new ways to study cold Rydberg gases. The sensitivity
of the autoionization spectrum to changes in angular

momentum l was used to observe l-changing electron-
Rydberg collisions close to the threshold for plasma for-
mation. Autoionization could be used to probe very short
time scales, limited only by the width of the autoionizing
resonance. By focusing the autoionization laser, this tech-
nique could be extended to provide simultaneous spectral,
temporal, and spatial resolution, which could be used to
study, for example, correlations in the blockaded regime.
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[3] A. Gaëtan et al., Nature Phys. 5, 115 (2009).
[4] R. Heidemann et al., Phys. Rev. Lett. 99, 163601 (2007).
[5] H. Schempp et al., Phys. Rev. Lett. 104, 173602 (2010).
[6] J. D. Pritchard et al., arXiv:1006.4087 [Phys. Rev. Lett. (to

be published)].
[7] I. Friedler, D. Petrosyan, M. Fleischhauer, and G. Kurizki,

Phys. Rev. A 72, 043803 (2005).
[8] V. Bendkowsky et al., Nature (London) 458, 1005 (2009).
[9] K. R. Overstreet et al., Nature Phys. 5, 581 (2009).
[10] M. P. Robinson et al., Phys. Rev. Lett. 85, 4466 (2000).
[11] W. E. Cooke et al., Phys. Rev. Lett. 40, 178 (1978).
[12] C. E. Simien et al., Phys. Rev. Lett. 92, 143001 (2004).
[13] I. C. Percival, Proc. R. Soc. A 353, 289 (1977).
[14] S. Blatt et al., Phys. Rev. Lett. 100, 140801 (2008).
[15] I. I. Beterov et al., Phys. Rev. A 79, 052504 (2009).
[16] J. O. Day, E. Brekke, and T. G. Walker, Phys. Rev. A 77,

052712 (2008).
[17] W.R. Anderson, J. R. Veale, and T. F. Gallagher, Phys.

Rev. Lett. 80, 249 (1998); I. Mourachko et al., Phys. Rev.
Lett. 80, 253 (1998).

[18] S. K. Dutta et al., Phys. Rev. Lett. 86, 3993 (2001).
[19] C. Javaux et al., Eur. Phys. J. D 57, 151 (2010).
[20] E.M. Bridge et al., Rev. Sci. Instrum. 80, 013101 (2009).
[21] P. J. Tanner et al., Phys. Rev. Lett. 100, 043002 (2008).
[22] M. Reetz-Lamour et al., Phys. Rev. Lett. 100, 253001

(2008).
[23] E. Y. Xu et al., Phys. Rev. A 35, 1138 (1987).
[24] W. E. Cooke and T. F. Gallagher, Opt. Lett. 4, 173 (1979).
[25] R. R. Jones, C. J. Dai, and T. F. Gallagher, Phys. Rev. A 41,

316 (1990).
[26] So that the parameters can be directly compared, we fit the

5s56d 1D2 and 5s54f 1F3 data with the same two-channel
model.

[27] Z. Miao-Chan, D. Chang-Jian, and L. Shi-Ben, Chin.
Phys. 10, 929 (2001).

[28] A. Walz-Flannigan et al., Phys. Rev. A 69, 063405 (2004).
[29] T. Amthor et al., Phys. Rev. Lett. 98, 023004 (2007).
[30] T. C. Killian et al., Phys. Rev. Lett. 83, 4776 (1999).

FIG. 5 (color online). Variation in the autoionization signal
due to atoms in the 5s54f state (SF, black dots), measured after
�t ¼ 100 �s at point B [Fig. 3(b)], with the autoionization
signal due to atoms in the 5s56d state SD, measured at �t ¼
0:5 �s. The variation in the background ionization signal (Sbg,

red crosses) is also shown.

PRL 105, 213004 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

19 NOVEMBER 2010

213004-4

http://dx.doi.org/10.1103/PhysRevLett.87.037901
http://dx.doi.org/10.1038/nphys1178
http://dx.doi.org/10.1038/nphys1183
http://dx.doi.org/10.1103/PhysRevLett.99.163601
http://dx.doi.org/10.1103/PhysRevLett.104.173602
http://arXiv.org/abs/1006.4087
http://dx.doi.org/10.1103/PhysRevA.72.043803
http://dx.doi.org/10.1038/nature07945
http://dx.doi.org/10.1038/nphys1307
http://dx.doi.org/10.1103/PhysRevLett.85.4466
http://dx.doi.org/10.1103/PhysRevLett.40.178
http://dx.doi.org/10.1103/PhysRevLett.92.143001
http://dx.doi.org/10.1098/rspa.1977.0035
http://dx.doi.org/10.1103/PhysRevLett.100.140801
http://dx.doi.org/10.1103/PhysRevA.79.052504
http://dx.doi.org/10.1103/PhysRevA.77.052712
http://dx.doi.org/10.1103/PhysRevA.77.052712
http://dx.doi.org/10.1103/PhysRevLett.80.249
http://dx.doi.org/10.1103/PhysRevLett.80.249
http://dx.doi.org/10.1103/PhysRevLett.80.253
http://dx.doi.org/10.1103/PhysRevLett.80.253
http://dx.doi.org/10.1103/PhysRevLett.86.3993
http://dx.doi.org/10.1140/epjd/e2010-00029-4
http://dx.doi.org/10.1063/1.3036980
http://dx.doi.org/10.1103/PhysRevLett.100.043002
http://dx.doi.org/10.1103/PhysRevLett.100.253001
http://dx.doi.org/10.1103/PhysRevLett.100.253001
http://dx.doi.org/10.1103/PhysRevA.35.1138
http://dx.doi.org/10.1364/OL.4.000173
http://dx.doi.org/10.1103/PhysRevA.41.316
http://dx.doi.org/10.1103/PhysRevA.41.316
http://dx.doi.org/10.1088/1009-1963/10/10/309
http://dx.doi.org/10.1088/1009-1963/10/10/309
http://dx.doi.org/10.1103/PhysRevA.69.063405
http://dx.doi.org/10.1103/PhysRevLett.98.023004
http://dx.doi.org/10.1103/PhysRevLett.83.4776

