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In cold dense Rydberg atom samples, the dipole-dipole interaction strength is effectively resonant at the
typical interatomic spacing in the sample, and the interaction has a 1/R? dependence on interatomic
spacing R. The dipole-dipole attraction leads to ionizing collisions of initially stationary atoms, which
produces hot atoms and ions and initiates the evolution of initially cold samples of neutral Rydberg atoms
into plasmas. More generally, the strong dipole-dipole forces lead to motion, which must be considered in

proposed applications.
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Cold Rydberg gases are of interest for two reasons. First,
on the 1 us time scale of experimental interest, the
300 wK atoms move 0.3 wm, roughly 3% of the average
interatomic spacing at a density of 10° cm™3, so the gas
appears to be frozen and is, in effect, a disordered solid
[1-6]. At this density, normal atoms are noninteracting.
However, due to their large dipole moments, scaling as n?,
where n is the principal quantum number, the Rydberg
atoms interact, and they constitute an artificial solid with
controllable properties. For this reason, dipole-dipole in-
teractions between cold Rydberg atoms have been sug-
gested as the basis for gates for quantum computing
[7,8]. Second, cold Rydberg atom samples spontaneously
evolve into ultracold plasmas, and ultracold plasmas re-
combine to form Rydberg atoms [9-12].

Until now these two topics have been viewed as distinct,
but here we show that they are intimately connected. In
particular, we show that resonant dipole-dipole interactions
lead to a significant motion of some of the atoms, and this
motion is responsible for initiating the spontaneous evolu-
tion into a plasma of cold samples of Rydberg atoms.
Plasmas form spontaneously from cold Rydberg atom
samples as follows [9]. The electrons resulting from an
initial ionization process leave the trap volume but the cold
ions remain. Once enough ions accumulate (typically
~1000), their macroscopic positive charge traps subse-
quently produce electrons, which then quickly redistribute
the Rydberg atom population by collisions. Roughly 2/3 of
the initial Rydberg population is ionized to form the ultra-
cold plasma; the remaining 1/3 is transferred to lower
lying states, providing energy balance [13]. For low n
states, the initial ionization comes from photoionization
by 300 K blackbody radiation or collisions with residual
300 K Rydberg atoms. At high n, n > 50, even when there
are no hot atoms, the evolution to a plasma occurs more
quickly than at low n. This observation is incompatible
with initial ionization by 300 K blackbody photoioniza-
tion, and recent experiments showed that the rate for this
process scales as n*, although the mechanism was not clear
[13]. Here we present evidence that the mechanism is the
resonant dipole-dipole interaction which leads to ioniza-
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tion and the production of hot atoms and ions. We outline
the essential ideas using a two-atom picture, describe our
experiments, and discuss the implications.

The fundamental interactions between two neutral
atoms are their electric multipole interactions, and the
longest range of these is the dipole-dipole interaction
[14]. Assuming there are no fields present, isolated atoms
are in states of definite parity which have no permanent
dipole moments, only transition dipole moments. If two
atoms are in states which are of opposite parity and dipole
connected, s and p states, for example, from the two atoms
we can form two molecular states, sp and ps, which are
degenerate at infinite separation but are shifted by + u?/R?
at any finite internuclear spacing R due to the resonant
dipole-dipole interaction. Here w is the s — p transition
dipole moment. Unless units are given explicitly, all quan-
tities are expressed in atomic units. Although it is an
oversimplification, we ignore orientational effects here
and throughout this Letter. Because of the forces associated
with these dipole-dipole potentials, especially the attrac-
tive one, motion of the atoms results, and it must be taken
into account for cold atoms [15]. If, however, the two
atoms are not in dipole coupled states, there is no first
order interaction to lift the degeneracy as R — oo, and as
R — oo the interaction is usually a van der Waals interac-
tion scaling as 1/R®, not as 1/R3.

Now consider a pair of Rb 46d Rydberg atoms separated
by R. This pair of atoms in the 46d46d molecular state is
dipole coupled to all molecular states in which the same
atoms are in nf or np states. The most important couplings
are the strong ones to the energetically nearby 48 p44f and
47p45f states. For very large R, the dominant coupling is
to the Rb 48 p;/,44f pair, which is removed in energy by
A = 187 MHz at R = oo [16] and has the two transition
dipole moments w4, = 1548 and w,p = 1587, which we
calculate by the Numerov method [17]. From perturbation
theory it is apparent that at very large R the 48 3,44 f and
46d46d states will be shifted up and down in energy by
*(marma,/R?)?/A. Summing over all such terms gives
the van der Waals interaction. From this dominant term,
using s pg, = n* and A = §/n?, we recover the n'! scal-
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ing of the van der Waals interaction [14]. However, the
van der Waals interaction is only valid for wgrpg,/ R~
n*/R3 < 8/n3, which translates into R > R4, = (n’/8)'/3.
For our case and several cases of interest, 6 = 0.01. For
§=0.01 and n=50, R,y =40X10* or 2.1um,
which is comparable to the interatomic spacing in a trap.
There are many possible 48 p44f and 47 p45f pairs, but
to represent essential physics, we simply consider the
47p3245f pair in addition to the 48p;/,44f pair. The
47p3/,45f pair is removed from the 46d46d pair by A =
2.027 GHz at R = o0 and coupled to it by the two dipole
moments ug, = 2709 and w,pr = 2694. In Fig. 1(a), we
show the potential curves of 46d46d, 48p;,44f, and
473,45 f pairs. A pair of atoms initially on the attractive
curve are drawn to each other, collide, and ionize, provid-
ing the initial ionization required for the evolution to a
plasma. If there are 103 atoms in a sphere of 0.1 mm radius,
roughly 1500 atoms must be ionized to provide the macro-
scopic space charge needed for avalanche ionization. The
most closely spaced 1500 atoms are spaced by R < 1.7 um
and collide with each other in 300 ns, if the atoms move on
the attractive dipole-dipole potential. An ion, an electron,
and a more tightly bound atom are formed, and both the ion
and the atom have speeds of ~10* cm/s, almost 3 orders
of magnitude higher than the speed of cold Rydberg atoms.
The Rb ns state nearest to the 46d state is the 48s state.
The nearest dipole coupled pair to the 48548s pair is the
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FIG. 1. (a) Potential energy curves for the coupled 46d46d,
48 p44f, and 47 p45f pairs. The dipole-dipole coupling exceeds
the zero field 46d46d-48 p44f splitting at R4y, = 2.5 pwm, shown
by the arrow. Pairs on the attractive potential spaced by R less
than 1.7 wm move to small separation, collide, and ionize in less
than 300 ns. (b) Potentials for the 48s48s and 47p48p pairs. In
this case, R4, = 1.1 um, as shown by the arrow. Pairs on the
attractive potential spaced by 1.7 um require 500 ns to collide.

47p5 /248 ps, pair, which is removed by A = —2.756 GHz
at R = oo. As shown by Fig. 1(b), R4, = 1.1 um, and
only for R < 1.1 um do these potentials become 1/R>
dipole-dipole potentials. Thus two 48s atoms are not as
likely as 46d atoms to collide and ionize or to form a
plasma. Two 48s atoms initially at R = 1.7 um require
500 ns to collide, which is a time long enough that a
substantial fraction of the hot ions formed begins to leave
the trap volume. The potential curves for the Rb nps/,
states, which easily form plasmas, resemble the Rb 46446d
curves and not the 48s48s curves.

In our experiments we start with 85Rb atoms in a vapor
loaded magneto-optical trap, in which the atoms are at
300 K and at a 5p3,, density of 5 X 10" cm™ [18].
The atoms are excited from the 5p;/, state to ns or nd
Rydberg states at a 20 Hz repetition rate using a pulse
amplified, frequency doubled 960 nm continuous wave
Ti:sapphire laser. The laser pulses have a 10 ns duration,
20 wJ energy, and 200 MHz bandwidth, and the beam is
focused to a 0.2 mm diameter waist in the trap volume.
About 10% of the cold atoms are excited to Rydberg states,
leading to a maximum density of Rydberg atoms of 5 X
10° cm 3.

We have observed the plasma formation and population
transfer to higher dipole coupled states starting from ini-
tially excited Rb ns and nd states as a function of Rydberg
atom density and time delay after laser excitation. We
analyze the final states of the atoms by applying a field
ramp with a rise time of 2 us. We can detect either ions or
electrons. The ions or electrons in an ultracold plasma are
detected at the beginning of the field ramp, and the atoms
in a Rydberg state are detected after the ramped field
reaches its ionization threshold [19]. In the time resolved
signals, it is straightforward to observe ionization and state
changing using electron detection. In Fig. 2, we show
signals using electron detection taken with a 250 ns delay
after laser excitation when we excite the Rb 46d and 48s
states. The field ionization pulse amplitude is 99 V/cm. As
shown in Fig. 2(a), for the 48s state at low density, there is
one peak at 2.4 us or 90 V/cm, the ionization field of the
48s state. At intermediate density there is transfer to the
48p state, resulting in the peak at 2.2 us, and at high
density there is more transfer to the 48 p state but negligible
transfer to high lying states and no plasma formation. As
shown in Fig. 2(b), the 46d state at low density exhibits a
qualitatively similar narrow peak at 2.4 us, but the simi-
larity ends there. At intermediate density there is substan-
tial population transfer to the 48p state, which ionizes at
2.2 us. At high density, the signal is very different. At
0.5 us <t <1.5 us, there is a peak due to the plasma
electrons; from 1.5 to 2 us, the signal represents high n
states, and the 48 p state now appears as an early shoulder
on the 464 signal at 2.2 us. When a plasma has formed, its
ions and electrons are swept past the Rydberg atoms by the
field ionization pulse. While this can, in principle, blur the
field ionization signal, there is no evidence that it does so to

173001-2



PRL 94, 173001 (2005) PHYSICAL

REVIEW LETTERS

week ending
6 MAY 2005

05

48s

0.4 7— (a)

03

02

Electron Signal (arb. units)

0.0 -

46d

el (0)

0.10 +

agpli

0.05 L plasma

Electron Signal (arb. units)

0.00

Time (us)

FIG. 2. Time resolved electron signals with the field ionization
pulse 250 ns delayed from the laser excitations. (a) 48s initial
state at density of 5 X 10° (solid line), 1.5 X 10° (dashed line),
and 2 X 10% (dotted line) atoms/cm?, respectively; (b) 46d
initial state at density of 5 X 10° (solid line), 1.5 X 10° (dashed
line), and 4 X 10% (dotted line) atoms/cm®. The population
transferred to the high angular momentum states while the
plasma is formed is not seen in this spectrum due to the low
field ionization field.

a significant degree. As shown by Fig. 2, under the same

conditions 46d and 48s atoms exhibit very different be-
havior, an observation completely consistent with the po-

tential curves of Fig. 1.

The population transfer shown in Fig. 2 for the 46d state
implicitly exhibits a nonlinear density dependence. Rather
than plot the population transfer, which exhibits a qua-
dratic variation with density, in Fig. 3 we plot the ratio of
the combined (n + 2)p and free ion signals to the total
signal for the Rb 46d and 33d vs density. The ratios exhibit
the linear dependence on the total number of atoms excited
expected for a binary process. Furthermore, the slope for
the 46d state is 3.4 times as large as the slope for the 33d
state, which is consistent with an n* scaling of the rate [13].

We interpret the plasma formation from initially excited
46d atoms to the motion along the attractive dipole-dipole
potential shown in Fig. 1. We observe more ionization on
the red side of the optical excitation of the 464 state than on
the blue side, but our optical resolution is not adequate to
show this phenomenon in a convincing way. However,
ionization on the attractive dipole-dipole potential can be
shown with unprecedented clarity using microwaves. To
show this most clearly, we use as a starting point atoms in
the 39s state, for they do not evolve into a plasma in less
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FIG. 3. Ratio of the free ion + (n + 2)p signals produced by
the resonant dipole-dipole interaction to the total signal 250 ns
after laser excitation of the 464 (@) and 33d (A) states. The inset
shows the time resolved signal for the 46d state when the total
number of atoms is 5 X 10%atoms/cm?. The slopes of the ratios
are linear in the number of atoms, as expected for a binary
process, and the ratio of the slopes is 3.4, in agreement with the
expected n* scaling.

than 10 ws. In Fig. 4, we show the results of exposing Rb
39s atoms to a microwave pulse to drive the 395-39ps/,
transition. As shown in Fig. 4(a), we are really driving the
molecular transition from the 395395 state. The microwave
pulse is 500 ns long and produces an on-resonance Rabi
frequency of 50 MHz. Using a field pulse 1 wus after the
laser pulse, we detect the free ions produced by colliding
atoms as we sweep the microwave frequency over many
shots of the laser. As shown in Fig. 4(b), we see a signal
only on the low frequency side of the 39s-39p;, transition
at 68.378 GHz [16]; i.e., we see only transitions to the
attractive dipole-dipole potential. If we drive the micro-
wave transition down in energy to the 38p;, state, we see
an ion signal only on the high frequency side of the atomic
transition frequency; the observed transition is again only
to the attractive dipole-dipole potential curve. Finally, us-
ing the microwaves to make ns — np mixtures, we can
explicitly turn on the dipole-dipole interactions to see the
effect on plasma formation. In Fig. 4(c), we show the time
resolved electron signals, analogous to those of Fig. 2,
detected 3.5 ws after the 39s state is populated with and
without a microwave pulse to drive the 395-39p;/, tran-
sition. In both cases shown in Fig. 4(c), the same number of
39s atoms is excited. Without the pulse, the population
remains in the 39s state, but, with it, a plasma forms as
shown by the signal at 0.5 us, and there is obvious popu-
lation transfer to other Rydberg states as well.

The fact that the strength of resonant dipole-dipole
interactions rises as n*, while the atomic energy level spac-
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FIG. 4. (a) Energy levels for the 395s39s5-39s39p transition vs
interatomic spacing R. (b) Free ion signal vs microwave fre-
quency. A signal is observed only on the low frequency side of
the atomic frequency, 68.378 GHz; i.e., only transitions to the
attractive curve of (a) are observed. (c¢) Time resolved electron
signals after a 3.5 us delay subsequent to exciting the 39s state
with (solid line) and without (dotted line) the microwave pulse.
Without the microwaves, only the 39s field ionization signal is
observed. With the microwave, a plasma signal at 0.5 us relative
to the start of the field ionization pulse and the redistribution of
the remaining Rydberg population are evident.

ing decreases as n 3, ensures that the resonant uu/R>

dipole-dipole interaction is dominant out to very large
interatomic spacings. The measurements reported here
indicate that ionization resulting from this resonant inter-
action is the source of the initial ionization leading to the
Rydberg-plasma evolution in purely cold atom samples.
We suggest that recently reported local van der Waals
excitation blockades may be due in large part to the reso-

nant dipole-dipole effect described here [20,21]. More
generally, the dipole interactions between Rydberg atoms
cause them to move, and this motion cannot be neglected in
any proposed applications involving cold Rydberg atoms,
although it may be minimized by using a regular lattice of
atoms.
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