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We have observed exciton-like exchange in two photon microwave transitions between pairs of
cold Rb Rydberg atoms, specifically transitions in which a ns1/2ns1/2 pair undergoes the transition
to the np1/2np3/2 and np3/2np1/2 states. This transition occurs due to the exciton like ns1/2npj ↔
npjns1/2 exchange in the intermediate states, and the process can be thought of as a Forster resonant
energy transfer between Floquet, or dressed states. In addition,the measurements provide clear
evidence of the importance of the three dimensional nature of the dipole-dipole interaction.

Using the exaggerated properties of Rydberg atoms
with cold atoms has proven to be most fruitful. For ex-
ample, admixing a small amount of Rydberg character
into ground state atoms, often termed Rydberg dressing,
endows the ground state atoms with some of the strong
dipole-dipole interactions of Rydberg atoms [1–3]. Cold
Rydberg atoms themselves interact so strongly that at
the temperature of the atoms in a magneto optical trap
(MOT), 100µK, they are effectively frozen in place on
the microsecond time scale of interest, opening many new
avenues to explore. The use of cold, essentially station-
ary, Rydberg atoms has been explored for applications
including quantum information [4–7], the production of
exotic molecules [8–17], and the construction of an arti-
ficial solid [18–20]. Excellent summaries of cold Rydberg
atom work can be found in recent reviews [21–23]. A re-
curring theme is excitation transport, in some cases like
a Frenkel exciton. For example, Forster resonant energy
transfer has been reported in many systems [24–28], and
resonant energy transfer involving as many as four atoms
has been observed [29, 30]. Other forms of excitation
transport have been explored both theoretically [31–34]
and experimentally [35–38]. For example, dipole-dipole
excitation transfer back and forth along a linear chain of
atoms has been examined theoretically [31] and realized
experimentally for a chain of three atoms [36].

Here we report a different form of excitation transport,
exciton like transfer in two photon microwave transitions
of pairs of cold Rb Rydberg atoms. Specifically, we have
observed transitions from ns1/2ns1/2 pairs to np1/2np3/2
and np3/2np1/2 pairs, at a frequency midway between
the atomic ns1/2 → np1/2 and ns1/2 → np3/2 transi-
tion frequencies, as shown by Fig. 1. The observation
of transitions of Na 3s1/23s1/2 pairs to 3p1/23p3/2 and
3p3/23p1/2 pairs has been reported, but in an entirely
different regime [39]. The atoms were colliding, and the
coupling could be treated perturbatively. In contrast, in
these measurements the atoms are essentially stationary,
and the coupling is too strong to be treated perturba-
tively. Our measurements are more similar to those done
with molecules in a solid matrix [40]. Superficially similar
is the observation of absorption features midway between
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FIG. 1. Energy levels involved in the two photon transition
ns1/2ns1/2 → np1/2np3/2, np3/2np1/2. The real states are de-
tuned from the virtual intermediate state by ±∆.

Rydberg exciton states in Cu2O, but the mechanism is
different [41].

The resonant transition we observe can not be driven
in isolated atoms by a single frequency microwave field,
only in pairs of atoms coupled by the dipole-dipole in-
teraction. However, there is a small(<1%) non resonant
background due to the wings of the ns1/2 → npj tran-
sitions in isolated atoms. Surprisingly, even with the
dipole-dipole interaction some of the most obvious transi-
tions, for example those with no changes in the azimuthal
angular momentum quantum number mj of either atom,
are not allowed due to cancellations of the interactions.
Since the direction of the microwave field and the inter-
nuclear axis do not coincide, the dipole-dipole interaction
does not conserve azimuthal angular momentum in the
field direction. As a result each of the four ns1/2ns1/2
levels is coupled to many of the sixteen np1/2np3/2 and
np3/2np1/2 levels, underscoring the importance of the in-
herently three dimensional nature of the dipole-dipole in-
teraction. In the sections which follow we describe quali-
tatively how the transitions occur, outline the experimen-
tal approach, summarize our observations, and compare
them to a model in which the transitions are described as
Forster excitation transfers of Floquet or dressed states.

To understand the role of the dipole-dipole exchange in
these two photon transitions we consider a pair of closely
spaced atoms, A and B, displaced from A by R. We con-
struct molecular states which are ordered direct products
of the states of the two atoms. For example, in the state
ns1/2np1/2 atom A is in the ns1/2 state, and atom B is
in the np1/2 state. The initial state of the microwave
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transition is the ns1/2ns1/2 state, which is excited by a
pulsed laser. We drive the two photon transition from the
ns1/2ns1/2 state to the np1/2np3/2 and np3/2np1/2 states,
via a virtual intermediate state, as shown by the broken
arrows in Fig. 1. There are four real intermediate states;
ns1/2np1/2 and np1/2ns1/2, ns1/2np3/2 and np3/2ns1/2,
and two final states np1/2np3/2 and np3/2np1/2.

Why the transition of the pair can not be driven in
the absence of the dipole-dipole interaction is best shown
by an example. In these transitions we assume that
one atom undergoes the ns1/2 → npj transition, while
the other is a spectator [42, 43]. For each path from
ns1/2ns1/2 to np1/2np3/2 via the np1/2ns1/2 state there is
a path through the ns1/2np3/2 state with the same dipole
matrix elements and precisely opposite detuning, result-
ing in a vanishing two photon matrix element. When
the dipole-dipole interactions in the off resonant inter-
mediate states, shown by the double headed arrows of
Fig. 1, are taken into account, the transition is allowed.
A simplistic way of understanding the transition is that
the dipole-dipole interaction in the intermediate states
allows the two photon transition to occur in one atom as
shown in Fig. 2.

FIG. 2. Simple picture of the transition of two atoms A and
B showing how the dipole-dipole interaction (dd) allows the
microwave transition (mw) to occur in atom A only. ns atom
(◦), np atom (•)

The fact that the intermediate states are off resonant
means that not only the dipole-dipole interactions of
degenerate intermediate states, shown by the horizon-
tal double headed arrows of Fig. 1, but also those be-
tween non degenerate states, shown by the slanted double
headed arrows, must be taken into account.

The experimental approach has been described pre-
viously, so our description here is brief [17, 43]. 85Rb
atoms are trapped in a vapor loaded magneto-optical
trap (MOT), which is located at the center of a four
rod elecrode structure and provides a steady population
of Rb atoms in the 5p3/2 state. Atoms are excited to the
ns1/2 state by a 10 µJ, 10 ns, 150 MHz bandwidth 480
nm laser pulse at a 20 Hz repetition rate. Subsequent to
laser excitation, the atoms are exposed to a 1 µs long mi-
crowave pulse to drive the two photon transition shown
in Fig. 1. After the end of the microwave pulse, a 3 µs rise
time field ionization pulse is applied to two of the rods,
field ionizing the Rydberg atoms and driving the result-
ing ions to a microchannel plate (MCP) detector. Atoms
which have undergone the transition to either npj state
are ionized earlier in the rising field pulse than atoms
in the ns1/2 state, and the time resolved npj signal is
recorded with a gated integrator as the microwave fre-

FIG. 3. Observed 39p signal vs microwave frequency at rela-
tive densities of 0.06 to 1. At relative density 1, ρ0 = 4.9 ×
108cm−3. The microwave field amplitude is E=0.277 V/cm,
and the dotted line is at the R = ∞ microwave frequency
of the two photon 39s1/239s1/2 − 39p1/239p3/2/39p3/239p1/2
transition.

quency is slowly swept across the resonance over many
shots of the pulsed laser.

The Rydberg atom density ρ has the following

form: ρ(x, y, z) = ρ0e
−(x2+y2+z2)/r2M e−(x2+y2)/r2L , where

rM=0.3 mm and rL=0.2 mm are the radii of the MOT
and the 480 nm laser beam (propagating in the z direc-
tion), respectively; ρ0 is the density at the center of the
trap; and x, y, and z are the Cartesian displacements
from the center of the trap. The maximum value of ρ0 is
5×108cm−3, and the uncertainty in the absolute density
measurement is a factor of three.

The microwaves are generated in an Agilent E8247C
synthesizer, and a General Microwave DM862B switch is
used to form the microwaves into 1 µs long pulses. A
Narda DBS2640X220 active doubler followed by a Pa-
cific Millimeter V2WO passive doubler is used to gen-
erate microwaves in the 53 to 75 GHz range. The mi-
crowaves propagate from a horn outside the vacuum sys-
tem to the atoms in the MOT volume. While the mi-
crowaves emanating from the horn are linearly polarized,
scattering from the rods results in an elliptically polar-
ized field [44]. The relative microwave field is controlled
with a Millitech DRA-15 precision attenuator in the fi-
nal waveguide, and the absolute microwave field is deter-
mined from the power broadening of single photon atomic
ns1/2 → npj transitions at low density.

We have observed the ns1/2ns1/2 →
np1/2np3/2/np3/2np1/2 transition shown in Fig. 1
for both n = 38 and n = 39, and in Fig. 3 we show
the observed n = 39 resonances for several Rydberg
atom densities and a constant microwave field amplitude
E = 277 mV/cm. At this field the 39s–39p1/2 atomic
resonance is broadened to full width at half maximum
of ∼250 MHz. Several features are apparent in Fig. 3.
First, the off resonant background, due primarily to
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FIG. 4. Fractional population transfer (FPT) vs peak density
ρ0, with a microwave field amplitude 0.277 V/cm. The broken
line is a fit of the data to a line passing through the origin.

39s1/2 → 39pj transitions driven by blackbody radiation
[45, 46], increases linearly with the Rydberg atom
density. Second, as shown by the dotted line at 67.474
GHz, the frequency of the observed resonance matches
half the R = ∞ 39s1/239s1/2–39p1/239p3/2 zero field
interval of 134.948 GHz. Third, the amplitude of the
resonance increases approximately quadratically with
the density. This point is shown explicitly by Fig. 4,
which shows that the fractional population transfer
(FPT) increases linearly with the Rydberg atom density.
FPT is defined as the fraction of the population which is
resonantly transferred to the npj states at the peak of the
resonance, i.e. at 67.474 GHz in Fig. 3. At low density
the resonance has a width of 5 MHz (FWHM), 10 MHz
in the two photon interval, due primarily to the trap B
field inhomogeneity and impure microwave polarization
[47]. At higher densities broadening to 11 MHz (22 MHz
in the two photon interval) is observed, primarily due
to a wing’s developing on the low frequency side of the
resonance, which is not yet understood.

When the microwave field is varied, with the density
held fixed, we observe minimal frequency shift of the res-
onance, which is unexpected. Simple estimates on the
basis of the levels shown in Fig. 1 suggest that shifts of
up to 5 MHz should be observable. We attribute the lack
of an evident shift to the presence of other coupled levels
not shown in Fig. 1. More intersting from our present
point of view, the FPT exhibits a quadratic dependence
on the microwave electric field, as shown in Fig. 5. In
sum, the FPT is quadratic in the microwave field ampli-
tude and linear in the atomic density.

To understand the FPT quantitatively we have devel-

oped a model based on Forster resonance of Floquet, or
dressed, states. At the resonance of Figs. 1 and 3 the
ns1/2ns1/2 state is degenerate with the Floquet states

FIG. 5. Fractional population transfer (FPT) vs squared mi-
crowave field amplitude at peak density ρ0 = 4.2× 108cm−3.
The broken line is a fit of the data to a line passing through
the origin.

np1/2np3/2 and np3/2np1/2 minus two microwave pho-
tons. We first compute the probability for the transition
from each ns1/2ns1/2 level to each of the np1/2np3/2 and
np3/2np1/2 levels for fixed internuclear separation R and
microwave field amplitude E. We then compute the av-
erage population transfer for one of these transitions at
density ρ, and average over the density of Rydberg atoms
in the trap. Finally we multiply by the number of possi-
ble transitions to determine the FPT.

We begin by ignoring the dipole-dipole interaction
and constructing Floquet states, in which integral num-
bers of microwave photons are added to or subtracted
from the bare two atom states [48]. For this prob-
lem the relevant Floquet states are those in which one
photon is subtracted for each npj atom. Examples
of the Floquet states are

∣∣ns1/2ns1/2〉, ∣∣ns1/2np1/2〉−1
,

and
∣∣np1/2np3/2〉−2

, where the subscripts indicate the

number of photons subtracted. The microwave field
can be written as E(t) = ẑE cosωt. We ig-
nore the scattering of the microwave field from the
rods. The effect of the microwave field is to ad-
mix the

∣∣ns1/2npj〉−1
and

∣∣npjns1/2〉−1
states into the∣∣ns1/2ns1/2〉, ∣∣np3/2np1/2〉−2

, and
∣∣np1/2np3/2〉−2

states.

We choose the z axis as the axis of quantization, and
since R is not parallel to ẑ we must take into account
the magnetic sublevels of the two atoms [12]. Examples
of the eigenstates in the presence of the field, computed
perturbatively, using the rotating wave approximation,
are
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where ∆ is the magnitude of the detuning from reso-
nance, and we define the matrix elements z2j , x2j , and
x33 by
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〈
ns 1

2
1
2

∣∣∣ z ∣∣∣npj 1
2

〉
x2j =

〈
ns 1

2
1
2

∣∣∣x ∣∣∣npj− 1
2

〉
x33 =

〈
ns 1

2
1
2

∣∣∣x ∣∣∣np 3
2

3
2

〉
,

(2)

where j =1/2 or 3/2. The eigenstates of Eq. (1b) are
coupled by the dipole-dipole interaction

Vdd =
rA · rB
R3

− 3(rA ·R)(rB ·R)

R5
, (3)

where rA and rB are the internal positions of the elec-
trons in the two atoms. The coupling occurs through the
microwave induced admixtures of Eqs. (1a) and (1b). For
example,〈

ns 1
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2
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(4)

where θ is the angle between R and ẑ. An important
point underscored by Eq. (4) is that the dipole-dipole
interaction does not conserve the azimuthal angular mo-
mentum about the field direction [12]. Summing over the
four terms in the square brackets of Eq. (4) and averaging
over θ from 0 to π/2 yields

Ω =
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=

0.044 〈ns| r |np〉4E2

4∆2R3
, (5)

where the factor 0.044 is from the angular factors of the
z2j and x2j matrix elements and the average over θ, and
the radial matrix element 〈ns| r |np〉 ∼= n2 [49]. We have
computed the matrix elements analogous to the one in
Eq. (5) for all four initial levels and all sixteen final levels,
and the average is given by

Ω̄ =
0.020n8E2

4∆2R3
. (6)

We note in passing that since ∆ ∝ 1/n3, Ω̄ ∝ n14.

The transition probability from an initial ns1/2ns1/2
level to a final np1/2np3/2 or np3/2np1/2 level is given

by PR>RT
= sin2(Ω̄T ), where T is the microwave pulse

duration. We define RT = R such that Ω̄T = π/2. Ex-
plicitly,

R3
T =

0.020n8E2T

2∆2π
. (7)

For R = RT the transition probability is one, for R <
RT the average transition probability is PR<RT

= 1/2
since the population oscillates back and forth between the
initial and final states during the microwave pulse. For
R � RT the transition probability is PR>RT

= (Ω̄T )2.
Only for R � RT can this transition be described using
perturbation theory. The perturbative character when
R � RT is, however, masked by the integral over the
trap volume.

For a Rydberg atom density ρ we define the aver-
age atomic spacing Rav,ρ by ρ = 3/4πR3

av,ρ, where
Rav,ρ > RT in these experiments. The fraction of pairs
with R < RT is R3

T /R
3
av,ρ, and their contribution to the

population transfer at density ρ is = R3
T /2R

3
av,ρ. Using

PR>RT
= (Ω̄T )2 and integrating from R = RT to R =

Rav,ρ with the assumption that Rav,ρ � RT yields a con-
tribution to the population transfer of π2R3

T /4R
3
av,ρ
∼=

5R3
T /2R

3
av,ρ, so at density ρ, the population transfer is

FPT 1
ρ
∼= 3R3

T /R
3
av,ρ, where the superscript one is a re-

minder that this is the population transfer due to one of
the 16 possible transitions. Averaging over the trap den-
sity and accounting for inhomogeneous broadening leads
to the result

FPT 1 ∼=
1.06R3

T

R3
av,0TΓ

, (8)

where Rav,0 is the average spacing at the peak density
in the center of the trap, and the factor TΓ accounts
for the inhomogeneous broadening of Γ = 10 MHz. The
density and microwave field scalings of Eq. (8) match
those shown in Figs. 4 and 5. The scaling of Eq. (8) is
valid for R3

av,0 > R3
T , a condition which is easily met in

these experiments.

We have at this point determined the average transi-
tion probability for one of the 16 possible transitions from
the

∣∣ns1/2ns1/2〉 to the
∣∣np1/2np3/2〉 and

∣∣np3/2np1/2〉
states. Multiplying this result by the number of final
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levels, 16, gives the expected FPT.

FPT ∼=
17.0R3

T

R3
av,0TΓ

. (9)

We can compare the FPT given by the model to that
observed in the experiment for n = 39. From the power
broadening of the atomic 39s1/2 − 39pj transitions we

estimate that for the data shown in Fig. 4, n2E = 540
MHz. Combining this value with ∆ = 905 MHz, and
T=1 µs (4.13 × 1010au) yields R3

T = 1.08 × 1014 a30. At
the density ρ0 = 5×108cm−3, R3

av,0 = 3.2×1015 a30. With

TΓ = 10 we obtain FPT = 0.056 at ρ0 = 5 × 108cm−3.

This value is in good, probably fortuitous agreement with
the data of Fig. 4.

In conclusion, we have observed an unusual example of
dipole-dipole excitation transport, one in which allows a
two photon transition forbidden in isolated atoms. Fur-
thermore, it underscores the inherently three dimensional
nature of the dipole-dipole interaction; a one dimensional
model fails to reproduce the experimental results.
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