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The energy level spectrum of a many-body system containing two shared, collective Rydberg
excitations is measured using cold atoms in an optical dipole trap. Two pairs of independently tunable
laser pulses are employed to spectroscopically probe the spectrum in a double-resonance excitation
scheme. Depending on the magnitude of an applied electric field, the Rydberg-atom interactions can vary
from resonant dipole-dipole to attractive or repulsive van der Waals, leading to characteristic signatures in
the measured spectra. Our results agree with theoretical estimates of the magnitude and sign of the
interactions.
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Systems of cold Rydberg atoms provide an excellent
platform for the study of many-body, collective phenomena. For example, Rydberg-atom systems closely resemble certain condensed matter physics systems such as
spin glasses and amorphous solids [1,2]; they may spontaneously evolve into novel states of matter such as ultracold
plasmas [3,4] and may undergo quantum diffusion processes [1,2,5,6]. When an ensemble of cold atoms is excited into Rydberg states, the excitations can be shared
collectively among all atoms within certain regions. This
situation is analogous to delocalized Mott-Wannier excitons in crystals. The analogy between atomic systems and
excitons is strengthened by the recent observation of BoseEinstein condensation of excitons [7]. Rydberg atoms also
have applications in neutral-atom quantum information
processing schemes that rely on the interaction among
Rydberg atoms to perform a gate operation [8–10].
In connection with quantum information schemes, there
has been considerable interest in demonstrating a dipole
blockade involving collective Rydberg excitations. In a
fully blockaded system, optical fields resonantly coupling
the ground state to a Rydberg level can generate at most
one collective Rydberg excitation; successive excitations
are unlikely to occur because they are shifted out of
resonance due to the strong electrostatic interactions between Rydberg atoms. Evidence for excitation blockades
has been provided in a number of independent experiments, in which reduced excitation rates [11–13] and a
narrowing of the counting statistics of the excited Rydberg
populations [14] were observed. However, to our knowledge, there has been no direct spectroscopic proof that the
blockade mechanism is operative. Such proof would require one to show that the excitation to the collective state
involving two Rydberg excitations occurs at a transition
frequency that differs from that of the first excitation.
We use optical excitation pulses to probe the first two
steps of the Rydberg-excitation ladder and so provide
spectroscopic proof of the blockade mechanism. The energy level scheme is illustrated schematically in Fig. 1,
where jkri denotes a system with k shared Rydberg ex0031-9007=08=100(23)=233201(4)

citations. The j0ri ! j1ri transition is not shifted by
Rydberg-Rydberg interactions, since there is at most one
Rydberg excitation in the system. However, such interactions play a critical role in the j1ri ! j2ri transition,
because in this case the target state has two Rydberg
excitations. In the states j2ri, the electrostatic interaction
between Rydberg atoms results in an R3 interatomic
potential in the case of a resonant dipole-dipole (d-d)
interaction and an R6 interatomic potential in the case
of an off-resonant van der Waals (vdW) interaction. The
specific nature of the interaction can be changed by the
application of an external static electric field. The states
j2ri are shifted due to these interactions and form a band of
energies, as shown in Fig. 1, because the excitations are
coherently shared among atoms separated by a range of
different distances. For the d-d interaction, there are two
bands of levels symmetrically placed above and below the
value 2W (where W is the single Rydberg-excitation energy) [9]. For the vdW interaction (which may be positive
or negative), there is a single band of levels shifted by the
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FIG. 1 (color online). The left panel shows a shadow image of
atoms in an optical dipole trap. The right panel shows an
excitation domain [23] with zero, one, or two interacting
Rydberg excitations. The nature of the energy-shifted band of
states j2ri depends on whether the interactions are resonant
dipole-dipole or van der Waals in nature. Owing to the interactions, the j1ri ! j2ri transition energy W 0 differs from the
energy of a single Rydberg excitation W.
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vdW interaction strengths [15]. In our experiment, a first
set of laser pulses is employed to resonantly excite the state
j1ri, and a second set of pulses is used to map out the
energy bands associated with the states j2ri.
An optical dipole trap, formed by focusing a 5 W,
1064 nm laser beam through a magneto-optical trap
(MOT), is used to prepare dense clouds of 85 Rb atoms.
The dipole trap is loaded by overlapping the 1064 nm light
and the MOT trapping light in time for 30 ms. The MOT
trapping light is then switched off, and all atoms not
trapped in the focus of the 1064 nm beam are allowed
38 ms to fall out of the trapping region. By using this
procedure, we achieve cigar-shaped atomic distributions
having a full width at half maximum (FWHM) diameter of
16 m, central density 4  1011 cm3 , atom number
3  104 , and temperature 1 mK, as determined by
shadow imaging. A shadow image of a typical dipole
trap is shown in Fig. 1. To avoid the effect of light shifts
on the Rydberg transition, the dipole trap beam is switched
off before the atom sample is optically excited into
Rydberg levels.
To create Rydberg excitations, we use coincident, counterpropagating, 2 MHz linewidth, resonant laser pulses
to drive the two-photon transition 5S1=2 ! 5P3=2 !
nD5=2 , where n is the principal quantum number of the
target Rydberg state. The lower-transition (780 nm) pulse
is characterized by an intensity distribution having a
FWHM of about 3 mm and a peak Rabi frequency of
3.5 MHz, as determined by Autler-Townes spectroscopy
[16]. The upper-transition (480 nm) pulse is focused to an
intensity FWHM of 19 m, approximately the diameter of
the atom distribution. The Rabi frequency on the upper
transition is estimated to be 3 MHz. The beam driving
the upper transition is derived from a frequency-doubled,
960 nm diode laser (Toptica DL-100) which is locked to a
pressure-tuned Fabry-Perot cavity [17]. The optical pulses
have a temporal FWHM of the intensity distribution of
100 ns. Several hundred nanoseconds following the optical
pulses, the number of Rydberg excitations and the
Rydberg-state distribution are determined by using stateselective field ionization (SSFI) and a microchannel-plate
detector [18].
In a first set of experiments, we excite atoms to 45D5=2
states without and with an electric field. In zero applied
field, the level shifts of the states j2ri are negative and
primarily vdW in character [15]. The resonant d-d case, in
which the band of states j2ri is symmetrically split, is
realized by tuning the transition
45D5=2  45D5=2 ! 43F7=2  47P3=2
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separation energy defect of the transition in Eq. (1) approaches zero [20]. In Fig. 2(a), we show a series of SSFI
signals for excitation into the 45D5=2 state for the indicated
values of the applied electric field. The fraction of the FI
signal in 47P and 43F states clearly depends on the applied
electric field. In Fig. 2(c), we plot the fraction of the FI
spectrum in 47P states as a function of the applied electric
field and determine the resonant field EF  0:23 V=cm.
This value is somewhat lower than the calculated values of
Förster-resonance fields, 0.26, 0.28, and 0:36 V=cm [15],
which are expected to merge into a single signature in
the experiment, as seen in Fig. 2(c). Stray electric fields
may cause the discrepancy between experimental and
theoretical Förster-resonance fields. In the following, we
use the electric fields E  0 and E  EF to study Rydbergexcitation spectra for vdW and d-d interactions,
respectively.
To measure the spectra of the transitions j0ri ! j1ri and
j1ri ! j2ri in Fig. 1, we apply two pairs of optical pulses,
labeled as ‘‘first pulses’’ and ‘‘second pulses’’ in the timing
diagram shown in Fig. 3. The two pairs of pulses are
separated by 400 ns in time, which is the lower limit set
by the frequency switching time of the utilized acoustooptic modulators (AOM). Each pair of pulses contains a
780 nm pulse and a coincident 480 nm pulse, which we
refer to as the lower-transition and upper-transition [21]
pulses, respectively. The lower-transition pulses are always
resonant with the 5S1=2 ! 5P3=2 transition. The frequency
of the first upper-transition pulse 1 is resonant with the
interaction-free transition energy 5P3=2 ! 45D5=2 , while
the frequency of the second upper-transition pulse 2 is
scanned in 4 MHz steps about 1 by using an AOM. The
first pair of pulses primarily drives the j0ri ! j1ri transi-

(1)

into resonance by using an applied electric field. To determine the resonant electric field EF at which this Förster
resonance occurs, we examine SSFI signals as a function of
applied electric field, similar to the method used in
Ref. [19]. The fraction of the FI signal in the product states
47P and 43F becomes strongly enhanced as the infinite-

FIG. 2 (color online). Effect of an applied electric field E on
state-mixing collisions for excitation into the states 45D5=2
(a),(c) and 43D5=2 (b),(d). (a) and (b) show SSFI signals after
700 ns interaction time for different values of E along with the
SSFI electric field pulse. (c) and (d) show the fraction of the total
SSFI signal in 47P or 45P states as a function of E.
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FIG. 4 (color online). Spectra for excitation into the 45D5=2
state: S2 2  (squares; left axes), S~12 2  (circles; right axis).
(a) shows data with zero applied electric field and 240 averages
per point, while (b) shows data with an applied field of EF and
200 averages per point.

FIG. 3 (color online). Experimental timing diagram. (a) –
(c) Control voltages applied to the acousto-optic modulators to
generate the optical pulses shown in (d) and (e). (f) SSFI pulse.

tion shown in Fig. 1. The second pair of pulses is used to
probe the energy shifts of the states j2ri as the frequency 2
is scanned.
In the experiment, it is essential to have a second uppertransition pulse (with frequency 2 ) of the same intensity
as the first upper-transition pulse (with frequency 1 ).
However, as the frequency 2 is scanned, there are unavoidable intensity variations that result from the frequency response of the optical system (AOM and fiber).
We remedy this problem by actively controlling the intensity of the second pulse with a feedback scheme that
utilizes the amplitude-modulation capability of the AOM.
To characterize the band structure of the states j2ri, we
record the number of Rydberg excitations produced as we
vary 2 for three cases: only the first pair of pulses on, only
the second pair on, and both pairs on [henceforth referred
to as S1 , S2 2 , and S12 2 , respectively]. The value of
S1 is approximately constant because 1 is fixed. We are
interested only in its average, denoted as S1 . The spectrum
S2 2  corresponds to the transition j0ri ! j1ri in Fig. 1.
Since the first pair of pulses is resonant with the transition
j0ri ! j1ri, S1 is equal to the peak value of S2 2 . The
spectrum S12 2  results from the combined effect of two
pulse pairs: The first pair of pulses drives the transition
j0ri ! j1ri and contributes the constant offset S1 to the
signal, while the second pair of pulses may also drive the
transition j1ri ! j2ri. Since we are interested primarily in
the number of Rydberg counts added by the second set of
pulses, in the following we display the spectra S~12 2 
S12 2   S1 . We compare S~12 2  with S2 2  to determine how the Rydberg-Rydberg interactions modify the
spectrum of the transition j1ri ! j2ri from the spectrum of
the interaction-free transition j0ri ! j1ri.
In Figs. 4(a) and 4(b), we display S~12 2  (circles; right
axis) along with S2 2  (squares; left axis) for excitation
into 45D5=2 states. Figures 4(a) and 4(b) show the spectra
for zero applied field and an applied field of EF , respec-

tively. Based on the number of detected Rydberg excitations (10 in Fig. 4), an estimated single-domain excitation efficiency of about 50%, and the SSFI electron detection efficiency (50%), we estimate that our excitation
volume (16 m  16 m  19 m) contains of order 40
excitation domains of the type sketched in Fig. 1. The two
spectra S~12 2  demonstrate the difference in the nature
of the energy shift of states j2ri for vdW (off-resonant)
and d-d (resonant) interactions. The zero-field spectrum
S~12 2  in Fig. 4(a) exhibits a wing on the negative side of
2  1 , providing evidence for a band of j2ri-excitation
frequencies shifted to the low-frequency side of 1 . This
observation is consistent with calculations showing that in
zero applied field the interactions among 45D5=2 atoms are
negative (attractive) and primarily vdW in nature [15]. The
spectrum S~12 2  in Fig. 4(b), taken with the applied
electric field EF , exhibits symmetric wings, providing
evidence for two bands of j2ri-excitation frequencies symmetrically located about 1 . This is consistent with the
effect of a Förster resonance on the spectrum of the doubly
excited states j2ri [9]. We note that the spectra S2 2  are
not broadened in a manner resembling the structures seen
in S~12 2 . Therefore, the signal in the wings of S~12 2 
cannot be significantly affected by two-photon excitation
j0ri ! j2ri; it must be due to sequential excitation j0ri !
j1ri ! j2ri.
It is important to note that the first set of laser pulses
excites only a fraction of all excitation domains from the
state j0ri to the state j1ri. To minimize power broadening
of the j0ri ! j1ri transition, we limit the Rabi frequencies
of the lower- and upper-transition pulses to 5S!5P 
3:5 MHz and 5P!nD  3 MHz, resulting in less than
optimal excitation efficiency. Therefore, the action of the
second pair of laser pulses is twofold: Excitation domains
left in j0ri after the first pulses are driven on the transition
j0ri ! j1ri, while excitation domains left in j1ri after the
first set of laser pulses are driven on the transition j1ri !
j2ri. As a result, the spectra S~12 2  in Figs. 4(a) and 4(b)
are a weighted sum of S2 2 , shown in the same panels,
and the spectrum of the transition j1ri ! j2ri. In particular, we expect that the excitations in S~12 2  at 2  1 
0 are due to unexcited domains being driven on the tran-
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FIG. 5 (color online). Spectra for excitation into the 43D5=2
state: S2 2  (squares; left axis) and S~12 2  (circles; right axis).
(a) shows data with zero applied electric field and 455 averages
per point, while (b) shows data with an applied field of
0:15 V=cm and 260 averages per point.

sition j0ri ! j1ri by the second pair of pulses. To extract
the j1ri ! j2ri component of S~12 2 , one may subtract
S2 2  from S~12 2 , where  is a weighting factor <1.
This procedure yields j1ri ! j2ri spectra that feature a
redshifted peak for Fig. 4(a) and two symmetric peaks for
Fig. 4(b), as sketched in Fig. 1. Since the proper value of 
is unknown, we do not present detailed results of this
procedure.
The sign of the vdW shift can be changed between
attractive and repulsive by choosing appropriate quantum
states and/or applied electric fields. In Figs. 2(b) and 2(d),
we show averaged SSFI signals for laser excitation into
43D5=2 states and the fractions of the SSFI signals in 45P
states for a range of applied electric fields, respectively.
The data show that a Förster resonance exists for 43D5=2
near zero applied electric field; this resonance is due to the
channel 43D5=2  43D5=2 ! 41F7=2  45P3=2 [15]. In
zero electric field, the infinite-separation energy defect of
this channel is only 8 MHz (product states lower in
energy) [20]. The channel becomes more off-resonant as
an electric field is applied, changing the character of the
interaction to van der Waals. A perturbative calculation of
the interaction energy, identical to those carried out in
Ref. [15], shows that the van der Waals shifts are positive
(i.e., repulsive interactions) for electric fields in the range
0:1–0:45 V=cm. Thus, in the spectra S~12 2 , we expect
to observe evidence for two bands of j2ri-excitation frequencies symmetrically located about 1 with zero applied
electric field and for a single, blueshifted band with an
applied field in the above range. Measurements of the
spectra S2 2  and S~12 2  for 43D5=2 atoms in zero electric field and in an applied electric field of 0:15 V=cm,
shown in Fig. 5, are consistent with these expectations.
We show finally that the magnitudes of the frequency
displacements of j2ri observed here are in agreement with
theoretical predictions for d-d interactions presented in
Ref. [9]. Figure 2(a) of Ref. [9] shows the calculated
band structure of the states j2ri for the case of an exact
Förster resonance [22]. We connect this figure with our
data by setting the ensemble volume V defined in Ref. [9]
equal to the volume of one excitation domain in our
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experiment. The volume of one excitation domain is estimated by dividing the excitation volume by the number of
excitation domains (40, as estimated above). By using
this volume and Fig. 2(a) of Ref. [9], we calculate that, in
the d-d case, the bands of states j2ri should peak at about
2  1  20 MHz. This value agrees with the band
splittings that can be estimated from our data [see arrows
in Figs. 4(b) and 5(a)].
In conclusion, we have measured the energy band structure of a many-body system containing two shared
Rydberg excitations. Depending on the magnitude of an
applied electric field, the band structure reflects either
symmetric dipole-dipole or attractive or repulsive
van der Waals interactions. The magnitude and sign of
the observed energy shifts agree with theory. In the future,
we plan to use the same technique to study the interaction
of Rydberg excitations prepared in optical dipole traps at
well-defined, variable separations. Such measurements
will be important within the context of neutral-atom quantum computation [8,9].
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