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Resonant Dipole-Dipole Energy Transfer in a Nearly Frozen Rydberg Gas
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In a room temperature vapor of Rb Rydberg atoms, resonant dipole-dipole energy transfer occurs via
binary collisions. In contrast, in th#)0 xK vapor produced by a magneto-optical trap, the atoms are
nearly frozen in place and many atoms interact simultaneously, as in an amorphous solid. As a result of
the simultaneous multiple atom interactions, the energy transfer resonances are broadened substantially
in frequency. [S0031-9007(97)04909-0]

PACS numbers: 32.80.Pj, 34.60.+z

In practical terms, a gas is frozen if over the time scaldinewidth, Av, of the collisional resonance and is given
of interest the constituent atoms or molecules move onlypy
small distances relative to their separation. In such a case, _ _ 32
they can be expected to behave as an amorphous solid. 7= 1/Av = Juaps/v = Jo/v. (3)
Elegant examples of a frozen gas are the well definedhe linewidth depends on the collision velocity of the
spatial structures of cold ions observed in ion traps [1,2]atoms but not on their density. At room temperature
With neutral atoms, it is more difficult to realize a frozen 300 K, using the valueg, = 492eao andup = 126eay,
gas due to the fact that the interactions between neutrae calculater = 1078 cn? andAv = 380 MHz.
atoms are of shorter range than the Coulomb interaction. Previous experiments have shown that, when the tem-
Cold Rydberg atoms, with their large sizes and dipoleperature is reduced fromd00 K to 1 K, the linewidth
moments, appear to be natural candidates for makingf the resonance drops sharply, as shown in Eq. (3)
a frozen neutral gas. Using them, one can reasonablp]. If we apply Egs. (2) and (3) to the energy trans-
expect to reach a regime where collective, many-atomfer of Eq. (1) at300 uK, we find o = 107> cn?* and
effects lead to qualitatively different behavior. InterestingAv = 12 kHz. Typical Rydberg atom densities in the
examples are superradiance and the observation of a MJOT are 10° cm™3, implying a mean interatomic spac-
transition [3]. ing of 1072 cm, which is larger than the impact parame-
Here, we report the results of experiments on rester \/o. Under such conditions, an energy transfer can
onant dipole-dipole energy transfer amod@0 uK Rb  no longer occur by the same binary collision process, but
Rydberg atoms in a magneto-optical trap (MOT). In theséhow it should change is nat priori obvious. It is likely
experiments, the dipole-dipole interaction of the atoms
approaches their thermal energy. At room temperature

300 K, resonant energy transfer occurs by a well under- 11596 | 34p,, I
stood binary collision process, but it is qualitatively dif- -111.598 -
ferent at300 wK. In the latter case, it is clearly not a -111.600 | ™ i
binary process but a many-atom process which has some 11602 | o " i
similarities to the formation of energy bands in a solid. . o D
The specific process we have examined is, for two "] £ | )
atoms, the process e (
5 -123.002 ]
Rb 25512 + Rb 33510 — Rb 24pyn + Rb 34p3/. é 123,004 _/335_N\ﬂk
1) 2 1 s
As shown in Fig. 1, it is resonant at the electric fields Wi 22904621
E = 3.0 and 3.4 V/cm, where the25s;,,-24p,» and -229.464 t
33s1,2-34p32 intervals are equal. Because of the splitting
of the [m;| = + and 3 levels of the34p;, state, there 240860 9 T
are two resonances. Binary resonant energy transfer -240.862 - L
collisions such as the one of Eq. (1) have been studied 24P ]
extensively, and the cross sectionis given by [4] il I K .
0 1 2 3 4 5

o = papp/v, (2)
where us and up are the25s-24p and33s-34p electric

dipole matrix elements and is the collision velocity. FiG. 1. Energy levels of Rb in an electric field showing the
The duration of the collisiony, is the inverse of the two energy transfer resonances of Eq. (1).
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to become more quasistatic. For example, line broaden- 94
ing in a dense]0'?> cm™3, thermal300 K Rydberg atom Fs ®
sample can be described with a quasistatic picture [6]. §7l o
In the 300 uK experiment, the®> Rb atoms are held £,1 ©
in a MOT, which is housed in a stainless steel vacuum %s_'
chamber at a background pressurd @f? torr [7]. Other 3410
14

measurements suggest that the temperature in the MOT
is not higher than300 wK [8,9]. The chamber is at
room temperature, and Rb is kept in a sidearm reservoir
which is held at 40C. We use diode lasers for the
trapping and repumping beams, all of which have typical
linewidths, powers, and diameters®MHz, 10 mW, and

5 mm. The magnetic field gradients in the horizontal
and vertical directions are 5 and G/cm, respectively.
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Collision Signal

By imaging the radiation from trapped atoms onto a 77N,
detector array, we have determined the full width at
half maximum of the cloud of atoms in the trap to be 46 N

0.7 mm, and the number of atoms in the trap to be as
high as107, leading to a density of0'® cm~3. The trap
volume is midway between a pair of vertical copper plates 9N
1.909 cm apart. In the center of the left-hand plate, there
is a % in. diameter array of twenty).020 in. diameter
holes through which ions produced by field ionization are
extracted. A dual microchannel plate detector is placed
just outside the left-hand plate to detect the ions. o
We excite the Rb atoms from th&p;/, state to the Electric Field (V/cm)

25s and 33s states with two pulsed dye lasers pL_Jmped,:|G_ 2. The25sy, + 335y, — 24pi, + 34p;, resonances
by a Nd:YAG (yttrium aluminum garnet) laser running at at 300 xK observed in the MOT at four densitie8,19N,
a 20 Hz repetition rate. The dye lasers hag@ cm™!  0.46N,, 0.77N,, and N,. The inset shows the width of the

linewidths and transfer up to 10% of the trap populationobserved resonances vs relative density.
to each of the two Rydberg states, leading to maximum
Rydberg state densities ofyN= 10° cm™3. We allow the
atoms to interact for up t8 us in a static field and then by changing the intensity of the repumping laser. Other
apply al us rise time high voltage pulse to the right-handtrap parameters, and the temperature, were unchanged.
plate to field ionize the excited atoms. The amplitude ofThe observed signals increased monotonically with rates
the field pulse i$50 V/cm, which allows easy separation which decreased with time constants of ordess. For
of the ionization signals from the 34and 33s states. each of the traces of Fig. 2, energy transfer was allowed
We detect the signal from th&dp state atoms, and we to occur for3 us after laser excitation before the field
scan the value of the static field through the resonances @nization pulse was applied. With the number density
Fig. 1 over many shots of the laser to observe the energy,, approximately 20% of th83s atoms had undergone
transfer resonances. transitions to thé4p state in3 us.
To do the experiment aB00 K, we simply turned The conversion from field to frequency Bt= 3.4 V/
off the trapping lasers and magnetic fields and exciteg¢m in Fig. 2 is1 V/cm = 53 MHz, and the resonance
the background Rb atoms to thep;, state with a widths increase from 3.9 4 MHz as the number density
pulsed dye laser and then to tB8s and 33s states as is increased from0.19N, to Ny, as shown explicitly by
described earlier. In this case, the density of Rb Rydberthe inset. The typical observed linewidth,MHz, is
atoms was2 X 10° cm~3. At 300 K, the resonance is almost 3 orders of magnitude larger than the expected
250 MHz wide (FWHM), in reasonable agreement with 12 kHz linewidth for a binary collision. Furthermore,
the calculated value. Based on the observed collision ratifie linewidths of the energy transfer resonances increase
and Rb number density, we estimate= 108 cn? , also  with number density, unlike those of binary collisional
in agreement with expectations. resonances. Similar broadening of Cs energy transfer
In Fig. 2, we show the300 K resonances using resonances has been observed by Mouradkal. [10].
several densities of trapped atoms. The highest density By examining other energy transfer resonances occurring
No = 10° cm™? in each of the33s and 25s Rydberg at higher static fields, we have determined the electric
states, and the densities shown in Fig. 2 Age 0.77N,, field inhomogeneity to be less than 1 partlie®, which
0.46Ny, and 0.19Ny,. The number density was varied corresponds to .15 MHz contribution to the observed
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linewidths. To determine the effect of the magnetic fieldrates given approximately by3/r3 and u%/ri. For a
gradient, we added magnetic field pulses of uB3tG, given pair of close atoms, this entire process is repeated
and, by observing shifts in the resonances, set an uppenany times over th8 us course of the experiment, and
limit of 0.5 MHz on the magnetic field’s contribution to p state population slowly expands outward from the close
the linewidth of the observed resonances. We believe thatoms. The linewidth is determined by the coupling of the
field inhomogeneities to contribute approximatéviHz  close atoms, and the time scale for the development of the
to the observed widths. signal and its magnitude are determined by the couplings
It is clear that the energy transfer does not occur bydue to the average spacing.
simple binary collisions, but how does it occur? We begin If these two processes were independent, the line shape
by noting the relevant magnitudes of the problem. For arwould be determined entirely by the probability of finding
average interatomic spacing = (%WN())IB, the typical  pairs spaced by,, and a line shape with wings falling off
dipole-dipole interactionus ugrg = 0.24 MHz. At T =  asl1/A, whereA is the detuning from resonance, would
300 uK, kT = 6 MHz, and the collision velocityy =  result. However, a four atom model shows that these two

[8kT/7M = 38 cm/s, wherek is Boltzmann’s constant Processes are not independent. For simplicityl, we label
and M is the reduced mass of the two colliding atoms,the atomic25s, 24p, 33s, and 34p statess, p, s', and
both 85Rb in this case. OveB us, the typical time p’, respectively. Consider initially exciting two atoms to
scale for the experiment, the atoms movex 1074 cm  €ach of thes ands’ states, to produce the states’s’ of

or 0.1ry. the system. The wave function of the system is given
There are three pairwise dipole-dipole couplings whichPy the ordered product of the atomic wave functions

exist in the system: at the four spatial sites. The second and third atoms
Rb 2551/, + Rb 3351/, — Rb24p1/s + Rb34ps3),, are close together, being spaced hy while the other

spacings are the average spacing We assume that
(4a)  the tuning electric field is slightly below that required
for the resonant energy transfer of Eq. (4a). If we ignore
+ — +
RD25s1/2 + Rb24p12 Rb24p1/2 + RD 235172, the dipole-dipole couplings of Eq. (4), the energies would
(4b)  be as shown in Fig. 3(a), where the energy level spacing

and A is the detuning from the resonance of Eq. (4a). The
Rb 3351/, + Rb34p3/, — Rb34ps/, + Rb 3355, six states shown in Fig. 3(b) are the eigenstates, and no
evolution from the initial statess’s’ occurs.
(4c) When we introduce only the strongest coupling, i.e.,

Equation (4a), which is identical to Eq. (1), is the dipole- uaup/r?, between the second and third atoms, the two
dipole coupling responsible for the observed resonanpairs of states of Fig. 3(b) connected by the long ar-
energy transfer from the two states to the twop  rows are coupled, leading to two eigenstates which are
states. It is only resonant at the fields= 3.0 and superpositions ofsss’s’ and spp’s’ and two which are

E =34V/cm and has the strengtp,up/r?, where

r is the spacing between the two atoms. The dipole-
dipole couplings of Egs. (4b) and §4C) are resonant at
all electric fields, have magnitudes;/r® and u3/r3, oop'e’ o
and are the same as those responsible for self-broadening_T_

of resonance line transitions [11] and the suppression of A

superradiance [12]. spsp’
A qualitative description of the process which repro- _l_ ;zsp';':)
duces the major features of our observations starts with T psp’S’:)
the assumption that the atoms are frozen in place. Some A

pairs of atoms are closely spaced, Ry wherer. < ry, 5
have strong couplings, and are able to undergo the tran- —— sss —

sition of Eq. (4a) far off resonance, by up toiug/r?2,

leading to the large observed linewidths. There are to§!C- 3- The energy levels of the system of four atoms when

. . detuned from resonance bg. (a) With no dipole-dipole
few of these atoms, though, to give the magnitude of th(Jcouplings, there are three energies, and the states of (b) are the

signal observed. However, the pairs of close atoms Ossigenstates. The four middle states are degenerate. The dipole-
cillate at frequencyu,up/r> between the25s and33s  dipole interaction of the close second and third atoms, indicated
states and the4p and34p states, spending about half of by the long arrows in (b), leads to energy shifts of" and

their time in thep states. While in the states, resonant lifts the degeneracy of the middle four levels, as shown in (c).

Note that it does not couples’s’ to ppp’p’. The dipole-dipole
energy transfer can occur to othgss and 25s atoms, interactions of Egs. (4b) and (4c) between atoms of the average

which are the mean distaneg away, by the processes of spacings, indicated by the short arrows in (b), are required to
Egs. (4¢c) and (4b), respectively. This transfer occurs atouplesss’s’ to ppp'p’.

(@) (b) ©
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the initial statesss’s’ is not coupled toppp’p’, so only
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