Eur. Phys. J. D 40, 3-12 (2006)
DOI: 10.1140/epjd/e2006-00143-x

THE EUROPEAN
PHYSICAL JOURNAL D

Long-range Rydberg-Rydberg interactions and molecular

resonances

J. Stanojevic, R. Coté*, D. Tong, S.M. Farooqi, E.E. Eyler, and P.L. Gould

Physics Department, University of Connecticut, 2152 Hillside Rd., Storrs CT 06269-3046, USA

Received 16 January 2006 / Received in final form 28 April 2006
Published online 21 June 2006 — (©) EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2006

Abstract. We present a detailed theoretical treatment to describe the lineshape of molecular resonances
in a cold dense gas of rubidium Rydberg atoms. Molecular potentials in Hund’s case (c) are calculated by
diagonalization of an interaction matrix. We show how the strong ¢-mixing due to long-range Rydberg-
Rydberg interactions can lead to resonances in excitation spectra. Such resonances were first reported in
[S.M. Farooqi et al., Phys. Rev. Lett. 91, 183002 (2003)], where single UV photon excitations from the 5s
ground state occurred at energies corresponding to normally forbidden transitions or very far detuned from
the atomic energies. Here, we focus our attention on resonances at energies corresponding to excited atom
pairs (n — 1)ps/2 + (n+ 1)ps /2. Very good agreement between the theoretical and experimental lineshapes

is found.

PACS. 32.80.Rm Multiphoton ionization and excitation to highly excited states — 32.80.Pj Optical cooling
of atoms; trapping — 34.20.Cj Interatomic potentials and forces

1 Introduction

In recent years, experiments involving ultracold Rydberg
gases and plasmas [1-5] have studied novel systems that
are translationally cold, but with significant internal en-
ergy. The fact that highly-excited Rydberg atoms have ex-
aggerated properties [6] is one motivation for this recent
interest [7,8]. For example, in systems with one Rydberg
excitation, the existence of long-range molecular bound
states with very complex wave functions — the so-called
“trilobite” states — have been predicted [9-13]. In addi-
tion, there have also been proposals [14] to form bound
molecular states with two highly-excited atoms. Although
such “macrodimers” have not yet been detected, molec-
ular resonances caused by Rydberg-Rydberg interactions
have been observed [15]. The effect of interactions between
Rydberg atoms can also lead to density-dependent line
broadening of resonances [16-18], and the modification
of collisional processes [19]. The unique combination of
properties has led to proposals to use ultracold Rydberg
atoms for fast quantum gates [20,21]. Some of those
schemes exploit a “dipole blockade”, i.e. a strong suppres-
sion of Rydberg excitation in a confined gas, to realize
elements for quantum computation between atoms [20] or
in mesoscopic ensembles [21]. Recently, large inhibitions
of Rydberg excitation have been observed [17,18], and a
similar effect, labeled the “van der Waals blockade” has
been reported [17].

# e-mail: rcote@phys.uconn.edu

In this paper, we present a detailed theoretical treat-
ment to describe the lineshape of some of the molecu-
lar resonances reported in [15]. In Section 2.1, the long-
range interaction potentials between Rydberg atoms are
briefly described. In Sections 2.2 and 2.3, we construct
a more detailed model, and show how ¢-mixing between
such long-range molecular potentials correlated to differ-
ent asymptotes can give the necessary mixing of p char-
acter to allow excitation into otherwise far-off-resonance
or forbidden states. The excitation lineshape is also calcu-
lated. In Section 3, we illustrate experimental evidence of
such molecular resonances in an ultracold rubidium gas.
The experiment uses single UV photon excitations from
the 5s ground state to np Rydberg states (n = 50-90). The
spectra display resonances red-detuned from the atomic
resonance, at energies corresponding to excited atom pairs
(n —1)d + ns, as well as (n — 1)p + (n + 1)p. Our theo-
retical lineshape is compared to the experimental result
for excitations corresponding to asymptotes correlated to
(n — 1)pgs2 + (n + 1)p3/o. We particularly focus on the
69p3/2 + T1ps o resonance, which has been studied in de-
tail.

2 Theory

We start by considering the excitation of a pair of atoms,
initially in the ground state, to the np + np asymptote,
i.e. both atoms excited into the same Rydberg state np
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Fig. 1. (a) Two-photon excitation scheme, with detunings
from the atomic resonance (A) and from the 70p + 70p asymp-
tote (24), and a “curve crossing” between the states correlated
to the 70p+ 70p and nf+n’¢ asymptotes. (b) Potential curves
in Hund’s case (b) in the vicinity of the 70p + 70p asymptote
for the 12; and >X7 states.

(see the excitation scheme in Fig. 1a). We then show that
well-defined resonances occur due to f-mixing between
np + np molecular potential curves and other molecular
curves sharing the same symmetries.

As will be seen below, it is remarkable that the effect
of the f-mixing takes place almost entirely at the energy
corresponding to the (n —1)ps/s + (n+ 1)p3/2 asymptote,
eventhough several asymptotes are involved.

To model this process, we find the molecular potential
curves for a pair of atoms, and calculate the two-photon
excitation probability. In Section 2.1, we discuss poten-
tial curves in Hund’s case (b), where we ignore spin and
{-mixing between potential curves. In Section 2.2, both the
spin and ¢-mixing of various molecular states are included,
and after diagonalization of the interaction matrix, the
potential curves in Hund’s case (c) are found; these last
curves are used to calculate the excitation probability. Fi-
nally, to compare with experimental data, we obtain line-
shapes and signal sizes in Section 3. Note that while one-
photon transitions are far off resonance in the vicinity of
molecular resonances, two-photon transitions are (nearly)
resonant for most pairs; this suggests that the dominant
contribution to the excitation probability comes from pair
excitation. In fact, experimental results [15] show clearly
that the positions of these resonances nearly coincide with
the energies of a pair of isolated rubidium atoms.

2.1 Interaction potentials: Hund’s case (b)

At large internuclear separations R, the interaction be-
tween two atoms can be expanded as a sum of powers of
1/R [22]. For two atoms in the same np state, and neglect-
ing fine structure effects, it takes the following form [14,23]

where the C’s are the dispersion coefficients. In [14], we
computed the C5, Cg, and Cy coefficients as functions of
the principal quantum number n (for Rb—Rb interactions),
and found that they scale as n®, n'!, and n'®, respectively
(see also [24] for additional details). The exact values of
these coefficients depend on the molecular symmetry: for
the np + np asymptote, a total of 12 molecular states ex-
ist, grouped in 6 pairs, each pair having the same dis-
persion coefficients. In Figure 1b, we illustrate two poten-
tial curves for the asymptote 70p + 70p corresponding to
'35 and 22 pairs of states. Notice that one pair, labeled
70p 4+ 70p(S), has a particularly strong attractive interac-
tion dominated by a large Cs van der Waals coefficient
(for n = 70, Cs ~ 2.64 x 10?2 a.u.) [14]. The other pair,
labeled 70p + 70p(W), corresponds to a weaker repulsive
interaction.

These potential curves may intersect potential curves
correlated to nearby asymptotes, leading to avoided cross-
ing and/or mixing between states with the same symme-
try. In general, the np + np potential curves can couple to
curves correlated to nis + nss, n1s + nad, or nid + nad
through dipole interactions, and to nip 4+ ngp through
quadrupole interactions. Although higher order multipoles
could couple other states, the strength of such couplings
decreases rapidly and hence we consider only crossings be-
tween the above states.

At large R, the leading terms of the curves for
n1S + ngs, which are denoted as V4, are

Cs Cy

%s’(R):iﬁfﬁv (2)

while those for nys + nod or nip + nap, labeled Viq and
Vppr Tespectively, have the same form, namely

Cs Cs Cs
Ved/ppr (R) = "R RS RS (3)
Finally, the leading terms for nid 4+ nad, labeled Vyy/, are
Cs Cs (7
Var(R) =75 ~ 7% ~ 7 @)

Naturally, the C,, coefficients are different for the vari-
ous asymptotes, and depend on the particular molecular
symmetries considered (see [24] for details).

Although several asymptotes corresponding to various
combinations of n; and ny may lie near the np-+np asymp-
tote, such as (n—1)d+ns or (n—2)d+ (n+1)s etc., only
those with small An = |n—n;| or |n — ng| have significant
couplings to V,,. Hence, only a few asymptotes with n;
and ng near n need to be considered. In Figure 1b, we show
the most important potential curves near the 70p + 70p
asymptote, namely the 69d+ 70s, 69p+ 71p, and 70s+ 71s
asymptotes.

For some applications, the details of interactions are
not crucial, and one can safely ignore effects such as
fine structure coupling, /-mixing, etc. For example, in the
study of inhibition of Rydberg excitations due to long-
range interactions [17], the interaction between atoms in
nps/o states was described by the Cg-coefficient, assum-
ing that all np states had the energy of the nps/, fine
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structure component. This approximation greatly simpli-
fied the description of the excitation dynamics. In addi-
tion, the internuclear separations R between atoms were
significantly greater in [17] than those considered here,
so that curve crossing/mixing was not an issue. To de-
scribe strong ¢-coupling relevant for the molecular reso-
nances, a much more accurate description of interactions
is needed. We have to diagonalize the interaction matrix
to find molecular potentials and to see how states with
different ¢ are coupled together.

2.2 Potentials and symmetries: Hund'’s case (c)

The potentials in the previous section are obtained in
the second order of perturbation theory [14,24], and thus
share its limitations. In addition, the effect of spin and
{-mixing were ignored. To describe the resonances ob-
served in a cold dense gas of rubidium Rydberg atoms,
we cannot use them directly, since the interaction en-
ergies of pairs of Rydberg atoms contributing to these
resonances are many times greater than the energies for
which perturbation theory is applicable. Also, formally,
the C-dispersion coefficients are well defined only if fine
structure is ignored, which is appropriate only if the en-
ergy separation between adjacent nf+n'¢’ asymptotic lev-
els is much greater then the relevant fine structure split-
ting. This is not true for Rydberg states of rubidium. For
example, the asymptotic (R — o00) spacing between the
70512 + Tls1/2 and 70p3/ + 70ps/ levels is 213 MHz,
and the fine structure splitting of the 70p; s + 70p; /2 and
70p3 /2 + 70p3/2 diatomic levels is 569 MHz. Depending on
the energy separation, states belonging to different fine
structure levels of 70p; + 70p;. are coupled differently to
the 7051 /5715 /) states. It turns out that the coupling
between |npjnp;) and |nsio(n + 1)si/) states is very
important for the strongly attractive np + np potentials
discussed in the previous section. The Cg coefficient is
almost two orders of magnitude stronger than those of
other potentials. This happens because the np states lie al-
most exactly halfway between the adjacent ns and (n+1)s
states, and because of the large dipole moments between
ns and np, as well as (n + 1)s and np states. In our dis-
cussion we focus on such strong potentials because they
will mix with other potential curves as soon as they get
close, resulting in avoided crossings and strong ¢-mixing
(especially the mixing of p-character which allows states
with otherwise forbidden transitions to be coupled to the
5s ground state). Finally, an additional reason to include
fine structure in our theoretical treatment is that the ex-
periment [15] has shown that the resonances are related
to certain fine structure components.

We include long-range Rydberg-Rydberg interactions
Viya(R) and the atomic spin-orbit interaction Hys (which
gives rise to atomic fine structure). We then diagonalize
the interaction matrix,

U(R) = Vrya(R) + Hg. (5)

The eigenproblem of the interaction matrix is greatly sim-
plified by molecular symmetry, which gives some good

quantum numbers and a prescription for constructing
a symmetry-adapted basis. For homonuclear diatomic
molecules, the quantum numbers corresponding to the
Doon, point group are associated with rotations about the
internuclear axis, reflections through a plane containing
the rotation axis, and the inversion ¢ of the spatial coordi-
nates about the center point between both atom cores [25].
The projection of the total angular momentum onto the
molecular axis is conserved because of the rotation sym-
metry. States invariant under the inversion operator i are
labeled gerade (g), and those changing sign ungerade (u).
Finally, the reflection operator o, is used explicitly only
for states with the projection of the total angular momen-
tum equal to zero [25].

The symmetry-adapted basis for the Rydberg-Rydberg
interaction Vgrya(R) is |*9714,,,). Because Vrya(R) is
essentially the residual Coulomb interaction, it is spin-
independent, and cannot mix states with different A,
S, or eigenvalues of i and o,; it is diagonal in the ba-
sis [29%14,,,)|S, Ms). However, the spin-orbit interaction
His depends on spin and it mixes states with different
A; it is diagonal in the basis of properly symmetrized
|71, m1)|j2, me) states. We choose to represent U(R) in
the latter basis since it is more appropriate to describe
molecular asymptotes (at R — o0), and it facilitates the
calculation of lineshapes (see next section). Note that only
a few molecular states with similar quantum numbers nq
and ny need to be considered, because coupling is sig-
nificant only for a few asymptotes nearby (see discussion
below).

The projection of the total angular momentum onto
the molecular axis €2 = my + mo is conserved. Assuming
that there is no overlap of the electronic wave functions be-
longing to different atoms [26], the properly symmetrized
asymptotic states for 2 # 0 have the form

[nly,my;n' €, Q@ —my; Qg ) ~
|:|n7£7ja mj>|n/a£/7j/a Q- mj>

—p(=1) ! 15 Q= my)|n, €, 5, m;) |, (6)

In this expression, the molecule-fixed reference frame
is assumed. If @ = 0, we distinguish between
symmetric and antisymmetric states under o, via
|O;t/u) = (1+0,)/V2|04/m); the action of the o, opera-
tor is consistent with the following rules

o, |A) = (—1)" |-4), (7)
oy |8, Ms) = (1) Ms |8, — M) . (8)

The resonances we want to describe require strong
{-mixing; the strong mixing of p character corresponds
to crossings with the strongly attractive np 4+ np poten-
tials. As mentioned previously, these strong np + np po-
tentials are those coupled with ns+ (n + 1)s states. Since
Rydberg-Rydberg interactions do not mix states with
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Table 1. Asymptotic 0, molecular states. All of the 0, states used to calculate the lineshape of the 69p + 71p resonance are

listed. The ©Q = 0 states have to be additionally symmetrized with respect to .. Both m; and may =

Q —m; change sign under

0., but the phase factors resulting from the symmetrization (1 + 0,)/v/2 are not obvious. The result of this symmetrization is
presented explicitly. We assume that all |[nf;, m;;n'€5,m;;0,) states are symmetrized according to (6).

0, state Symmetrization (1 —0,,)/v/2 |04)

1705715, 0 ) {|7Os%,%;7ls%,—%;0u)+|7051,—— Tlsy, 30, >}/\/§

70p370ps,00)  [T0pg, 3;70ps, —3;0u)

degenerate |70p%7 4 70p3 =% 0u>

70p3 70p3,0;) {|7Op%,—2,70p1, 1,04 = T0pg, 3:T0py, ~4;0.) } /V2

[70p 1 T0p 4, 0) |70p%7%;70p%,—5;0u>

69ps 71ps, 0u) {I69ps,%;71p§r— u) +169p3, —3;71pa, 3; >}/\/§

degenerate {|69 Ps, 2’71p37,_ u)+|69p3, 2,71p3,2 )}/\/§

169p3 71p3,0;) {| P, 35 TIpy, —5;00) — 169p3, —3; T1ps, ;0 >}N§

690, 71p3,00)  {169py, %; Tipg, - 5;0u> ~ 169y, ~3; Tlpg, 30, } /v2

1691 71p3,0%) {|69p1,2,71p1,—§;0u>+|69p1,—— Tipy, 450.) ) /V2

1695725, 05 ) {1695y, 47255, —4:0u) + 1695y, — 43725, 4;04) } /V2
different A, S, and eigenvalues of i and o,, only config- using the following formula:
urations of the same symmetry (described by the same
quantum numbers) can be coupled. By examining all pos- (1,2|Vaip|3,4) =
sible symmetry configurations [23324], we find thaut1 thf (—1)htiztis+is=2 /T T LTy Ty JodsJa
only candidates are the asymptotically degenerate ~X] ] )
and 3371 states. After adding spin, there are three pos- X Ri3Ra4 (61 1 63) (62 1 64){ 1 1 Js }{%2 1 z‘l}
sible symmetries, O;‘, 0, and 1,, and only these states 000 000 l3 3 20 4 1/24,
ymmetrics give a necesay condition or steong miing, xS (LMY (9 LaY( 1 s
Yy & y & & 2 —mymmz)\—2+my —m 2—-m3z)

one has to diagonalize (5) for each symmetry individu-
ally to find which states of these molecular configurations
actually give strong mixing.

The Rydberg-Rydberg interaction is conveniently ex-
pressed in the limit of large nuclear separations as an ex-
pansion in inverse powers of R. Here we consider only the
first term, i.e., dipole-dipole interactions,

VRyd (R) =~ Vaip(R),

4mriry
3R3

Y ByYM )Yy (), (9)

m=—1

where B! = m!/(n—m)! is the binomial coefficient, and 7;
is the position of the electron ¢ around its center. The goal
is to calculate detailed lineshapes of (n —1)p+ (n+1)p
resonances, particularly for 69p + 71p. These resonances
are relatively close to the atomic np resonance, which
means that they occur at small interaction energies
and thus large internuclear separations R; in this range
of R, the most important interactions are the dipole-
dipole terms. Importantly, np states cannot be coupled
directly via dipole-dipole interaction, and so significant
(-mixing is required. The matrix elements of Vgip(R) be-
tween states |1,2) = |nq, {1, j1,m1)|na, o, jo, 2—my), and
[3,4) = |ns, ls, j3, m3)|n4, La, ja, 2 — ms3) can be evaluated

m=—1

(10)

Here, L; = 2¢; + 1, J; =2j; + 1, and R13 and Ro,4 are the
radial parts of the dipole matrix elements of states 1, 3
and 2, 4 respectively.

To diagonalize U(R), we select all states correlated
with the np + np and (n — 1)p + (n + 1)p asymptotes, as
well as all states correlated to the asymptotes in between.
Nearby states having significant dipole-dipole couplings
with these aforementioned states are also included. In the
basis (6), dipole-dipole interactions give off-diagonal el-
ements and asymptotic separations between states give
diagonal terms. In the R-range considered for the (n —
1)p+ (n + 1)p resonances, the coupling due to dipole ma-
trix elements R,,,,s decays rapidly with An = |n —n/|; for
An = 2, it is roughly 100 times weaker than for An = 0,
and since the interaction matrix elements (1,2|Vqip|3,4,)
are quadratic in Ry, , we neglected states corresponding
to An > 3. Specifically, we have included all states corre-
lated to the following asymptotes: ns + (n + 1)s, np + np,
(n—Dp+(n+1)pand (n—1)s+ (n+2)s. In Table 1, we
list all asymptotic states of 0,, symmetry used in our cal-
culation of the 69p + 71p resonance. The excitation prob-
abilities are dominated by the contributions from these
states.
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Fig. 2. (a) Potential curves for the 0, symmetry correspond-
ing to asymptotes from 708172 +T1s1/2 to 69s1/2 + 72512 cen-
tered around 69ps,/2 + 71ps 2. This latter curve is indicated by
a thicker line. The zero of energy is set at the 70ps/2 + 70ps/2
asymptote. Only curves that are not flat (within our approxi-
mations) are shown; at separation R < 45000 a.u., they become
less reliable. (b) The fraction of 70p character |a|? for ps/ops)2,
P3/2P1/2, and py/2p1/2 mixtures corresponding to the potential
correlated to the 69ps/2 + 71ps 2 asymptote.

In Figures 2-4, we show the potential curves for the
three relevant symmetries for the resonance located near
the 69p3/2 + T1ps /2 asymptote.

2.3 Pair excitation

Here, we develop the basic theory describing the reso-
nances observed in [15]. Although we focus our attention
on resonances observed at energies corresponding to ex-
cited atom pairs (n — 1)p + (n + 1)p, the treatment given
below could also be applied to the resonances correspond-
ing the (n — 1)d + ns asymptotes also observed in [15].
However, because these resonances occur further below
the np + np asymptote, and therefore involve smaller R,
many more states must be included. This case will be an-
alyzed in a future publication.

As mentioned previously, none of these asymptotes can
be excited directly by single-photon transitions from the
ground 5s state, and since only two atomic energies are
relevant for these resonances, the problem is treated essen-
tially as a two-body effect, i.e. excitation of an interacting
pair of atoms. We assume here that the sample is initially
in an equal mixture of the two |5s,j = 1/2,m; = £1/2)
states, and consequently, a pair of atoms can be in any of
four diatomic ground states with equal statistical prob-
ability. This means that the excitation probabilities of
pairs in different initial states have to be statistically av-
eraged. Averaging does not depend on the basis of initial
states used. However, the time evolution of symmetric and
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Fig. 3. Same as Figure 2 for the 0} symmetry. In (b), |a|? for
the p1/2p1/2 mixture is negligible and hence not shown.
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Fig. 4. Same as Figure 2 for the 1,, symmetry.

antisymmetric states are independent so that choosing
the basis of symmetric and antisymmetric initial diatomic
states can simplify the evaluation of the excitation am-
plitudes. There are three symmetric initial states and one
antisymmetric state. For simplicity, our notation for the
|5s,7 =1/2,m;) ground states is |gm), where m is +1/2.
Assuming that the polarization of the optical field is along
the z-axis, we have two intermediate states, depending on
which fine-structure component of an np state is excited.
The selection rule Am = 0 for this laser polarization deter-
mines the polarization of the intermediate states. We label
excited Rydberg states as |e,m) and |e’, m), where e and €’
correspond to np3z,» and np; /3 respectively. Here, only the
calculation for the m; = mgo = +1/2 case is explained in
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detail. The final results are given for the m; =
which are evaluated in a similar fashion.

We introduce a simplified notation for diatomic states.
We define |gg) = |g, m)|g, m), where m = +1/2, and sim-
ilar definitions are used for |ee) and |e’e’). States |ge),
|ge’y and |ee’) are defined as symmetric superpositions;
e.g., |ge) = {|g,m)|e,m) + |e,m)|g, m)}/v/2. The doubly-
excited atom pair states |ee), |ee’), and |e’e’) are conve-
nient for writing the equations for the excitation ampli-
tudes.

In our calculation, the actual doubly-excited states,
labeled as | (R)), correspond to the molecular potential
curves €y (R); they are eigenvectors and eigenvalues of (5),
respectively. Many potential curves A\ contribute, to vari-
ous degrees, to the population of excited pairs of atoms.
For example, for the curves shown in Figures 2—4, which
correlate to asymptotes ranging from 705% + 713% down
to 695% + 725%, we included a total of 25 contributions,

with A =1 to 9 for the 0;, symmetry, A = 10 to 16 for the
O;‘ symmetry, and A = 17 to 25 for the 1, symmetry. We
evaluate the sum of all these contributions to find the ex-
pected signal for a given detuning from the atomic np res-
onance. Large populations of excited pairs of atoms occur
when the two-photon energy is nearly resonant with one of
the asymptotic levels, ey (R — o0), and when |py(R)) has
a significant np-component due to f-mixing. In addition,
as in standard lineshape theory (e.g., using a quasi-static
treatment), a feature is expected when the first deriva-
tive of €y (R) vanishes. These effects may lead to the ap-
pearance of a molecular resonance in spectra. Because the
number of atom pairs with a given value of R scales as R?
in a uniform sample, larger features are expected when
these effects are satisfied at larger R.

To solve for the excitation probability, we solve
the coupled time-dependent Schrodinger equation. The
Hamiltonian of an interacting pair of atoms is (in the ro-
tating frame and in the rotating-wave approximation)

2 2 ’
H = Z [AU + A ’, o —|— Z {goég + —o’ gt h.c.
=1 i=1

+[Ax + ex(R)] o) {eal (11)

where w, W', and A, A’ are single-photon Rabi frequen-
cies and detunings relative to the nps/y and np, /o fine
structure components, respectively. Here Ay is defined as
the two-photon detuning from the asymptotlc level de-

—meo cases,

termined by ex(R — o0). The operators o¢q and og, are
given by
O—ig = Z|eiam><giam|a (12)
= lesm){esml. (13)
Our wave function is the superposition
) = colgg) +cilge) + +eylge’) +ealon) . (14)
Solving the Schrédinger equation
8
% — Hy, (15)

6t

we obtain four equations for the excitation ampli-
tudes c(t),
) 16
ldt \/— \/—Clv ( )
d
i dctl Acy + — \/_ \/_(ee|gok)
w/* ,
+5{ee |50/\>C2; (17)
clc1
— A/ 11
dt \/— \/—< € |90)\>02
w*
+7(@€I|90A>C27 (18)
dca w w’
i— = (Ax + ea(R))ea + —=(pa|ee)er + —={(px]e’e’ )¢
o = Axtea(®)e \/5<<PA| )c1 \/5<<PA| )¢y

/

+ 5 (palec)er + 5 (palee')e, (19)
For the 69p + 71p resonance, the one-photon detunings A
and A’ are large, about 27 x 480 MHz and 27 x 195 MHz
from resonance, respectively, while the Rabi frequencies w
and w’ are about 250 MHz and 110 MHz, respectively (us-
ing the experimental parameters, see next section). Over
the range of the experimental scan, A/27 = 400-900 MHz,
and we have A > w and A’ > w’. We can adiabatically
eliminate ¢; and ¢} using equations (17) and (18), to ob-
tain

c1 =~ 7Lco - [w—*<66|30,\> + el <ee’|<p>\>] €2,
V2a” [ Vaa 24

Q

¢y~ - o c —[ W (e'e’pn) + W (e€’| >}c
1 \/EAI 0 \/EA/ 2N 2N/ 2N 2

Substituting these two expressions in the formulae (16)
and (19) for ¢y and ¢z, we formally obtain the Bloch equa-
tions of a two-level system

dco Wi
— _ Zeft 9
Yt 2 (20)
.dCQ Weff
— =[A — . 21
i— = A+ eaB)]e: - — e (21)
The effective two-photon Rabi frequency is
w? ww' W'
Weff = _aee()\) + = A Qee ()\) + =5 Aere ()\); (22)
A 2% A
.Y
where ac.(A) = (ee|onr), aeer(A) = (ee’|pn) and

aerer(A) = (€'€/|pn). We here assumed that all of the a;;
coefficients are real. In equations (20) and (21), we ne-
glect all AC-Stark shifts and terms proportional to a?.
The a-coefficients measure the different p-characters in
|oa(R)). If the molecular state has no p-character at all,
then wesr =0 and the transition to [px(R)) is forbid-
den. We note that the eigenstates |px(R)) are defined in
the molecule-fixed reference frame while all other states
used in the calculation are defined in the space-fixed
frame (since their definitions are related to the optical
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field polarization). This means that all of the projec-
tions contained in these coefficients depend on the orien-
tation of the internuclear axis, thus the excitation prob-
abilities have to be averaged over all possible spatial
orientations of the internuclear axis. If we write aee(A) =
Zi<66|npgnpg;i><npgnpg;i|<p)\> = Zz bee,i()‘)aee,i(A)a
where |np% nps ;4) is the ith asymptotic molecular state
in the molecule-fixed frame corresponding to the appro-
priate symmetry, then all the angular dependence due to
the two different frames is included in the bee (M) coeffi-
cient, while the e, i(A) coeflicient describes the npsnps
character contained in the state |¢y). Similar expressions
can be written for ae¢er and aerer, with projections onto the
|np%np%;i) and |np%np%;i) states, respectively. In Fig-
ures 2-4, we show the |a|? for the three symmetries, cor-
responding to the 70p characters in the potential curve
correlated to the 69ps /5 + 7T1ps o asymptote.

We can eliminate w’ using the relation w/w’ =
/f3s2/ fi/2, where f3,5 and fi/,, are the oscillator
strengths of the p3/; and p;, fine structure compo-
nents, respectively. The ratio f3//f1/2 for high Rydberg
states of rubidium atoms is not statistical and is approxi-
mately 5-10 [27]. We then find that weg(t) = B1(N)w?(t),
where (;1(A) is time-independent,

_ aee(>\) f1/2 A+A/
ﬁl(A) = < + H 2f3/2 AN aee’()‘)

T2/ f3)2
+Tae/e/m) . (23)

If we perform the phase transformation co = exp[—i(Ax+
ex(R))t]é2, our Bloch equations take the simpler form

.dcy wig —i(Ax+ex(R))tx

_ W € 24
i 7 5 e Co, ( )
.dcy Weff j(Ax+er(R))t

o Wef € ) 25
i yr 5 e Co ( )

The processes considered are far from (atomic) resonance.
This means that ¢y ~ 1. Using this approximation and
weit(t) = B1(N)w?(t), we get our final formula for ¢,

Ca(t — 00) = 7@/*0001

2 o0
= =i B AVT/2F(a,1e,(ry W ()], (26)

where F, [h(t)] is the Fourier transform of h(t) with respect
to v. Although the Fourier transform of w?(t) is not equal
to the Fourier transform of the optical field, they are re-
lated. The probability P; () to excite the doubly-excited
state |pa(R)) is

Pi(A\) = Abs [Eg(t — oo)] ,

2(\
B1 (2 )WAbs [FEAA+6A(R))(M2(1§)) .

The previous analysis assumed that m; = mso for a pair
of atoms in the ground state. We now consider the situ-
ation where m; = —meo. In this case, we can construct

2 (t/)ei(A* +em (R))t'dt/

(27)

symmetric and antisymmetric combinations

99) = % {lg.m) g, —m) + qlg, —m) |g,m)}, (28)
) = = {Jesm) e, ~m) + g le, —m) e m)}, - (29)
) = < e ¢!, =m) + ', —m) le, )}, (30)

lee) = Yle,—m) +qle, —m)le’,m)}, (31)

% {le/,m
where ¢ = 1(—1) for symmetric(antisymmetric) states.
The a-coefficients in this case are defined as follows
dee()‘) = <6~€|(p)\>, aee’()‘) = <€6/|<‘0/\>7 de’e()‘) = <ele|§0)\>a
and Geer(A) = (e/€’|pa). We obtain an expression very
similar to the previous one for the excitation probability
of doubly-excited states, [px(R))

2\
= BT s [,y @20)]

Py(N\) (32)

where s is given by

an) = (2o Petng,

fip A+ A )
+\/J%:/zm[““’ )+ ae/e(k)]> . (33)

To calculate the lineshape in the vicinity of a molecular
resonance, P; and P, are averaged over initial diatomic
states and all possible orientations of the internuclear axis,
which gives (4%). Finally, we sum the pair excitation prob-
abilities of different doubly-excited states | (R)) to get
the average excitation probability of a pair of atoms at
internuclear separation R. The excitation probability per
atom is the sum of all excitation probabilities of pairs that
include a given atom,

Poc = Y27 [ aR R ()
A
x Abs F(QAX_H)\(R))(WQ(”) ) (34)

where p is the sample density. Figures 2-4 illustrate the
relevant a-coefficients for the signal corresponding to the
69p + 71p resonance. Although the relative phase between
them is important, their square is plotted. Note that all
averaging over angles is included in (3?).

For a Gaussian pulse of duration 7 (FWHM) and band-
width I' (FWHM), the Fourier transform of w? is given
by (with ex(R) and Ay in angular frequencies)

2 2
Abs FEA;%;(R))(WQ(t))} _ 2_[AH-€)\(R)]2/2W2F2[IT%.
sat
(35)
This formula shows the expected quadratic dependence on
the laser intensity I. We do not assume in equation (35)
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Fig. 5. Convolutions for the three symmetries and the total
lineshape, in the vicinity of the 69ps /> + 71ps,2 asymptote, us-
ing I/Isas = 0.354 and a density of 6 X 10'° cm™3. The total
lineshape includes twice the contribution of 1,, since that state
is twice degenerate (as opposed to 0F and 0 ). The horizontal-
axis is the single-photon detuning from the 70ps,, atomic res-
onance.

that T' is equal to the Fourier transform limit, but the
saturation intensity Isa for isolated nps /o atoms is defined
using this ideal pulse.

Figure 5 shows Pex. in the vicinity of the
69p3/2 + Tlps o energy. The contributions of the three
symmetries and the resulting lineshape are plotted in
terms of the single-photon detuning from the 70p3/;
atomic resonance.

3 Experiment and discussion

The experimental approach is similar to photoassociative
spectroscopy in ultracold samples [28,29], where two col-
liding atoms interact with laser light resonant with a tran-
sition from the initial continuum ground state to an ex-
cited bound state of the molecule. This technique has been
used extensively to investigate the long-range molecular
potentials associated with low-lying excited atomic states.
The experiment described here differs in two respects from
most photoassociative spectroscopy: the principal quan-
tum numbers are much higher, and the molecular reso-
nance is a two-photon excitation, in which both of the in-
teracting atoms are excited simultaneously (see previous
section).

3.1 Experimental set-up

In the experiment, an ultracold sample of ®°Rb atoms
is provided by a vapor-cell magneto-optical trap (MOT)
with a typical peak density of 10! ecm™3 at a temperature
of ~100 pK (see [15] for details). Intense pulsed UV laser
light excites atoms in the 5s (F' = 3) level to np Rydberg
states. The laser delivers pulses with energies up to 1 mJ
focused to a diameter 50-100 pm in the MOT cloud, yield-
ing a cylindrical excitation volume about ~1 mm long.
These UV pulses of ~5 ns duration are nearly transform

limited (~120 MHz bandwidth). During that timescale,
the ultracold atoms are essentially static, moving less than
1 nm, so that their motion can be neglected.

Subsequently (~300 ns after the UV pulses), Rydberg
atoms are detected via pulsed field ionization; a short
(~80 ns) high voltage pulse provides a field of ~1000 V/cm
that ionizes any Rydberg states above n ~ 28. The
resulting atomic ions are detected by a microchannel
plate (MCP). A pair of wire meshes surrounds the cold
sample, allowing both the extraction of ions produced by
pulsed field ionization and the careful nulling of stray
fields [15]. Our detected signal includes atomic ions re-
sulting from any process leading to ionization, including
both bound and unbound molecular resonances, since ac-
celeration on an attractive molecular potential can lead to
short-range ionization.

Lineshapes are measured by scanning the laser fre-
quency in the vicinity of resonances to atomic np states.
By varying the detuning A from the atomic level np, fea-
tures are observed at positions where no atomic excitation
should be allowed. In the following section, we examine a
resonance near the average energy of the (n — 1)p and
(n 4+ 1)p atomic states. This feature lies just below the
np transition energy, although transitions to (n — 1)p and
(n+ 1)p are off-resonance by ~21 GHz for n = 70.

3.2 Results and comparison with theoretical lineshapes

In Figure 6, we show a laser scan in the vicinity of the 70p
atomic resonance. A significant broadening of the main
np atomic resonances, predominantly to the red, is consis-
tent with strong attractive Rydberg-Rydberg interactions.
Both the 70p3,/5 and 70p; /7 lines are visible, separated by
the 285 MHz fine structure splitting, and despite possi-
ble saturation, their relative sizes illustrate the expected
non-statistical fs/5/f1/2 for high Rydberg states of rubid-
ium atoms. On this scan, a molecular resonance is seen
as a small peak in the ion signal about 480 MHz to the
red of the 70p3/, line, its position being near the average
energy of Rydberg atoms in the 69p3,5 and 71p3 /5 states.
Other apparent features, with linewidths less than that of
the laser, do not reproduce from scan to scan and are at-
tributed to experimental fluctuations. In [15], we showed
that the signal size varies quadratically with the laser in-
tensity, as predicted for a molecular resonance. Similar
scans were obtained for other values of n over the range
50-70 [15].

In Figure 6, we also compare the experimental and
theoretical lineshapes for the 69ps/o + 71ps o resonance.
The theoretical curve was computed using the experimen-
tal parameters: for 5s — 70p3/2, the saturation irradiance

Lot (defined by wr = /2w In2) is about 1.5 x 107 W /cm?,
the irradiance is I/l ~ 0.354, the pulse duration is
5 ns, and the bandwidth I' (FWHM) is 120 MHz. The
peak MOT density used was 6 x 10'% cm™3. The theo-
retical curve shown in Figure 6 has been scaled to match
the experimental data, and a global background (corre-
sponding to ~20% of the peak of the resonance) has been
added to it. Finally, it was shifted by 35 MHz to the blue
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Fig. 6. (a) Experimental Rydberg spectrum near the molecu-
lar resonance red-detuned from the 70p atomic resonance. Both
70p1/2 and 70ps3,, fine structure components are shown. The
resonance position roughly coincides with the average energy
of the 69p3/2 + 71ps/2 asymptote. (b) Comparison of the ex-
perimental (solid line) and theoretical (dashed line). The the-
oretical spectrum has been shifted by 35 MHz (roughly one
standard deviation) to the blue and the theoretical lineshape
assumes a 120 MHz laser bandwidth.

(within the experimental uncertainty). We find good over-
all agreement, although there are obvious differences in
the details. In both cases, we observe a slight red-detuned
wing in the molecular resonance. The lineshape for the
broad red wing of the main atomic resonance is also well
modeled by the theoretical lineshape, implying that our
theoretical values of the potential curves describe the in-
teraction reasonably well. Regarding the absolute signal
size, uncertainties in the experimental parameters, such as
ion detector response, laser intensity, and atomic density,
prevent a precise comparison with theory. Possible detec-
tor saturation and blockading of atomic excitation [17,18]
are further complications. Nevertheless, the calculated and
measured signals are in reasonable agreement, although
the calculated signal of ~300 ions per shot (using the ex-
perimental parameters) is smaller by a factor 5-10. Note
that the position of the theoretical signal is located only
5-6 MHz to the red of the average energy of the atom pair
69p3/2 + Tlps)2.

It is remarkable that the effect of the ¢-mixing
takes place almost entirely at the energy correspond-
ing to the (n — 1)ps/2 + (n + 1)p3/2 asymptote, even-
though several asymptotes are involved. It is in part
due to the non-statistical f3/2/f1/2 ratio. In addition,
from Figures 24, we find that the |a|? 70p-characters

peak around Ry~ 62000aq (ag: bohr radius), with
AR ~ 15000a¢ (chosen as the FWHM of |a|?). The |a|?
70p-character for the other potential curves also exhibits
maxima in the same range, but are much smaller, hence
their weaker contribution to the total lineshape.

4 Conclusion

We have presented a theoretical treatment predict-
ing molecular resonances due to avoided crossing and
{-mixings between long-range potential curves of pairs of
excited Rydberg atoms. Expressions are given for the line-
shape of these resonances, as well as the scaling of the
signal as a function of n. The calculated lineshape for the
69p3 /2 + 71p3/2 resonance compares well with experimen-
tal observations.

Many other such avoided crossings and ¢-mixings
should give spectral features, and their detection will help
in describing the long-range interaction between Rydberg
atoms, and possibly lead to the detection of molecular
bound levels with ultra-long equilibrium separations, the
so-called “macrodimers” [14].

The authors thank T. Gallagher for pointing out the impor-
tance of the long-range dipole-dipole interactions. This work
was supported in part by the the National Science Foundation.
The work of R.C. was partially supported by the Department
of Energy, Office of Basic Energy Sciences.
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