Journal of Physics B: Atomic, Molecular and Optical Physics

PAPER * OPEN ACCESS You may also like
g . . - Stability of a two-electron system under
Tunable Rydberg-Rydberg transitions in helium SiSsute cofbernant Snsualaid

guantum information theoretical analysis

with reduced sensitivity to dc electric fields by two-  sananu vondal Anjan Sadhukhan,

Kalidas Sen et al.

CO|OU I" mICI"OW8V€ d reSS| ng - Exploring the role of beyond mean-field

interaction in the structure and dynamics
of one-dimensional gquantum droplets

To cite this article: L L Brown and S D Hogan 2023 J. Phys. B: At. Mol. Opt. Phys. 56 205001 Sonali Gangwar, Rajamanickam
Ravisankar, Paulsamy Muruganandam et
al.

- Efficient cooling of high-anqular-
. . . momentum atoms
View the article online for updates and enhancements. Logan E Hillberry, Dmitry Budker, Simon

M Rochester et al.

EDINBURGH
INSTRUMENTS

WORLD LEADING . ¥ :
MOLECULAR .
SPECTROSCOPY SOLUTIONS

This content was downloaded from IP address 193.60.238.99 on 11/10/2023 at 21:41



https://doi.org/10.1088/1361-6455/aceeda
/article/10.1088/1361-6455/ace177
/article/10.1088/1361-6455/ace177
/article/10.1088/1361-6455/ace177
/article/10.1088/1361-6455/ace1bc
/article/10.1088/1361-6455/ace1bc
/article/10.1088/1361-6455/ace1bc
/article/10.1088/1361-6455/ace4ad
/article/10.1088/1361-6455/ace4ad
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssTizd6XJwboLcc9XhQeu38v7ST8WPB8Uzft345KoqAcXmKD6stPJwx7GDX6kHW-3wTRuJbxZS_hJErBQd8JktNOJ_cR34T_i54xcJ4idtmW1l47dVwrnVppGcUzDX5bPmBNbkH6L6NsQ6MStMJYmTPfrPAB_ZMB9Ksw5U5Vf7eXxjJAbgO71_7pwG4YcmiSwUHqlVztO3OwECm0xTjjhbW8xu94uM_KY91bxdbJDeXgf_1uMSvDIODiapfJpw6EqYXZM4MHyYmV34hAA_w1R16QcMacnpuMdfocbcCxeaXfQKPCilH&sai=AMfl-YSeZb46_SbOkMMsZejznNy-ukM8BytPEotc_eJ5D8Y1QNhFsxPhNx2lYWx5hv24spWyZns11PISzXapd7Q&sig=Cg0ArKJSzEgwIw4E1mgY&fbs_aeid=[gw_fbsaeid]&adurl=https://www.edinst.com/products/micropl-upgrade/

OPEN ACCESS

10P Publishing Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 56 (2023) 205001 (9pp) https://doi.org/10.1088/1361-6455/aceeda

Tunable Rydberg—Rydberg transitions in
helium with reduced sensitivity to dc
electric fields by two-colour microwave
dressing

L L Brown and S D Hogan*

Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT,
United Kingdom

E-mail: s.hogan@ucl.ac.uk

Received 28 April 2023, revised 4 August 2023
Accepted for publication 9 August 2023
Published 19 September 2023

CrossMark

Abstract

The difference in the static electric dipole polarizabilities of the 1s55s3S; and 1s56s3S;
Rydberg levels in helium has been eliminated by dressing the atom with a microwave field near
resonant with the single-photon 1s55s°S; — 1s55p>P; transition. For an 2.82mVcm™!
amplitude dressing field, detuned by 27 x 10MHz from the zero-field 1s55s3S; — 1s55p°>P,
transition frequency, the dc Stark shift of the two-photon 1555s3S; — 1s56s3S; transition
between these states remained within #15kHz for electric fields up to ~60mV cm~!. This
transition was probed by single-color two-photon microwave spectroscopy, and by two-color
two-photon spectroscopy with one strong additional dressing field and a weak probe field. For
all measurements, the transition frequencies and Stark shifts were compared, and found to be in
excellent quantitative agreement with the results of Floquet calculations of the energy-level
structure of the Rydberg states in the presence of the dressing fields and applied dc electric
fields. The two-color microwave dressing scheme demonstrated, with one field applied to null
the differential polarizability of the Rydberg—Rydberg transition, and the second exploited to
allow the two-photon transition to be employed to achieve tunable absorption of single-photons
from a weak probe field, will facilitate improved coherence times and tunable single-photon
absorption in hybrid cavity QED experiments with Rydberg atoms and superconducting
microwave circuits.
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1. Introduction

Significant advances have occurred recently in the realization
of approaches to quantum computation and quantum simula-
tion using arrays of neutral Rydberg atoms [1-3], and super-
conducting microwave circuits [4, 5]. At present these are two
of the leading platforms for quantum information processing,
and the implementation of coherent interfaces between them is
appealing for many technological applications. The resulting
hybrid systems would offer new opportunities for scalability,
connectivity, and information storage [6—13].

To implement coherent interfaces between gas-phase atoms
in Rydberg states with high principal quantum number #,
and solid-state superconducting circuits careful choices of
atomic species, quantum states, and circuit design are required,
along with exquisite control over the environmental condi-
tions. Helium (He) has been found to be well suited for this
work [14—16]. In particular, its low ground-state electric dipole
polarizability leads to minimal adsorption on the cryogenic-
ally cooled surfaces of superconducting chips, and minimizes
the generation of stray electric fields if adsorption does occur.
This feature played a key role in the first realization of a coher-
ent interface between Rydberg atoms and microwave fields in
superconducting coplanar waveguide (CPW) resonators [16].
In that work, stray dc electric fields were reduced to below
30mV cm~! at a distance of ~300 m above a superconduct-
ing niobium nitride (NbN) chip operated at 3.8 K [17].

To maximize atom-resonator coupling at this type of hybrid
quantum interface and move toward the single-photon strong-
coupling regime, it is desirable to minimize the distance of
the atoms from the CPW resonator structures and hence the
superconducting chip surfaces. However, in close proximity
to cryogenically cooled surfaces, it remains challenging to
completely cancel stray electric fields [15, 17-20]. Residual
uncancelled inhomogeneous electric fields ultimately cause
dephasing and limit coherence times. Therefore, in addition
to choosing Rydberg—Rydberg transitions with low sensitiv-
ity to these fields [16, 20, 21], it is desirable to engineer
the corresponding states to further minimize dc Stark shifts.
This quantum state engineering can, for example, be achieved
by dressing an atom with appropriate off-resonant radio-
frequency or microwave fields as proposed, and subsequently
demonstrated in experiments with rubidium atoms for a range
of Rydberg states [22-25]. Here, we extend this methodology
to experiments with He atoms in low-£ (¢ is the orbital angular
momentum quantum number of the Rydberg electron) triplet
Rydberg states. The states studied are the same as those suc-
cessfully used in the implementation of hybrid interfaces with
A/4 NbN superconducting CPW resonators [16, 17, 26]. We
also show that the use of one strong microwave field to null the
differential polarizability of the pair Rydberg states between
which a two-photon transition is driven, i.e. a ‘nulling’ field,
and a second strong dressing field that supplies one of the
photons required to drive this as a two-color transition (this
is referred to in the following as the ‘control’ field), allows
tunable absorption of single photons from a weak probe field
with minimal sensitivity to residual stray electric fields.

In the following, the microwave dressing schemes imple-
mented in the experiments are first described in section 2 along
with the methods used to calculate the effects of these fields,
and additional dc electric fields on the atomic energy-level
structure. In section 3 the experimental apparatus is presen-
ted. The results of the experiments, and their comparison with
the results of the calculations, are then discussed in section 4.
Finally, in section 5 conclusions are drawn.

2. Microwave dressing schemes

As seen in figure 1, the 1s55s3S; (|55s)) and 1s56s3S;
(156s)) Rydberg levels in He have weak quadratic Stark shifts.
Atoms in these levels can be prepared by resonance-enhanced
two-color two-photon laser excitation from the metastable
1s2s3S; level [27], and can be efficiently and selectively detec-
ted by pulsed electric field ionization [26]. Together, these
features make them well suited for use in coherent inter-
faces with superconducting microwave circuits [16, 17, 26].
The transition between these Rydberg states can be driven
as a single-color two-photon transition at an angular fre-
quency wsss ses/2 =27 x 19.556499 GHz in the absence of
external fields. Since the static electric dipole polarizabilit-
ies, a5, of the |55s) and |56s) states are similar (asss =
2.058GHz(Vem™1)72 and asg = 2.334GHz(Vem 1) 72),
the differential polarizability, that affects the Stark shift of the
|55s) — |56s) transition, is cvsss s6s = 0.276 GHz (Vem™!) =2,
Consequently, the Stark shift of the single-color two-
photon transition, with respect to the frequency of the indi-
vidual photons, wsss ses/2, are <1MHz in dc electric fields
<100mVem~! [16].

In the following, we demonstrate that the sensitivity of the
two-photon |55s) — |56s) transition to dc electric fields can be
significantly reduced by engineering the atomic energy-level
structure using appropriate off-resonant microwave dress-
ing fields. These fields are detuned from the single-photon
1555s3S; — 1s55p3P; (|55s) — |55p)) electric-dipole trans-
ition at wss, ss5p = 2m x 9.118 568 GHz (see figure 1). They
therefore admix |55p) character into the |55s) state to ‘null’
the differential polarizability of the |55s) — |56s) transition.

To determine amplitudes and detunings of nulling
microwave fields that minimize the sensitivity of the |55s) —
|56s) transition to dc electric fields, calculations of the Stark
shifts of the Rydberg states were performed using the Floquet
method and matrix diagonalization [28-30]. In this treatment,
a dc electric field Fy. = (0,0, Fqc) acting in the z dimension,
and the nulling microwave field, polarized linearly also in
the z dimension, i.e. Fyy = [0,0, Fpu cos(wnun?)] and with an
angular frequency, wyy, were considered (Note: the coordin-
ate system used when referring to the geometry of the experi-
mental apparatus is indicated in figure 2). Within the electric
dipole approximation, the Hamiltonian describing the interac-
tion of the atom with these fields can be expressed as

H(t) = Hy + eFy. 2+ eFpu c0s(Waunt) 2, (1
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Figure 1. Energy-level diagram of triplet Rydberg states in He with
my = 0. The single-color two-photon |55s) — |56s) transition
discussed in the text is indicated by the thick vertical red arrows.
The nulling field, with an angular frequency wpu, was positively
detuned from the |55s) — |55p) transition, as indicated by the thin
grey arrow (see text for details).
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Figure 2. Schematic diagram of the experimental apparatus. The
microwave antennas were positioned outside the vacuum chamber.

where H) is the field-free Hamiltonian, z is the position of the
electron with respect to the nucleus, and the periodicity of H(¢)
is governed by the frequency of the microwave field, wyyy-
Using the Floquet theorem, the time-dependent Schrodinger
equation associated with this time-periodic Hamiltonian can
be transformed into a time-independent eigenvalue problem
by choosing a basis in which the Fourier components of the
periodic perturbation are accounted for [29]. The Fourier com-
ponents, denoted by the integer g, are included as sidebands
on each unperturbed basis state. This results in an enlarged
basis in which each Rydberg state with g,,; = 0 has associated
with it an infinite set of sidebands, g,y = 1, %2, ..., offset by
energies gnunfiwnul-

After this transformation, the time-independent
Hamiltonian, H/, can be expressed in matrix form in the

Table 1. Quantum defects of low-¢ n = 55 and n = 56 triplet
Rydberg states in He [31].

14 0550 J0s6¢

0 0.296 669 0.296 669
1 0.068 354 0.068 354
2 0.002 889 0.002 889
3 0.000447 0.000447

|n€myqaa) basis, where my is the azimuthal quantum
number. In this basis, when Fg4. = Fpu = 0, the matrix is
diagonal, and

(nlmg quan|H'1n€my guun) = Ene + gnunfiwnan- (2)

The field-free energies of the Rydberg states, E,z =
hcRye/ (n — 6,0)%, were calculated using the quantum defects,
One, listed in table 1 [31], and the Rydberg constant, Ry,
corrected for the reduced mass of He.

The matrix elements representing the interaction with the
time independent dc electric field were expressed in spherical
polar coordinates such that

(n" ' myqaaleFaczlnlme goun) = eFac (€’ my|cos0|Cmy)
X <n/£l|r|n€>6l]null»qn,un' @)

This dc field couples states of the same sideband order, i.e.
) . The angular integrals in equation (3) were calculated

qnullaqnlu]
using tﬁe analytic expressions [28],
02— m2
l 0|(£—1 ==t 4
(Emg|cosB( ) me) Qi+ D= 1) 4)
(L+1)2—m
1 = .
(€my|cosB| (£ + 1) my) 2073)00+ 1) ®)

These impose the restriction that the matrix elements are
zero unless my, =my and ¢’ ={=+ 1. The radial integrals in
equation (3) were calculated using the Numerov method with
a pure Coulomb potential [28, 32].

The matrix elements associated with the nulling field
in equation (1) were also transformed into spherical polar
coordinates and calculated using the same methods as the dc
field components. However, in this case the off-diagonal ele-
ments couple Fourier components for which Ag,,; = £1 such
that,

(n" 0" my qpyn|€Fnun cos(wnant)z|n € me guan)
eFnn
2

(0" my|cosO|lme)(n' O'|r[nl) 8gs1,q - (6)

Using this approach, the effect of the nulling microwave field
on the energy-level structure of the atom can be determined
from the eigenvalues of the resulting Hamiltonian matrix. To
achieve convergence of the numerical results, at n =255 and
n=>56 for wpuy ~ 27 x 9GHz, states with 52 < n < 58, all
allowed values of ¢, and Fourier components for which g, <
|2| were included in the calculations.
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To calculate the combined effect of the strong off-resonant
nulling, and control microwave fields that allow the |55s) —
|536s) transition to be driven as a two-color two-photon trans-
ition with single-photon absorption from the weak probe
field, the Floquet calculations were extended through a
multi-frequency Fourier expansion [33, 34]. In this process,
the computational basis was enlarged to include additional
Fourier components associated with the dressing field Fu =
[0,0, Feq cos(wen t)] with angular frequency wey and amplitude
Feq. In the resulting |n¢my gnun gen) basis, geq represents the
sideband order of the control field. In this case, the diagonal
matrix elements of the time-independent Hamiltonian H " had
the form

(nlmy guan gea[H'In€my qnun gen)
= Ey¢ + 1 (gnutl Wnutt + Gea Wed)- )

By analogy with the single-color situation described above
the control field couples basis states when Agey = +1
while Agny =0, and the nulling field couples basis states
when Agny = £1 while Agep = 0. For wyyy ~ 27 X 9GHz
and wey ~ 27 x 19.2GHz and dc electric fields up to
~100mVem™!, convergence was reached in the calculations
when Fourier components of both fields with gnu = geq < |2|
were included.

3. Experiment

A schematic diagram of the apparatus used in the experiments
is presented in figure 2. A pulsed valve, operated at a repe-
tition rate of 25 Hz, released a supersonic beam of He atoms
into a vacuum chamber. The atoms in the beam had a mean
longitudinal speed of ~1750ms~!. A dc electric discharge
at the exit of the valve was used to populate the metastable
1s2s3S; level [35]. The beam then passed through a 2 mm-
diameter skimmer that collimated it, and charged particles pro-
duced in the discharge were removed by electrostatic deflec-
tion. The atoms then entered the spectroscopy region between
the two parallel copper electrodes, E; and E,, which were
separated in the z dimension by 1.35cm. In this region, the
atomic beam was intersected by co-propagating continuous
wave laser beams used to drive the two-color two-photon
152838 — 153p3P2 — 1855538, excitation scheme [27]. The
first step in this excitation scheme required radiation in the
ultraviolet (UV) region of the electromagnetic spectrum at a
wavelength of 388.975nm. The second step was driven in the
infrared (IR) at 786.817nm. The second laser frequency was
tuned slightly off-resonance from the field-free transition to
the 1s55s°S level. This allowed short (~4 mm-long) bunches
of excited Rydberg atoms to be prepared using a 2 ps-duration
pulsed excitation electric field of ~300mV cm™'. This was
generated by applying a pulsed potential to £/, to Stark shift
the ls3p3P2 — 1855s3S; transition into resonance with the
frequency stabilized IR laser.

After laser photoexcitation pulsed microwave fields with
durations of T, =1, or 3 us were applied to probe the
|55s) — |56s) transition. This was driven as a single-color
two-photon transition at frequencies close to wsss ses/2 =

27 x 19.556499 GHz, or as a two-color two-photon transition
with a weak probe field at an angular frequency close to
wsss,s6s/2 + 300 MHz in the presence of a strong control field
detuned by —300 MHz from wsss s6s/2. In general, the intens-
ities of the microwave fields were set to ensure that at most
half of the population was transferred from the |55s) state to
the |56s) state, i.e. the effective two-photon Rabi frequency
was <27 x 80kHz. Under these conditions, the ac Stark shift
of the single-color two-photon |55s) — |56s) transition with
respect to wyse /2, induced by this field was ~ + 1 kHz.

The dc Stark shifts of the |55s) — |56s) transition were
measured by applying offset potentials, Vi, to E;. Pulsed
nulling microwave fields were introduced at the same time
as the probe and control fields to engineer the electric dipole
polarizability of the |55s) state. The nulling field entered the
spectroscopy region of the apparatus from antenna 2 on the
opposite side of the atomic beam to the probe and control
fields. These were coupled into a single coaxial cable outside
the vacuum chamber using a power combiner, and propagated
into the chamber from antenna 1. The separation between E;
and E, was less than half the wavelength of the microwave
fields used in the experiments. This ensured that all three
microwave fields were linearly polarized parallel to the applied
dc electric fields. After the microwave and electric field pulses
were switched off, the atoms travelled into the region between
electrodes E3 and E4 where state-selective pulsed electric field
ionization was implemented. The resulting electrons were col-
lected at a microchannel plate (MCP) detector to allow the
Rydberg state populations to be determined [26].

4. Results

4.1 dc Stark shifts in the presence of nulling fields

To study the effect of differential-polarizability-nulling
microwave fields on the dc Stark shift of the |55s) — |56s)
transition, single-color two-photon microwave spectroscopy
was first performed with microwave pulses for which T, =
3 us, and offset electric potentials of up to |Vyg| = 120mV
applied to E, i.e. electric fields up to 89 mVcm~'. When
recording these spectra, presented in figure 3, population
transfer to the |56s) state was monitored. In this figure, each
spectrum is normalized and vertically offset by an amount
reflecting the value of V. The Stark shifts observed without
the application of a microwave dressing field are displayed in
figure 3(a). For Vi = 0V the transition frequency was meas-
ured to be 19556.517 4+ 0.003MHz (dashed vertical line)
with a full-width-at-half-maximum (FWHM) of ~140 kHz.
This FWHM corresponds to the Fourier transform of the
T, = 3 — ps-duration microwave pulses at the two-photon
level, i.e. at the frequency wsssses/2. This spectral width
increased for larger values of Vi because the |ns) Rydberg
states are more strongly polarized in the resulting fields and
consequently more sensitive to electric field fluctuations.

In figure 3(b), a nulling microwave field was applied at
a frequency wpyy = 27 % 9.123568 GHz. This was detuned
by Apul = What — Wsss,ssp = +27 x SMHz from the field-
free |55s) — |55p) transition frequency. The amplitude, Fy,
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Figure 3. Stark shifts of the single-color two-photon |55s) — |56s) transition in (a) the absence of a nulling field, and in the presence of
differential-polarizability-nulling microwave fields with detunings of (b) Apy = +27 X 5MHz, and (¢) Anun = +27 X 10MHz from the
field-free |55s) — |55p) transition frequency. The dashed vertical line in each panel indicates the field free transition frequency. The
dash-dotted lines in (b) and (c) indicate the ac-Stark-shifted transition frequencies in zero dc field. The values of Vi applied to generate
fields up to ~90 mV cm ™! in increments of 14.8mV cm ™! when recording each set of data are indicated on the left in panel (a).

of this nulling field was optimized in the experiments to
maximize the range of dc fields over which the differen-
tial polarizability of the |55s) and |56s) states was minim-
ized. The application of this field resulted in an ac stark
shift of the two-photon |55s) — |56s) transition of -383 kHz
(difference between the dashed-dotted and dashed vertical
lines). The value of F,; was subsequently determined to be
1.35mV cm™! by comparison of the measured ac Stark shift
in zero dc field, with the results of the Floquet calculations.
The reduction in the differential polarizability of the |55s) and
|56s) states is evident in the spectra in figure 3(b) from the
larger range of offset potentials, in this case up to approx-
imately £60mV (~+45mV cm™'), over which the meas-
ured two-photon transition frequency remains within the zero-
dc-field resonance width than is the case in panel (a). The
nulling field applied when recording the data in figure 3(c)
had a larger detuning of A,y = +27 x 10MHz and a larger
amplitude. The amplitude was again optimized in the exper-
iments and subsequently determined from the calculations to
be Fou = 2.82mV cm™!. This resulted in an ac Stark shift of
—&818 kHz in zero dc field, and a further reduction in the sensit-
ivity of the |55s) — |56s) transition to dc electric fields. In this
case, the measured resonance frequency lies within the zero-
dc-field resonance width for values of V¢ up to approximately
+80mV (~+60mVcm ™).

A more quantitative description of the effect of the nulling
microwave field on the single-color two-photon |55s) — |56s)
transition is presented in figure 4. The dc electric field strength
on the horizontal axis in this figure was calculated from the
corresponding value of Vg, the potential required to minim-
ize stray fields (—3 mV) and the separation of 1.35 cm between
E| and E;. The measured resonance frequencies (points) are
compared to the results of the Floquet calculations described
in section 2 (continuous curves). When comparing the meas-
urements of the Stark shifts to the results of the calcula-
tions without the application of the dressing field (uppermost

No Dressing Field
0.01 *

—-0.21
Apuyi =21 x5 MHz

| | | |
—0.4

—0.61

Apui =21 x 10 MHz

-0.81 . ¢

Frequency - 19556.499 (MHz)

—1.01

-50 0 50
Electric field strength (mV/cm)

—-100 100

Figure 4. Stark shifts of the single-color two-photon |55s) — |56s)
transition frequency measured for nulling microwave fields with the
detunings, Ay, indicated (points). The continuous curves
associated with each dataset represent the results of Floquet
calculations (see text for details).

data set) there is a frequency shift of ~18 kHz. This, and the
corresponding shifts in the lower datasets, are attributed to a
Doppler shift of the microwave field in the apparatus.

Using the Floquet method to calculate the effect of a nulling
field with a detuning Ay = 427 X 5MHz from the |55s) —
|55p) transition, and an amplitude Fyy; = 1.35mVem ™!, the
Stark shift of the |55s) — |56s) transition was found to
remain within +15kHz for fields up to Fgc =45mV cm~ !,
For Apy = 427 x 10MHz and Foy = 2.82mV cm ™!, more
effective nulling of the differential polarizability of the |55s)
and |56s) states was achieved, with the dc Stark shifts
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remaining within 15 kHz for fields up to Fgc = 60 mV cm~ !,
The bound on the minimum achievable dc Stark shift over
the largest possible range of field strengths is set by the field
strength for which the derivative of the dc Stark shift in the
presence of the dressing field changes sign. For example, for
Al = +27 x 10MHz and Foyy = 2.82mVem™!, there is a
Stark shift of +15kHz at this turning point which occurs at
Fge=39mVem™'.

4.2. Resonant Rabi frequency in the presence of dc and
nulling fields

The effect of the nulling microwave field on the Rabi fre-
quency of the two-photon |55s) — |56s) transition for a fixed
probe field amplitude was studied to shed light on effects
of dephasing on the coherent manipulation of the atoms in
the presence of the nulling fields. Measurements of resonant
Rabi frequencies were made for dc electric field strengths up
to Fge =74mVcm~! while a nulling field with a detuning
Apa = +27 x 10MHz and amplitude Fyyy =2.82mVcem™!
was applied. The results of these measurements are presented
in figure 5. For the range of dc fields over which the dress-
ing field was effective at differential polarizability nulling, i.e.
Fg. $60mVcm~!, the Rabi frequency was found to be dc-
field independent within the uncertainty of the measurements.
The coherence times of the Rabi oscillations were similarly
consistent at ~1.5 us, and limited by the homogeneity of the
probe microwave field across the spatial extent of the cloud of
atoms.

4.3. Physical interpretation

The effect of the |55s) — |55p) dressing field on the |55s) —
|56s) transition can be understood intuitively by considering
the |55s) and |55p) states as a dressed two-level system [36].
In this system the dressed eigenstates can be expressed as,

|1(N)) = sin#|55s,N+ 1) + cosf|55p,N) (8)

|2(N)) = cos6|55s,N+ 1) —sin6 |55p,N), )

where N is the photon number and the mixing angle, 6,
is dependent on the detuning, A, and resonant Rabi
frequency, uu, of the differential-polarizability-nulling
microwave field such that tan20 = —Q,,;1/Apun. The mixing
angle is defined between 0 < 26 < 7. This reduction is reas-
onable under the conditions of the experiments because in
weak dc fields only the |55s) and |55p) states are signific-
antly perturbed by the nulling field. In particular, the nulling
field is far off resonance from the |56s) — |56p) transition,
i.e. wses,56p — Wnul = 2 X 0.4GHz, and as a result the dif-
ferential polarizability of the |55s) and |56s) states is signi-
ficantly reduced when the polarizability of the dressed state
approaches that of the |56s) state.

Using this simple model, optimal dressing field
parameters can be estimated by identifying the
appropriate mixing angle from the polarizabilities
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Figure 5. Measurements of the resonant Rabi frequency of the
single-color two-photon |55s) — |56s) transition in the presence of
a microwave dressing field for which A,y = +27 x 10MHz and
Foun =2.78 mV cm~! as determined from the Floquet calculations.
The average value of the Rabi frequency is indicated by the
horizontal green line. Examples of the experimental data from
which the Rabi frequencies were obtained are displayed for the data
points represented by the purple cross (Fg. = 7mV cm™!) and open
green circle (Fge = 59 mV cm™") in the inset.

of the [55s) [(asss=2.058GHz(Vem~!)=2)], |55p)
[(assp =4.804GHz(Vem™')7%)], and  [56s) [(ases =
2.334GHz(Vem™!)72)] states, and the dressed-state amp-
litudes. The dressed state that the atom is initially prepared
in depends on the sign of the detuning of the microwave
dressing field. For A, > 0, as was the case in the experi-
ments described here, the system is prepared in the |1(N))
state. Under these conditions, the dressing field paramet-
ers were calculated using «sgs = Qissg sin’ @ + Qssp cos? 6
to obtain an optimal mixing angle of 6=1.248rad (i.e.
Qnull/Anull = 0752)

This dressed-state model holds in weak dc fields for which
the effective dc and ac Stark effects balance each other. This
requires that the Stark shifts of the |55s) and |56s) states are
purely quadratic, and that the dc Stark shift of the |55s) —
|55p) transition—if considered in isolation—is small com-
pared to the detuning Ap,;. This can be seen in figure 6
where the Stark shift of the single-color two-photon |55s) —
|56s) transition in the absence of the nulling field (dotted red
curve) is compared to the Stark shift of the same transition
in the presence of the optimal nulling field as determined
using this model (continuous green curve). In this case, the
nulling field had a detuning A, = +27 x 10MHz, and to
achieve the optimal value of 6, an amplitude of 2.39 mV cm~".
From these data it is seen that the differential polarizabil-
ity of the |55s) and |56s) states is nulled, so that the dc
Stark effect remains within +£15kHz, for dc fields up to
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Figure 6. Calculated dc Stark shifts of the single-color two-photon
|55s) — |56s) transition. The dotted red curve represents the Stark
shift in the absence of a nulling microwave field. The continuous
green curve is the Stark shift in the presence of such a field with
Apun = +27 X 10MHz and a field strength predicted by the dressed
two-level model (see text for details). The dashed blue curve is the
transition frequency in the presence of a dressing field for which
Aput = +27 x 10MHz and Foy = 2.82mVem ™, as used in the
experiments.

Fi. ~40mVcm~!. In fields greater than this, the ac and dc
Stark shifts no longer compensate each other exactly and
the dc Stark shift dominates. However, as can be seen from
the dashed blue curve in figure 6, the dc Stark shift can be
maintained within £15kHz in fields up to 60mVcm™! if
Foun is increased to 2.82mVcm~!. In this case, a positive
Stark shift occurs in weak fields before a turning point is
encountered at +15 kHz after which the Stark shift becomes
negative.

In general, the range of dc electric fields over which effi-
cient nulling of the differential polarizability of the |55s) and
|56s) states is achieved increases with the detuning Ay.
However, as can be inferred from the dependence of 6 on
the detuning, this comes at the cost of requiring higher
Rabi frequencies to admix sufficient |55p) character into the
|55s) state and balance the dc Stark effect. For weak nulling
fields, the optimal value of A, to maximize the range
of dc fields over which the polarizability is nulled effect-
ively, depends linearly on Fyy. For values of Fy below
~50mV cm™!, this leads to the requirement that Ay, =
+27 X (3.95 Fpu1) MHz (mV cm~")~!. The limitation on the
maximum usable dressing field amplitude, or dressing field
detuning, is imposed by the requirement that the dressing field
remains far off resonance from the |56s) — |56d) transition at
27 x 11.094 260 GHz which becomes electric-dipole allowed
upon ¢-mixing in the presence of a dc field. Effects of this addi-
tional contribution to the ac Stark shift of the |55s) — |56s)
transition in the presence of the dressing field become appar-
ent for values of Fpyy 2 50mVem™', and therefore values

(a) (b)

ot v/
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Frequency - 19556.499 (MHz)

Figure 7. Spectra of (a) the single-color, and (b) the two-color
two-photon |55s) — |56s) transition driven by a weak probe
field in the presence of a strong dressing field at a frequency
Waress = Wsss,56s/2 — 27 X 299.6 MHz, where wsss 565 /2 = 27
%x19556.499 MHz.

of Ay 2 27 x 200 MHz. Under these conditions, the linear
relationship between these parameters begins to break down.

4.4. Differential polarizability nulling in the presence of a
second strong dressing field

In experiments to coherently interface Rydberg He atoms
with microwave fields in superconducting CPW resonators,
the addition of a polarizability nulling microwave field as
described above will allow stronger atom-resonator coupling
by reducing the sensitivity of the |55s) — |56s) transition to
weak residual inhomogeneous stray electric fields and per-
mit smaller atom-surface, or atom-resonator distances where
the resonator field is stronger. However, to offer flexibility in
the resonator operating temperature, which affects the reson-
ator resonance frequency, and access the single-photon strong
coupling regime, it is also desirable to drive the |55s) —
|56s) transition as a two-color two-photon transition with one
photon provided by the resonator and the other by an addi-
tional strong microwave dressing field. This can be achieved
by detuning the resonator by Ay from wsss s65/2, and intro-
ducing a second strong microwave control field detuned by
—Ares from wss, s65/2. In this situation, the frequency of the
control field can then be adjusted to tune the transition between
the Rydberg states into resonance with the resonator resonance
frequency.

To demonstrate this scheme with a strong control field
detuned by Acy = —27 % 299.6 MHz from wss;s s65/2, spectra
of the two-photon |55s) — |56s) transition were recorded with
a weak probe field in the frequency ranges within +1.5 MHz
of wsss s65/2, and wsss s6s/2 + Ares. These are displayed in
figures 7(a) and (b), respectively. Because the output power
of the microwave source used to generate the weak probe field
was ~28 dB lower than that used when recording the spectra in
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Figure 8. Measured (continuous red curves) and calculated (dashed
blue curves) Stark shifts of the two-color two-photon |55s) — |56s)
transition driven by a weak probe field in the presence of strong
control field at a frequency Waress = Wsss,s65/2 — 27 X 299.6 MHz.
The data were recorded in the (a) absence, and (b) presence of a
polarizability-nulling field with a detuning Ay = 27 x 30 MHz,
and amplitude Fyy = 6.6 mVecm™ L

figures 3, no population transfer to the |56s) state is seen on the
single-color two-photon resonance at wsss s¢s/2 in panel (a).
However, the presence of the strong control field does result
in population transfer at the two-color two-photon transition
frequency, wsss ses/2 + Ares, in panel (b). On this resonance,
the atoms absorb one photon from the weak probe field and
one from the strong control field. In the hybrid cavity quantum
electrodynamics (QED) setting, the weak probe field would be
supplied by the resonator field.

The strong control field applied to drive the two-color
two-photon |55s) — |56s) transition in figure 7(b) causes an
ac Stark shift, but does not preclude the addition of a fur-
ther polarizability-nulling microwave field to minimize the dc
Stark shift of the transition. This can be seen from the data in
figure 8. The Stark shift of the two-color two-photon transition
recorded by scanning the frequency of the weak probe field
in the presence of the strong control field without polarizabil-
ity nulling is seen in figure 8(a). The measured spectral lines
have FWHM of ~920kHz. This corresponds to the Fourier
transform limit of the T}, = 1-us-duration microwave pulses.
These spectral lines are broader than the features in figure 3
because of the shorter interrogation time, which was necessary
to minimize effects of inhomogeneities in the two strong con-
trol and nulling microwave fields. They were also measured at
the single-photon level, rather than the two-photon level. From
these data, in the absence of the polarizability nulling field
the Stark shift of the two-color two-photon transition remains
below 460kHz i.e. half of the FWHM, for dc fields below
~55mV cm~!. The application of the polarizability nulling
field, with Ay = +27 x 30MHz and Foy = 6.6mVem™!
(figure 8(b)) causes an ac Stark shift of —483kHz, and a
concomitant reduction in the differential polarizability of the
|55s) and |56s) states. Under these conditions, the dc Stark

shift of transition remains below 460kHz for fields up to
~75mVcm~1.

The data in figure 8 demonstrate that a two-color two-
photon transition between |ns) and |(n+ 1)s) Rydberg states
in He can be exploited to allow tunable absorption of single
photons from a weak probe field, while simultaneously apply-
ing a strong microwave field detuned from the |ns) — |np)
transition to null the differential polarizability of these states.
The range of dc electric fields over which nulling is demon-
strated in figure 8(b) is compatible with those encountered in
experiments with He Rydberg atoms coupled to superconduct-
ing circuits. However, this could be extended through the use
of stronger nulling field strengths with larger detuings. These
could be achieved using a higher power microwave source, or
improving the propagation efficiency of the microwave radi-
ation into the measurement region of the experimental appar-
atus. To maximize the effectiveness of the nulling and con-
trol fields, it is essential to ensure that they are both homo-
geneous across the volume covered by the Rydberg atoms.
The interrogation time, and hence spectral line-widths, in the
experiments reported here were limited by the variation in
the strength of these fields with position across the bunch of
excited Rydberg atoms. In the future, this limitation can be
addressed through the use of more slowly moving beams of
atoms, or atoms confined in traps.

5. Discussion and conclusion

We have shown experimentally, and with the aid of numerical
calculations that off-resonant microwave dressing fields can
be used to engineer two-photon |ns) — |(n+ 1)s) Rydberg—
Rydberg transitions between triplet states in He, such that the
differential static electric dipole polarizability of these states,
and hence the dc Stark shift of the transition between them
is effectively eliminated for dc fields up to £60mV cm~!.
This can be interpreted physically, and appropriate dressing
field detunings and amplitudes estimated using a simple model
that accounts for the static electric dipole polarizabilities of
the dressed states. A complete numerical treatment, using the
Floquet method and matrix diagonalization, yielded calculated
Stark shifts in excellent quantitative agreement with the exper-
imental data.

The Rydberg states considered here have already been suc-
cessfully used in experiments to coherently couple Rydberg
atoms to microwave fields in chip-based superconducting
microwave resonators. They are therefore of particular interest
in ongoing research directed toward the refinement and fur-
ther development of hybrid interfaces between Rydberg atoms
and superconducting microwave circuits. At these interfaces,
residual uncancelled stray electric fields impact coherence
times and fidelity in state preparation and manipulation.
The addition of a further strong control field to supply one
of the photons required to drive the |55s) — |56s) trans-
ition as a two-color two-photon transition, with the second
photon provided by a weak probe field allows broadly tune-
able Rydberg—Rydberg transitions, with minimal sensitivity
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to residual uncancelled dc electric fields to be engineered.
This methodology, and the results presented, pave the way
toward the single-photon strong-coupling regime of hybrid
cavity QED with Rydberg atoms and superconducting circuits.
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