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Adiabatic/diabatic passages through avoided crossings in the Stark map of cesium Rydberg atoms
are employed as beam splitters and recombiners in an atom-interferometric measurement of energy-
level splittings. We subject cold cesium atoms to laser-excitation, electric-field and detection se-
quences that constitute an (internal-state) atom interferometer. The adiabatic state transformation
in the interferometer’s beam splitters enables the spectroscopy of states that are, due to selection
rules, inaccessible to direct laser-spectroscopic observation. For the read-out of the interferometer
we utilize state-dependent collisions, which selectively remove atoms of one kind from the detected
signal. We investigate the dependence of the interferometric signal on timing and field parame-
ters, and find good agreement with quantum simulations of the interferometer. Fourier analysis of
the interferometric signals yield coherence frequencies that agree with corresponding energy-level

differences in calculated Stark maps.

PACS numbers: 37.25.+k, 32.80.Xx, 32.80.Ee
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I. INTRODUCTION

Matter-wave interference offers exquisite sensitivity
to measure fields and atomic or molecular interac-
tions. Examples based on atom inertia include atom-
interferometric gravimetry [1-3], gradiometry [4, 5],
and Sagnac-type rotation sensors (gyroscopes) [6, 7].
Such devices usually involve laser-based beam split-
ters to coherently split and recombine wavefunctions.
Another well-known example of matter-wave interfer-
ence is the superconducting quantum interference de-
vice (SQUID) [8], which engages the vector potential to
measure magnetic-field-induced phases [9-11]. Applica-
tions of Ramsey’s separated-oscillatory-field method [12],
which employs quantum interference between field-
coupled internal states of a quantum particle, are abound
in spectroscopy and time metrology [13, 14]. In the
Sokolov atom interferometer, a rectangular electric-field
pulse couples the 25, /5 and 2P /5 states of hydrogen into
and out of two mixed Stark states, and the interferomet-
ric signal is observed via the Lyman-a fluorescence from
2Py /5 [15, 16].

Interferometric methods also extend to Rydberg
atoms. These highly excited atoms are attractive in field
metrology due to their strong response to applied elec-
tric fields (polarizabilities typically scale o< n”[17]) and
microwave/ THz fields. Couplings between Floquet states
of thermal Rydberg atoms in microwave fields give rise
to Stiickelberg oscillations [18] and interference effects in
microwave multiphoton excitation [19, 20]. Stiickelberg
oscillations based on avoided crossings between two-atom
energy levels shifted by the dipole-dipole interaction be-
tween Rydberg atoms have been investigated in an os-
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FIG. 1: (color online) (a) Schematic principle of the atom
interferometer. (b) Atom interference of nS;,» and high-
I Stark Rydberg states through an electric-field-induced
avoided crossing. After preparing a Rydberg Stark state |a)
at an initial field F;, the field is ramped to a variable final
field Fy. During the ramp time through the crossing, Ati,
the atoms undergo mixed diabatic/adiabatic passage into adi-
abatic states |W1) and |¥s), respectively. After a variable
hold time Thola < 60 ns, the electric field is ramped back to
F;. (¢) Timing of the ramped electric field (light green) and
the state-selective ionization field (dark green) used to read
out the interferometer. Collisions during the waiting time
of 500 ns before the rise of the ionization field enable state-
selective detection (see text).

cillating radio-frequency field [21]. Ramsey interferome-
try involving optical and external-electric-field pulses has
been employed to detect Stark-tuned Forster resonances
and the interaction-induced phase shift of cold rubidium
Rydberg atoms [22, 23].

In internal-state atom interferometers, input and out-



put states are coherently mixed and recombined into and
out from superposition states that exist between mixing
and recombination [see Fig. 1 (a)]. The interference pat-
tern arises from the accumulated interferometric phase ®
(hatched areas in Fig. 1) and is observed as a population
difference at the output. Note the analogy with opti-
cal Mach-Zehnder interferometers. In our Rydberg-atom
interferometer, avoided crossings in the Stark map are
utilized as beam splitters and recombiners. The coher-
ent state mixing occurs during multiple passages of the
atoms through the avoided crossings. A time-dependent
electric field acts as a control parameter for the passage
behavior. In the return passage, the accumulated phase
of the wavefunction coherence is mapped into a measur-
able population difference between the adiabatic Ryd-
berg states of the system. Using the sequence displayed
in Fig. 1 (b) and (c), we study the dependence of the in-
terferometric response on the inside electric field, Fy, the
ramp time, Atq, and the electric-field hold time between
the ramps, Tholq- The coherence frequencies, obtained
by Fast Fourier Transforms (FFTs) of the interferomet-
ric signals, are compared with a theoretical model. We
note that the interferometer described in this work is
a quantum interferometer acting on the internal states
of the atoms, while the center-of-mass wavefunction re-
mains unaffected.

From the viewpoint of Rydberg-atom spectroscopy, the
internal-state interferometer demonstrated in our work
presents a non-optical means to study energy levels that
are inaccessible to laser excitation. In our case, linear
Stark states accessed via the interferometer’s beam split-
ters (the avoided crossings) cannot be optically excited
because of their small oscillator strengths with the lower
atomic state used in the laser excitation. The state trans-
formation associated with adiabatic passage through the
avoided crossings enables the population of these hid-
den states. Measurement of the phase ®(T}01q) in Fig. 1
yields information on the energies of the hidden states
that become populated within the interferometer.

II. EXPERIMENTAL METHOD

The cesium atoms are trapped in a standard magneto-
optical trap; for details see Ref. [24]. As shown in Fig. 2,
the Rydberg atoms are initially prepared in the well-
defined adiabatic state |a), in the initial electric field
F;. When the electric field is ramped to its final value
F;, mixed diabatic/adiabatic passage through the se-
lected avoided crossing coherently splits the wavefunc-
tion into the adiabatic states |¥5), which predominantly
has 498, /o-character, and |¥;), which is a hydrogen-like
linear Stark state with predominantly high-/ character.

The selected avoided crossing is centered at Fxy =
3.19 V/cm (dotted circle in Fig. 2). After the holding
time Thoa at Fy, the electric field is ramped back to
F;. The atoms pass the selected avoided crossing twice,
namely at times near t; and to. The differential phase ®
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FIG. 2: (color online) Calculated Stark map in the vicinity
of the 495, /5 state and the n=45 manifold of cesium over the
field range 2.8-4.2 V/cm. The range covers two avoided cross-
ings centered at Fx = 3.19 V/cm and Fy = 3.85 V/cm, re-
spectively. We study the regions Fix < Fy < Fy and Fy > Fy
(corresponding to the dots on the field axis). In both regions
the interferometric signal contains the coherence frequency fi
(blue wide arrow), which originates in coherent splitting and
recombination at field F'x. The interferometric signal in the
second region exhibits additional frequencies f2 (red thin ar-
row) and fi+f2, which arise due to additional splitting and
recombination at field Fy .

between |¥;) and |¥sy) accumulated between ¢; and ts is
given by

1 to=t1+Thola
q)(Thold) =&a + ﬁ/ (E2 — El)dt , (1)
t1

where @ includes a geometrical phase that depends on
the passage through the crossing. The integral reflects
the dynamical phase accumulated during the hold time.
The energy difference Ey — Eq between |Us) and |Uyq)
at the final field is approximately given by Fo — E; =
—Ad(Fy — Fx), where Ad is the difference between the
electric-dipole moments of |¥s) and |¥q) at field Fy. For
fixed Aty the interferometric phase then is

1
O (Thoa) = @ — ﬁAd(Ff — Fx)Thola (2)

ie. it accumulates at a rate given by the final field F.
Each time the field passes through Fx, the adiabatic
states |¥1) and |W¥s) are subject to coherent mixing. We
detect the fraction of the atom population that exits the
interferometer in the original S-like state |«). Experimen-
tally, the 500 ns waiting period before detection is critical
because it enables state-selective readout by separating
the elongated high-/ Stark state and state |«) through m-
mixing collisions [25]. The collisions render most atoms
in high-/ states undetectable due to an increase in field
ionization voltage beyond 660 V (see Fig. 1).



IIT. THEORETICAL MODEL

To model our experiment, we numerically obtain the
Stark energy level structure for cesium and simulate the
time evolution of the wavefunction. To obtain the time-
independent Stark energy level structure, we use methods
described in [26] and quantum defects from [17]. Fig-
ure 2 shows the relevant range of the cesium Stark struc-
ture. The 495, /5-like level encounters two avoided cross-
ings centered at Fx and Fy, which have energy gaps of
58 MHz and 110 MHz, respectively. Rydberg atoms ini-
tialized in state |«) are propagated into final state |¥epq)
by integrating the time-dependent Schrodinger equation
for the sequence in Fig. 1 with Hamiltonian:

N . .

H=———+V.(")+Vrs+F()% , (3)
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here V, is a short-range core potential, Vpg is the fine
structure, and F(t)Z is the perturbation due to the
time-dependent electric field. The interferometric sig-
nal S = [(a|Wenq)|?, i.e. the probability of returning to
the initially excited S-like Stark state, is computed as
function of hold time Ti,014, ramp time At;, and field FF.

(a) 50
=z 40 -
c
~ 30

e

S20
'_

~oooooocooo0
OCONOOBRWN =

0 ' :
31 32 33 34 35 36 3.7 38 39 40 41 42
F; (Vicm)

FIG. 3: (color online) (a) Interferometric signal .S versus ramp
duration At; and holding time T}01a when ramping the elec-
tric field from F;=2.9 V/cm to Fy = Fx = 3.19 V/cm (the
center field of the first avoided crossing in Fig. 2). (b) Same
as (a), but for Fy = 3.51 V/cm (between the two crossings in
Fig. 2). (c) Signal S versus Thola and final field FY, for fixed
F; =29 V/cm and Aty =5 ns.

In Fig. 3 (a) we set Fy = Fx and show the signal
S(Thola) versus Atq. The signal S(Tho1q) oscillates with
a period of 17 ns, corresponding to the gap of 58 MHz
between levels |¥1) and |¥s) at the first avoided cross-
ing [27]. The visibility of the oscillation is maximal for
Aty = 0, because sudden projection of the initial state )
into the center field Fx of the crossing yields amplitudes
near 1/ V2 for both coupled levels. As At increases, the
evolution becomes increasingly adiabatic, and the split-
ting ratio continuously changes from 50% to 100% adia-
batic. Hence, as seen in Fig. 3 (a), the visibility of the
oscillation in S diminishes with increasing At;.

In Fig. 3 (b) the field Fy = 3.51 V/cm, which is in-
between two avoided crossings. As before, the oscillation
frequency of S is given by the energy difference between
the adiabatic states |¥3) and |¥4), but the visibility of
the oscillation in the signal S peaks at At; = 16 ns.
In this case, the interference signal peaks under condi-
tions when the Landau-Zener passage dynamics through
the crossing leads to 50% population in each of the adi-
abatic states |[Us) and |¥y). A straightforward calcula-
tion for a two-level Landau-Zener crossing with gaps and
slopes as in Fig. 2 shows that parity between diabatic
and adiabatic passage probability is indeed expected at
Aty = 16 ns [27].

The phase shift of the modulations in S(Tho1q) seen
when varying Aty or F'y reflects a variation of ®¢ in Eq. 2,
which arises from the phases that occur during the split-
ting and recombination of the atomic state. Since ®g
does not affect the frequency of the interferometric sig-
nal observed when varying Ti,014, the phase @4 does not
affect the atomic level splitting(s) deduced from the fre-
quency component(s) contained in S(Thela). The phase
® also does not affect the visibility of the interference
signal, which only depends on the moduli of the ampli-
tudes that occur during the splitting and recombination.

For our experimental studies, presented in Sec. IV, a
choice of At; = 5 ns yields high interference contrast
in S(Thowa) for all values of Fy. In Fig. 3 (c) we plot
S(Thola) as a function of the final electric field Fy for
a fixed At; = 5 ns. Interferometric oscillations in S
are clearly visible over a wide range Fy, with frequen-
cies that reflect the energy splittings in the Stark map.
The oscillation frequency increases with Iy in the domain
Fx S Fy < Fy; this frequency corresponds to fi (blue
wide arrow in Fig. 2). When the final field is increased
beyond Fy, the signal S(Th14) displays several frequen-
cies. Noting that mixed diabatic/adiabatic passage from
F; =29 V/cm to Fy 2 Fy will generate amplitudes in
all three adiabatic states |¥1) to |¥3) in Fig. 2, we expect
to find three frequencies in that domain, fi, f2 (red thin
arrow), and their sum f1 + fo.

IV. EXPERIMENTAL DATA

In Fig. 4 we show experimental interferometric signals
S(Thola) for Fy = 3.60 V/cm [panel (a), left plot] and Fy
= 4.15 V/cm [panel (b), left plot]. The plots on the right
show the respective spectral powers of FFTs of the mea-
sured S(Thola). To suppress artifacts at low frequencies
and spectral side lobes, we subtract the time-averaged
values of S and multiply with a standard window func-
tion (the Hanning window) before computing the FFTs.
The experimental data were sampled in 1 ns steps, the
smallest step size of the waveform generator used to gen-
erate the time-dependent electric field.

The peaks in experimental Fig. 4 at 438 MHz for
3.60 V/cm and 297 MHz for 4.15 V/cm are in good agree-
ment with the Stark-map frequencies labeled f; and f3 in
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FIG. 4: (Color online) Interferometric signal S versus Thold

(left panels) and powers of the corresponding FFTs (right
panels) for two values of the final electric field, Fy =
3.60 V/cm (a) and 4.15 V/cm (b).

Fig. 2, respectively. The peak near 20 MHz in Fig. 4 (a)
is discarded because it appears to reflect an overall, slow
signal drift that occurred while taking the signal S(The14)-

In Fig. 4 (a) we show a coherence via mixed dia-
batic/adiabatic passage through the crossing at field Flx
in Fig. 2, and the coherence evolves at a frequency given
by the Stark splitting between adiabatic states |¥Us) and
|¥q) at Fy =3.60 V/cm. Our interferometric measure-
ment allows us to measure frequency splittings involving
states that are optically not excitable due to selection
rules. In the instance of Fig. 4 (a), the linear Stark state
|[¥;) at 3.60 V/cm has a weak oscillator strength with
low-lying S and P-levels. Adiabatic passage through
the avoided crossing at field Fx into the optically non-
excitable state |¥;) serves as a way to circumvent optical
selection rules: it allows us to probe a state that is hidden
in the optical excitation spectrum.

In Fig. 4 (b) the ramp speed is faster due to larger
F¢ and constant At;, and the passage through the first
crossing is mostly diabatic. The passage through the sec-
ond crossing (Fy in Fig. 2) leads to an adiabatic/diabatic
splitting ratio near 50%/50%, which results in a signal in
which the frequency component fo between levels |¥3)
and |¥5) has a high amplitude (i.e. the corresponding os-
cillation in the interferometric signal S(The1a) has a high
visibility). Fig. 4 (b) therefore shows that our interfero-
metric method offers flexibility in measuring energy-level
differences involving a variety of hidden states of interest.
This is done by selecting specific avoided crossings and
ramp speeds that result in significant populations in the
optically unaccessible states of interest.

We have performed a series of additional measure-
ments S(Thoa) for different final fields Fy and calculated
their FFTs (Fig. 5, green triangles). The experimental
frequencies are compared with corresponding frequency
spacings fi1, f2, and fi1 + fao calculated from the Stark
map in Fig. 2 (red diamonds). The backdrop shows the
FFT of the simulated signals from Fig. 3 (¢). The simu-
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FIG. 5: (Color online) Measured coherence frequencies (green

triangles) and corresponding calculated frequency differences

f1, f2, and fi+ f2 between Stark states (red diamonds) vs. the

final electric field, Fy. The gray-scale plot in the background

shows the FFT spectral density obtained from Fig. 3 (c).

lated FFTs show signals up to 1 GHz (the simulation has
a sampling step size of 0.2 ns and a Nyquist frequency
of 2.5 GHz; between 1 GHz and 2.5 GHz the simulated
FFTs do not show significant signals). All three types of
data in Fig. 5 are consistent with each other. It is noted
that only fi, fo and f1 + f2 significantly contribute to
the FFTs of the interferometric signal, despite the fact
that hundreds of Stark states near the selected avoided
crossings are included in the calculation. According to
the interpretation given above, this is due to the fact
that only the adiabatic levels |¥;), |Us) and |¥3) be-
come populated due to coupling at the selected avoided
crossings. Notably, the splittings measured away from
the level crossings involve elongated high-/ Stark states
that are, due to a lack of oscillator strength, not observed
in laser-spectroscopic Stark maps.

V. DISCUSSION

Since we scan the hold time T},01q over a range of 60 ns,
our basic Fourier resolution limit is = 15 MHz. Moderate
additional broadening by a factor < 2 occurs due to the
utilized FFT window. In the following we briefly discuss
how the resolution could be improved in the future.

To reduce the linewidth in measurements such as in
Fig. 5, one may increase the Tjoq scan range until it
reaches the intrinsic coherence time T, of the interfer-
ometer, where inhomogeneous phase variations approach
0P ~ w. The value of T¢o is limited mostly by tem-
poral and spatial variations in the electric field, and to
a lesser degree by Rydberg-atom collision times and ra-
diative decay times. The value of Tcon, the field vari-
ation 6F and the dipole-moment difference Ad satisfy
AdTeon 0F < wh. In the present case (Theld scan range
60 ns and Ad =~ 700 eag) the requirement on the field in-
homogeneity is 6 F < 10 mV /em. This amounts to about



0.3% of the maximal applied field Fy, or about 1% of the
maximal electric-field differential Fy — Fx (the quantity
relevant in Eq. 2). In the present setup, the diameter
of the excitation volume (~ 50 pm) is several orders of
magnitude smaller than the separation between the par-
allel grids used to generate the field (15 mm), and the
excitation volume is centered relative to the grids [25].
Therefore, the spatial variation of the field is estimated
to be well below the above limits. We expect that future
increases of the coherence time will mostly result from
improvements in the temporal stability of the field.

In conclusion, we have observed the coherence between
quantum states using an interferometric method in which
an external electric field is ramped twice through selected
avoided crossings in the Cs Stark map. The interfero-

metric signal is observed by varying the hold time be-
tween the field ramps. The coherence frequencies ob-
served in the Fourier transforms of the signal reflect the
energy-level differences in the underlying Stark map. The
method allows us to map out levels that, due to selection
rules, are hidden in optical excitation spectra. Future
work may include the study and improvement of the co-
herence time of the interferometer, as well as measure-
ments of level shifts of hidden Stark states due to DC
and AC-fields and collisions.
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