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Hyperfine structure of nP;;; Rydberg states in 5Rb
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We measure the hyperfine structure of nP;,, Rydberg states for n = 42, 43, 44, and 46 using mm-wave
spectroscopy on an ensemble of laser-cooled *Rb atoms. Systematic uncertainties in our measurement from the
Zeeman splittings induced by stray magnetic fields and dipole-dipole interactions between two Rydberg atoms
are factored in with the obtained statistical uncertainty. Our final measurement of the nP,, hyperfine coupling
constant is Ayrs = 1.443(31) GHz. This measurement is useful for studies of long-range Rydberg molecules,
Rydberg electrometry, and quantum simulation with dipole-dipole interactions involving nP;,, atoms.
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I. INTRODUCTION

The Rydberg nP; states of Rb afford the capability of
studying long-range molecular interactions in macrodimers
[1-3], Rydberg-ground pairs [4,5], and, recently predicted
and observed, Rydberg-ion mixtures [6—8]. Furthermore, their
couplings with states of different parities are useful in un-
derstanding dipole-dipole interactions [9,10] and employing
quantum electrometry of resonant rf waves via Autler-Townes
splitting, observable through electromagnetically induced
transparency spectroscopy [11,12]. Hyperfine interactions of
the nuclear magnetic moment and electric quadrupole mo-
ment with the angular momentum of the valence electron
typically are not observable in nP; Rydberg states through
laser-based spectroscopic methods due to limitations in fre-
quency resolution (energy splittings are on the order of kHz),
although hyperfine effects have been experimentally pre-
sented in Cs [13]. Millimeter-wave spectroscopy of Rydberg
molecular states involving nP; atoms could provide insights
into the role of hyperfine coupling on the adiabatic potentials
of the molecules, for the spectroscopic measurement is, in
principle, only limited by the Rydberg-state lifetime and the
rf-field interaction time. As a consequence, knowledge of
the hyperfine structure (HFS) is essential for predicting these
quantum behaviors.

Ongoing applications involving Rydberg nP; states in
quantum simulators, for instance in [14—16], may elicit added
interest in the HFS of these states. Harnessing the HFS of
Rydberg nP; states in many-body experiments that simulate
quantum phase transitions [14,17] will add a nuclear-spin
degree of freedom and expand the Hilbert space to include
{InP;; F', mp)}. Rydberg states with j = 1/2 are preferred
over j = 3/2 states because the former have a larger and
therefore more accessible and relevant HFS than the latter.
Also, the HFS of j = 1/2 states is insensitive to hyperfine de-
coupling by weak dc electric fields, and their Stark effect does
not depend on mg . Thus, Rydberg hyperfine qubits involving
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nPy,, are expected to be more robust than ones that involve
nPs);. Gate operations, similar to the ones performed in [18],
induced by rf magnetic-field manipulations in the {|F’, mp )}
space would also become permissible with accurate knowl-
edge of Agrs, obtained in the present paper.

While precision measurements of hyperfine-coupling con-
stants have been provided before for several nP; levels of
133Cs and ¥"Rb with principal quantum numbers n < 13
[19-22], for 85Rb the hyperfine structure has only been mea-
sured for nP;,, levels with n < 8 [23], where the hyperfine
interaction does not scale with n. In [24], the nP;,, HFS is
observable for both 3> Rb and 8’Rb (see their Fig. 2). However,
the thermal atomic beam used contributed to a significant
amount of Doppler broadening, and a measurement was not
provided.

In the present paper, we perform mm-wave resonance spec-
troscopy in the Ka and U bands on ultracold *Rb Rydberg
atoms with high n. Thus, in the absence of any Doppler and
transit-time broadening, we obtain Fourier-limited spectral
lines of the [nS1/», F = 3, mg) = |[nPyy», F', mpr) transitions
and use the splitting between the F’ = 2 and 3 hyperfine peaks
in order to arrive at an n-independent, HFS coupling-constant
Apps measurement for nPj,, Rydberg states. The spectro-
scopic series involves n = 42—-44 and 46. Careful cancellation
of stray magnetic fields to <5 mG is necessary to observe
symmetric, Fourier-limited spectral features for both peaks.
Our uncertainty budget, as a result, takes into account the role
of the background magnetic field on our measurement. Ad-
ditionally, we provide a systematic uncertainty arising from
electric dipole-dipole interactions between nSi,, and nP/»
atoms.

II. THEORY

An alkali metal like 8 Rb features a single valence electron
of total angular momentum J, spin S, and orbital angular
momentum L. The nucleus of the given isotope features an in-
trinsic angular momentum I associated with the net magnetic
moments of all contained nucleons. For #Rb, the nuclear spin
quantum number is I = 5/2. In general, the hyperfine shift of
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FIG. 1. (a) Timing sequence of an experimental cycle. “Optical
excitation” refers to the simultaneous 780- and 480-nm pulses. The
2D MOT and repumping laser beams are always on. (b) Level
diagram of ®Rb states relevant to the experiment (not drawn to
scale). Atoms are excited off-resonantly from the upper hyperfine
level of the 55, state into the nS,,, Rydberg state during the optical
excitation pulse. There is a statistical mixture of ' = 2 and 3 Ryd-
berg states after the optical excitation, but the number of atoms in the
F = 2 states is too small to achieve an appropriate signal-to-noise
ratio during the spectroscopic mm-wave pulse. Thus, the mm-wave
frequency scan range is set to only probe the atoms in the F' =3
state.

a nP; level with hyperfine quantum number F’ is, in atomic
units,

AnFs
[n—8;;(m)]?
Burs <3(I~J)2+§I~J—IJ(I+1)(J+1)>
[n—8,;(m)P 20720 — 1)2J — 1) ’

Ayrs =

T

ey
where §;;(n) is the nl j-dependent quantum defect [24], the
first term describes the magnetic dipole-dipole interaction
between the nucleus and Rydberg electron, and the second
term quantifies the nuclear electric-quadrupole interaction. A
third term, immeasurable in this type of experiment, involves
magnetic-octupole interactions between the two particles [25].
For nPy , states, only Agrg is nonzero.

Due to the large extent of the Rydberg electron wave
function, short-range interactions scale as [n — §;; m)]73 [26].
Thus, the measured splitting vyps between F’ = 2 and 3 can
be expressed as

_ 3Aprs
[n—8;(n)’
where the units of Aggs are GHz.
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FIG. 2. Single-photon resonance spectrum of the [44S5),,
F =3) — |44P, ), F') transition using mm waves. The spectrum
shown is an arithmetic mean of eight individual spectra. Each
individual spectrum is averaged over 400 experimental cycles. On
the frequency axis, we show the 44P;,, hyperfine shifts for each F’
level with respect to the center-of-gravity transition frequency,
vo =45.113624GHz, ie., the frequency of the [44S5,,
F =3,mp) — |44P, ;) transition with the 44P;, hyperfine
structure removed. Each scatter point corresponds to a frequency
step size of 2 kHz. Signal error bars for the scatter points indicate
the standard error of the mean over the eight individual points
acquired. In this spectrum, the total detected count rate is below two
ions per experimental cycle. The solid curves are the double- and
individual-Lorentzian fit functions from which the peak centers are
acquired to measure the HFS splittings. Measured linewidths are
21(1) kHz for both peaks.

III. METHODS

In our experiment, a slow atomic beam of ®Rb prepared
by a continuously operating two-dimensional or higher (2D)
magneto-optical trap (MOT) [27] is captured and cooled
via polarization gradients in the o+-0~ configuration [28]
for 14.2ms. We leave the 2Dt MOT laser beams and all
repumping beams on throughout the duration of the experi-
ment. The D,-molasses cooling light is switched off for 80
us before 5-us-long optical excitation beams are switched
on. These beams produce nS;,, Rydberg atoms used for the
mm-wave spectroscopy, where n = 4244 and 46. A 40-us
mm-wave pulse drives the [nSi, F =3, mp) — [nP),
F' =2or3, mp) transitions necessary for determining the
hyperfine splitting. At the end of the mm-wave exposure time,
an electric field is smoothly ramped up to 100-150 V/cm in
1 us for state-selective field ionization of the nS;,, and nPy ),
levels [26]. ¥Rb* counts are detected with a microchannel-
plate detector. A timing sequence for the experimental cycle
is given in Fig. 1(a).

Optical excitation from the upper hyperfine level of the
ground state is provided in the form of an off-resonant,
two-photon transition using 780- and 480-nm pulses, de-
scribed in the quantum-state diagram of Fig. 1(b). A 780-nm
external-cavity diode laser (ECDL) is tuned 100 MHz above
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FIG. 3. This figure explains the static electromagnetic-field zeroing process necessary for a HFS measurement. (a) Map of dc Stark shifts
on the [44S,,,) — |44P,») transition as a function of applied potential ¢, on plate electrodes in order to find the voltage that cancels shifts from
stray electric fields along the z direction. The differential dc polarizability between the two states is otaap,,, — Quss, , = 9.564 kHz/(V/m)*.
Here, the mm-wave frequency steps are not resolved enough to observe the HFS splitting. (b) Verification that the hyperfine splitting is not
affected by electric fields smaller than 60 mV /cm. The 43S, ,, F = 3) — |43P,,, F') spectra are plotted as a function of applied electric field
E, in the x direction with stray fields canceled in the other two directions. (c) Calculated Zeeman splitting of the [43S,,,, F = 3) — |43Py,, F')
transitions for F’ = 2 and 3. This calculation is for the case that the applied magnetic field is perpendicular (y direction) to the mm-wave

polarization. (d) Experimental analog to our calculation.

the uppermost hyperfine level of the 5P, state, while a 960-
nm ECDL, amplified and doubled to make 480-nm light, is
tuned to make up the resonance with the Rydberg state. Polar-
izations of the optical excitation beams and atomic sample,
as well as the blue-detuning of the 780-nm laser from the
uppermost hyperfine level of the 5P3, state, result in signif-
icantly more Rydberg-atom population in [nS /2, F = 3, mf)

TABLE I. Summary of HFS splittings and derived Aygs using
Eq. (2) and 8y = 2.654 884 9(10), 6, = 0.2900(6) [24].

n vurs (kHz) Ayrs (GHz)
42 72.7(6) 1.476(12)
43 65.3(6) 1.429(13)
44 60.1(5) 1.416(12)
46 54(1) 1.466(27)
Aprs, weighted average (GHz) 1.443
Statistical uncertainty (GHz) 0.007

than |nSy,2, F' = 2, mr). Therefore, we perform our mm-wave
spectroscopy only on the F = 3 hyperfine levels for all n
studied.

The mm waves are synthesized by an Agilent MXG Ana-
log Signal Generator (Model N5183A) that is referenced
to an SRS Model FS725 rubidium frequency standard. For
spectroscopy of n = 42—44, the synthesized mm waves are
frequency doubled by a SAGE Model SFA-192KF-S1 ac-
tive X2 multiplier and broadcast from >~ 40 cm to the nS;
Rydberg atoms with a horn antenna. We do not double the
mm waves at 39.121 GHz for the [46S,,, F =3, mp) —
[46Py /2, F', mp+) spectrum and directly connect the synthe-
sizer to a standard-gain horn antenna, located >~ 30 cm from
the spectroscopic interaction region, with a 20-dBi directivity.

IV. RESULTS

Spectra of the |nS)2, F = 3, mp) — |nPij2, F', mp) tran-
sition were acquired for each n in the n = 42—44 and 46 series.
A double Lorentzian was fit to an arithmetic average of eight
experimental scans of the mm-wave frequency over the two
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hyperfine lines. In order to determine vygs from our data, we
take the difference between the line centers of the Lorentzian
fit functions. The uncertainties in the line centers were added
in quadrature and used as the uncertainty in the HFS splitting,
Svgrs. Figure 2 shows a typical spectrum obtained in this
paper. The linewidths are at the level of the Fourier limit
(0.89/40 us = 22 kHz), meaning the Rabi frequencies of the
transitions are in the range of 10 kHz, preventing any observ-
able ac Stark shifts.

Once we obtain vgps, we use the §y and 6, quantum-
defect values for Rb nPj,, measured in [24] and the
Rydberg-Ritz equation [26] to derive a measurement for Agps
using Eq. (2). These quantities are §o = 2.654 884 9(10) and
82 = 0.2900(6). Because the uncertainties in §y and &, lead to
shifts much smaller than our measurement uncertainties, we
neglect them in our uncertainty budget. Thus, §Ayps/Agrs =
(Svas/vas. Table I lists vyrs and Agrs for a given n in the
range n = 42-44 and 46. A weighted average and uncertainty
over all n provide a final value for Ayps and a statistical
uncertainty, also included in the table.

V. DISCUSSION

Symmetry of our observed spectral lines indicates that
background electric- and magnetic-field inhomogeneities are
negligible. A set of six orthogonal plate electrodes situated
in our science chamber is used to cancel electric fields below
50 mV/cm by observing shifts in [nS;,2) — [nP)/) spectra
as a function of applied electric field; a map of these spectra
is shown along the z axis in Fig. 3(a) for n = 44. Figure 3(b)
displays a more resolved map for n = 43 with an applied field
along the x direction. Electric fields contribute no systematic
shift in the HFS splitting because the nP; , Rydberg states lack
a tensor polarizability that would otherwise cause distortions
in the F' =2 and 3 peaks as a result of |mg/| splittings.
Therefore, both F’ states and all |mg/| undergo the same dc
Stark shifts leaving vypg insensitive to stray electric fields.
This insensitivity is verified in Fig. 3(b) for n = 43, where we
apply electric-field E, magnitudes up to 60 mV /cm and scan
over both hyperfine peaks of the 43P, state. Inhomogeneous
broadening from position-dependent electric fields within the
atom cloud is the only possible dc Stark effect, which is
negligible as exhibited by the line symmetries and linewidths
near the Fourier limit of 22 kHz. Excessive magnetic fields
within the interaction region on the other hand do distort
measurements of vyps from the Zeeman splittings of the mg
and mg- sublevels, as seen in the following paragraph.

Three pairs of externally located Helmholtz coils apply ho-
mogeneous magnetic fields to eliminate Zeeman broadening
and splitting of the F’ states [29]. Expected and observed
behaviors of the Zeeman splittings for n = 43 are shown in
Figs. 3(c) and 3(d), respectively, for the case of a magnetic
field perpendicular to the mm-wave polarization. Our stray
magnetic fields are reduced down to a magnitude no greater
than 5 mG. In order to quantify the possible systematic un-
certainties from any leakage within this range, we take the
standard error of the mean (SEM) in a sample of splittings
at n =43 by offsetting our compensation magnetic fields
within 10 mG of the cancellation values in all three directions
X, y, and z independently. A similar analysis was done in the
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FIG. 4. Measured vyps of 43P, for given applied magnetic
fields in all three spatial dimensions. The SEM of all nine vygs is
used as the systematic Svyps from potential stray magnetic fields.
Magnetic-field uncertainties arise from noise in our current sources.

context of measuring the nS;,, HFS for ®Rb Rydberg states
[29]. This distribution is presented in Fig. 4. Our SEM yields
SVHFS = 0.6 kHz at n = 43 and SAHFS = 13 MHz.

We also take into account shifts from dipole-dipole inter-
actions between one atom with an internal state of nS,, and
another with that of nPy/,. The interaction energy of such a
Rydberg-atom pair is C3/R?, with a dispersion coefficient C3
and an internuclear separation R. In Fig. 5, we exhibit that
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FIG. 5. In this series, the 44P; , HFS is measured for three dif-
ferent bins of total detected ion counts from field-ionized Rydberg
atoms. The increase in count rate is achieved by starting the opti-
cal excitation 5-10 us earlier to prolong the laser pulse duration.
Because the atomic density is rising proportionally with the count
rate, the dipole-dipole shifts, if they are significant, should increase
as well. There is no apparent dipole-dipole shift over 1 kHz, implying
that the atomic spacing must be at a minimum of 120 xm.
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TABLE II. Uncertainty budget for a measurement of Aygs.

Source 8Anrs (GHz)
Dipole-dipole interactions 0.027
Stray magnetic fields 0.013
Statistical uncertainty 0.007

the shift in vgps does not exceed 1 kHz for n = 44P; ), as the
maximum ion-count rate, and therefore density, is increased
by a factor 4 by prolonging the optical excitation time up to
15 wus. All measurements in Table I were taken with fewer
than three detected total counts. An upper limit of the C3
coefficient is estimated to be 1.7 GHz um?® for n = 44 by
finding and fitting adiabatic potentials of Rydberg-Rydberg
molecules [30]. This estimate implies that the atomic spac-
ing is R 2 120 um and the systematic uncertainty in Apgps
from dipole-dipole interactions has an upper limit of 27 MHz.
Higher-order Rydberg-Rydberg interactions, such as van der
Waals shifts between two atoms of the same internal state, are

at the order of 1 mHz or less for these n and therefore are not
included in our overall uncertainty budget [29].

We present our uncertainty budget in Table II. Adding the
three sources in quadrature, we find the overall uncertainty to
be (SAHFS = 31 MHz.

In summary, we measured the hyperfine coupling con-
stant Ayps for Rydberg-nP), states of 85Rb using mm-wave
spectroscopy with Fourier-limited linewidths. Our precision
in Agps is mainly limited by the estimated lower limit of
atomic spacing within our Rydberg cloud that may lead to
dipole-dipole interactions. In addition to our measurement’s
applicability for investigating ultracold Rydberg chemistry
[1-8] and dynamic electric-field sensing of rf waves with
thermal Rydberg atoms [11-13], the HFS of nP;,, states can
possibly be included in several experiments and models for
quantum simulation [14-17].
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