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We present precise measurements of the quantum defects of cesium nF; Rydberg levels. We employ high-
precision microwave spectroscopy of (n+ 2)Ds;, — nFs; 7, transitions for n =45 to 50 in a cold-atom
setup. Cold cesium (n + 2)Ds,, atoms, prepared via two-photon laser excitation, are probed by scanning weak
microwave fields interacting with the atoms across the nFs,, 7/, resonances. Transition spectra are acquired
using state-selective electric-field ionization and time-gated ion detection. Transition-frequency intervals are
obtained by Lorentzian fits to the measured spectral lines, which have linewidths ranging between 70 and
190 kHz, corresponding to about one to three times the Fourier limit. A comprehensive analysis of rele-
vant line-shift uncertainties and line-broadening effects is conducted. We find quantum defect parameters
80 (Fs/2) = 0.03341537(70) and 8,(F52) = —0.2014(16), as well as 8,(F;,,) = 0.033 564 6(13) and 8,(F;,) =
—0.2052(29), for J =5/2 and 7/2, respectively. Fine-structure parameters Ars and Bgrs for Cs nF; are also
obtained. Results are discussed in context with previous works, and the significance of the results is discussed.
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I. INTRODUCTION

Accurate values for energy levels and quantum defects
of alkali-metal atoms, including those for high angular
momentum states, play an ever-increasing role in testing
atomic-structure and quantum-defect theories, as well as
in applications such as atomic clocks [1-3], quantum op-
tics [4-6], and Rydberg-atom-based metrology [7,8]. Further,
accurate information on atomic levels, atomic interactions, ac
shifts, etc., covered in our paper, is important in the design
of quantum gates in neutral-atom quantum computing and
quantum simulation [9,10]. High-precision microwave spec-
troscopy is well suited for precise measurement of Rydberg
transition frequencies due to long atom-field interaction times
and low transition linewidths that can be realized in slowly
expanding cold-atom clouds. In combination with effective
static-field control to reduce line shifts and broadening, accu-
rate and precise transition-frequency measurements allow for
the extraction of atomic constants. This includes the quantum
defects of low and high angular momentum Rydberg states,
which are affected by short-range many-electron interactions
in the ionic Rydberg-atom core as well as long-range dipo-
lar and quadrupolar long-range interaction between valence
electron and ionic core, respectively [11]. For alkali-metal
Rydberg atoms in high-£ (¢ > 3) states, the quantum defect
arises from the ionic-core polarizabilities [12—14] and the fine
structure. Precision measurements of high-£ quantum defects
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therefore allow one to extract core polarizabilities and fine-
structure coupling constants, enabling comparison with and
validation of advanced atomic-structure calculations [15-19].

Measurements of the quantum defects and ionization en-
ergy of cesium date back as far as 1949 [20,21]. Energy
levels of Cs have been determined using classical meth-
ods such as grating and interference spectroscopy [22],
by means of a high-dispersion Czerny-Turner spectrograph
and a hollow-cathode discharge [23], and high-resolution
Fourier spectroscopy [24]. These measurements were for
low principal quantum numbers, n, and had state-of-the
art accuracy at that time. In addition, Doppler-free laser
spectroscopy [25-28] has been used to study Cs energy
levels. Bjorkholm and Liao [29,30] proposed a method
for resonance-enhanced Doppler-free multiphoton excitation,
which was experimentally applied by Sansonetti and Loren-
zen to measure fine structures for the odd-parity states of
Cs. Goy et al. [31] have measured quantum defects for S,
P, D, and F Rydberg levels of Cs (23 < n < 45) by high-
resolution double-resonance spectroscopy with an accuracy
of about 1 MHz. In 1987, Weber and Sansonetti [32] exten-
sively measured absolute energy levels of Cs nS;,, nPi,
nDs >, nFs ), and nGy,, Rydberg states using nonresonant and
resonance-enhanced Doppler-free two-photon spectroscopy
and obtained quantum defects. There, the laser wavelengths
were measured using high-precision Fabry-Pérot cavities with
an uncertainty of 0.0002 cm~! at most levels. These data are
being widely used as reference values to this day. Recently,
detailed high-resolution-spectroscopy work on nS, nP, and
nD cesium Rydberg states has been performed in an ultracold
gas [33,34]. Other alkali-metal atoms, such as Rb [14] and
K [35], have been researched along similar lines. While many
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FIG. 1. (a) Level diagram and excitation scheme. The (n+

2)Ds ), state is resonantly excited by two-photon excitation using A =
852- and 510-nm laser beams with an intermediate-state detuning
of 8gs, = +330 MHz. Microwaves A, drive Rydberg transitions of
the type (n + 2)Ds;, — nFs;7/,. (b) Schematic of the experimental
setup (not to scale). The excitation lasers are counterpropagated
through the MOT center along the y direction. The microwaves are
introduced as shown. The (n 4 2)Ds;, and microwave-excited nFs,,
and nF;,, Rydberg atoms are counted by state-selective electric-field
ionization and time-gated ion detection with an microchannel plate
(MCP) detector. Three pairs of grids and compensation coils are
placed on the x, y, and z axes to compensate stray electric and
magnetic fields (only one set of each shown). Gold and blue balls
represent laser-excited (n 4+ 2)D and microwave-coupled nF atoms.

properties of alkali-metal Rydberg atoms are generic, quan-
titative differences arise from large variations in the specific
quantum defects. With regard to the F' series, which we focus
on here, it is noted that in both Rb and Cs the F quantum
defects are small, but in Rb they are about a factor of 2 smaller
(=~0.017 in Rb versus x0.034 in Cs).

In the present paper, we laser excite nDs,, Rydberg states
of Cs using a two-photon excitation scheme, and perform
high-precision microwave spectroscopy of the electric dipole
(n +2)Ds;» — nF5y 7/, transitions. We describe our experi-
mental procedures in some detail. We then obtain microwave
spectra with resonance linewidths ranging between 70 and
190 kHz, and determine transition frequencies with uncer-
tainties of a few kHz. Using the Rydberg-Ritz formula, we
extract the quantum defect parameters &y and &, for both
fine-structure components nFs; 7/, of Cs, allowing us to also
extract the fine-structure coupling constant, Ags and Bgs. Re-
sults are discussed in context with previous works.

II. EXPERIMENTAL SETUP

In Fig. 1(a) we display the level diagram used in our
experiment. Atoms in (n+ 2)Ds;, states (n = 45-50) are
populated using the displayed two-photon excitation scheme.
The intermediate-state detuning of 8g5; = +330 MHz elim-
inates photon scattering and radiation pressure. The laser
pulses have a duration of 500 ns. The density of the prepared
Rydberg-atom sample is <4 x 10° cm~3. Subsequent to laser
preparation, a microwave pulse of 20-us duration is applied
to drive a Rydberg transition of the type (n+2)Ds;, —
nFs;; 7,2, yielding narrow-linewidth microwave spectra.

Selected details of the experimental setup are shown in
Fig. 1(b). Cs ground-state atoms are laser cooled and trapped
in a standard magneto-optical trap (MOT) with a temperature
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FIG. 2. Measurements of the microwave spectra for the 50Ds, to
48F;, transition (a) and 48F5,, transition (b). To improve the signal-
to-noise ratio, data are averaged over 25 or more repetitions of the
experiment. Black lines show the detected Rydberg transition proba-
bility signals. Curves in color are Lorentz fits to the spectra, yielding
central frequencies of 26.159 614 2(23) GHz and 26.168 419 3(14)
GHz, with statistical uncertainties, Avgy, in brackets.

~100 uK and a peak density ~10'° cm~3. After switching off
the MOT and waiting for a delay time of 1 ms, we apply
the 852- and 510-nm Rydberg-excitation laser pulses, which
have respective Gaussian beam-waist parameters of wy = 750
and 1000 um. Both lasers are external-cavity diode lasers
from Toptica that are locked to a high-finesse Fabry-Pérot
cavity, resulting in laser linewidths of less than 100 kHz.
The microwaves are generated by an analog signal genera-
tor (Keysight N5183B, frequency range 9 kHz to 40 GHz),
and emitted with an antenna (PASTERNACK WR-34, fre-
quency range 22 to 33 GHz), covering the Cs (n + 2)Ds)»
to nF; Rydberg series for n ranging from 45 to 50. The
microwave output power and frequency scans are controlled
with a LABVIEW program. After turning off the microwave
field, an electric-field ramp is applied to the grids on the x axis
for state-selective field ionization of the Rydberg atoms [11].
Due to their different ionization limits, the laser-prepared
(n 4+ 2)D and microwave-coupled nF Rydberg atoms result
in ion signals at different arrival times on the microchannel
plate (MCP) detector, allowing state-selective recording with
a boxcar and a data acquisition card. Subsequent data analysis
yields spectra as shown in Fig. 2.

Due to large beam waists and small laser intensi-
ties, the two-photon optical Rydberg-excitation Rabi fre-
quency is fairly small; it is Q= Qgs5pQ2510/(28852) ~
2w x 9 kHz. Optical-pumping, saturation-broadening, and
radiation-pressure effects on the optical transitions are thus
avoided. For our optical-pulse duration of 500 ns, the
Rydberg-atom excitation probability per atom is A2 x 1074,
The resultant Rydberg-atom density for a ground-state atom
density in the MOT of <10 cm™3 is <4 x 10° cm™—3, corre-
sponding to a distance of ~25 um between Rydberg atoms in
the sample. As shown in Sec. IV E, this density is sufficiently
low that transition shifts due to Rydberg-atom interactions
are negligible, as required for high-precision microwave spec-
troscopy of Rydberg levels.
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III. MICROWAVE SPECTROSCOPY

In the experiment, we lock the frequencies of the
two excitation lasers for resonant preparation of Rydberg
atoms in a (n+ 2)Ds;, (n = 45-50) state. The microwave
frequency is scanned across the (n+2)Ds;» — nFsp7
transitions, driving the atoms between these states. High-
precision microwave spectra of the (n + 2)Ds; — nFsp 72
transitions are then obtained by state-selective field ion-
ization and gated ion detection [11], and subsequent data
analysis.

In Fig. 2, we show measured microwave spectra of
the 50Ds5;, to 48F7,, (a) and 48Fs,, (b) transitions. The
duration of the microwave drive pulses is 20us. Lorentz
fits (colored lines in Fig. 2) yield center frequencies of
26.159 614 2(23) and 26.168 419 3(14) GHz for 50Ds;, —
48F;/, and 50Ds;, — 48F5,, respectively, with statistical
uncertainties from the fits, Avgy, as indicated. Due to the
inversion of the fine structure of the Cs nF' Rydberg levels,
the 48F7,, level energy is lower than that of 48F5,,. The
Lorentz fits also yield linewidths of about 163 and 78 kHz
for the 48F;, and 48F5,, lines, respectively, which is a fac-
tor of 1.5 to 3 larger than the Fourier-limited linewidth of
50 kHz for our 20-us microwave drive pulses. In the fol-
lowing, line broadening and systematic line shifts will be
discussed.

IV. SYSTEMATIC EFFECTS

Careful analysis of the uncertainty caused by system-
atic effects is an important part of precision spectroscopic
measurements. In this section, we will analyze our uncertain-
ties, including those arising from the microwave generator,
electric, and magnetic fields, as well as Rydberg-atom
interactions.

A. Signal generator frequency

To obtain accurate transition-frequency readings, we use an
external atomic clock (SRS FS725) as a reference to lock the
crystal oscillator of the microwave generator. The clock’s rel-
ative uncertainty is 5 x 107!, which results in a frequency
deviation of less than 10 Hz [36] for the Rydberg transitions
of interest. Hence, systematic shifts due to signal-generator
frequency uncertainty are negligible.

B. Background dc magnetic fields

While we carefully zero the magnetic field, an inhomo-
geneity of <5 mG is sufficient to cause several tens of kHz
of broadening of the (n + 2)Ds;, — nFj lines. We have con-
firmed this by simulations of Zeeman spectra, which in the
relevant magnetic-field range are in the linear (low-B) regime
of the (n + 2)Ds/, and the nF Rydberg-state fine structures,
the Paschen-Back regime of the nF; hyperfine structure, and
the transition regime of the (n + 2)Ds,, hyperfine structure.
Assuming an unpolarized atomic sample and linear field po-
larizations, the Zeeman broadening is symmetric, consistent
with the shapes of both spectral lines in Fig. 2. The un-
resolved hyperfine structure of the (n+ 2)Ds), levels, also
included in the simulations, may add about 10 kHz to the

measured linewidths. The (n + 2)Ds;, hyperfine structure
is estimated using hyperfine-structure measurements on the
7Ds), state [37,38], and applying n*~3 scaling (where n* is
the effective quantum number).

In detail, both experimental data and simulations of Zee-
man spectra as a function of magnetic compensation fields B,
By, and B, show symmetric and linear Zeeman splittings, as
well as line-broadening effects that are also symmetric about
the line centers. We have eliminated the Zeeman splittings
and minimized residual magnetic-field-induced line broaden-
ing by adjustment of the compensation fields B,, By, and B..
The remnant magnetic field is estimated to be <5 mG. The
symmetry of the Zeeman spectra about the line centers mostly
results from the absence of circular polarization in the atom-
field drives. The observed symmetry may be aided by the facts
that the atomic sample is unpolarized and that the remnant
sub-5-mG fields are likely of quadrupolar character, without
a preferred direction within the atomic sample. Based on the
symmetry of any residual magnetic-field-induced broadening,
as well as the small (<5 mG) magnitude of any remnant mag-
netic fields, we assert that systematic magnetic shifts of the
reported frequencies of (n+ 2)Ds;; — nFs 7/, transitions
are <1kHz. For the Zeeman-shift uncertainty we therefore
use 1 kHz. We have verified the dc magnetic-field compen-
sation every day throughout the data taking.

C. Background dc electric fields

Stark effects typically cause asymmetric line broadening
and, more importantly, a net line shift. Hence, special attention
must be paid to compensating Stark effects. The electric-field
compensation process is described in [39]. Here we provide
relevant details.

Figure 3 shows the peak shifts of microwave spectra as
shown in Fig. 2, for the 50Ds,, — 48Fs,, transition, as a
function of voltages applied to the compensation electrodes
along the x, y, and z directions. Zero shift is marked with a
horizontal dashed line that shows the resonant frequency of
the 50Ds;, — 48F5, transition at zero field. Quadratic fits
(blue curves) yield the voltages that must be applied to the re-
spective electrodes for optimal dc electric-field compensation
(vertical black lines; voltage values with fit uncertainties are
provided in the panels). The systematic uncertainty due to dc
Stark shifts is estimated by computation of the rms spread of
the frequency shifts of the five data points closest to the apex
of the three fit functions (red data points). The standard error
of the mean of the average of these five points is 0.62 kHz,
and the net uncertainty that follows from the uncertainties
of the individual data points is 0.7 kHz. As a conservative
estimate of Avg, for the systematic dc Stark shift we therefore
use Avg, = 1 kHz. It should be noted that we have verified
the dc stray-electric-field compensation on a daily basis in
order to maintain optimal compensation throughout the en-
tire data-taking sequence. Using the known polarizability of
the transition frequency of Aa ~ 600 kHz/(V/m)? (averaged
over all values of the magnetic quantum number m;) and
noting that the Stark shift of the transition is —aE}./2, a
systematic dc Stark shift of 1 kHz translates into a dc electric-
field uncertainty of about 2 mV /m at the location of the atoms.
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FIG. 3. Measurements of frequency shifts of the 50Ds;,, — 48F5,, transition as a function of voltages, ¢, applied to electric-field
compensation electrodes along the (a) x, (b) y, and (c) z direction, respectively. In (a) and (c) we apply the compensation voltage to one
electrode, with the matching other connected to or referenced to ground [see Fig. 1(b)]. In (b), we apply the voltage shown to both y electrodes
with opposite polarity, with the large overall magnitude of the compensation voltage being due to the large distance and efficient shielding of
the y electrodes from the location of the atoms. The data show the expected quadratic Stark shift behavior, which is in good agreement with

simulations. The five red data points are used to estimate the systematic dc Stark shift of the transition frequencies reported in our paper.

D. Ac Stark shifts

We next evaluate systematic shifts due to the ac Stark
effect. The microwave intensity at the location of the atoms is
varied by changing the synthesizer output power. In Figs. 4(a)
and 4(b), we display the measured frequency interval as
a function of the microwave output power. For the mea-
sured frequency interval of the 50Ds,, — 48F7,, transitions
in Fig. 4(a) and for microwave power less than 0.5 Py, with
reference level Py = —50 dBm on the signal generator, we
find that the transition has no observable ac shift. The statis-
tical variation of the line position over this microwave power
range is less than ~2 kHz. Here, we may take multiple mea-
surements within this power range and average the results to
improve statistics. The data point for the transition frequency
in Fig. 4(a) is included in Table I.

For the 50Ds5,, — 48F5, transition in Fig. 4(b) we observe
that the microwave power needed to drive the transition is on
the order of a factor of 20 larger than for the 50Ds,, — 48F7)»
transition. This observation is in line with our computed
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microwave Rabi frequencies, which are about a factor of 5
lower for the 50Ds,, — 48F5 ), than for the 50Ds,, — 48F7 ),
transition (averaged over m;). Hence, we expect that the
50Ds;, — 48Fs5, transition requires about a factor of 25 more
in power than the 50Ds,, — 48F7, transition to achieve spec-
tral lines of similar height (as observed in the experiment). In
addition, the 50Ds,, — 48Fs, transition has a significant ac
shift, which is due to the higher microwave power required
to drive that transition, and due to the large matrix element
for the perturbing 50Ds,, — 48F;), transition. Comparing
observed and calculated ac shifts, one may use Fig. 4(b) to
estimate microwave electric fields and Rabi frequencies. The
estimation shows that at a power of 1P, the microwave electric
field at the location of the atoms is ~15 mV /m, and the Rabi
frequency is on the order of 50 kHz. This estimate accords
well with the fact that a microwave power of about 1P, is
required to saturate the 50Ds,, — 48Fs, transition with our
20-us-long microwave pulses. The lowest microwave fields
used to probe the ~25 times stronger 50D5,, — 48F7, tran-
sition [see Fig. 4(a)] are about ~1 mV/m. Following these
consistency checks, we apply a linear fit to the data in Fig. 4(b)
to determine the y intercept as our best estimate for the zero-
microwave-field transition frequency of the 50Ds;, — 48F5)»
transition. In Fig. 4(b) and in analogous data in Table I we
report zero-microwave-field transition frequencies and the

TABLEI. Summary of measured transition frequencies (in GHz)
and statistical uncertainties of (n + 2)Ds;, — nFj transitions.

26.15960
26.1596197(27) GHz

26.15959
0.0

T T T
0.1 0.2 03 0.4 0.5

Synthesizer output power (units of P )

26.16838 4
26.1684110(09) GHz

2 4 6 8 10

Synthesizer output power (units of P)

FIG. 4. Frequencies of the 50Ds,, — 48F7,, (a) and 50Ds,, —
48F;s,, (b) transitions vs synthesizer output power in units of Py =
—50 dBm. Line centers and their uncertainties are obtained from
Lorentzian fits to the microwave spectra. The measurement quantifies
the ac shift on both transitions.

n Fs)» Fip

45 31.7931217(13) 31.7824486(30)
46 29.7532231(13) 29.7432386(39)
47 27.8841485(11) 27.8747898(18)
48 26.1684110(09) 26.1596197(27)
49 24.5906056(37) 24.5823252(16)
50 23.1371463(13) 23.1293529(33)

022804-4



QUANTUM DEFECTS OF nF; LEVELS OF CS ...

PHYSICAL REVIEW A 108, 022804 (2023)

20 20
(@) 50D, 48F,, (b) 50D, 48F,,

104 10
N N
: ¢ ¢ Pl ey e
P 0'§ ® é = 09
E z L .
- -
B 3
&~ .10 &~ .10

-20 T T T T T -20 T T T T T

15 20 25 3.0 35 4.0 1.5 20 25 3.0 35 4.0

Average Rydberg atom density (10° cm™) Average Rydberg atom density (10° cm ™)

FIG. 5. Line shifts of the 50Ds;, — 48F;/, (a) and 50Ds;,, —
48Fs); (b) transitions vs estimated Rydberg-atom density. Line cen-
ters and their uncertainties are obtained from Lorentzian fits to
the microwave spectra. The measurements show that Rydberg-atom
interactions have no measurable effect on the reported transition
frequencies.

uncertainties of the y intercepts that result from the linear
fits. Hence, the effects of ac Stark shifts are included in the
statistical fit uncertainty and do not need to be accounted for
separately.

E. Shifts due to Rydberg-atom interactions

Finally we consider the effect of atomic interactions. Ryd-
berg energy levels can be shifted due to a ubiquitous variety
of dipolar and higher-order van der Waals interactions [40],
which scale as n''/R® for the case of second-order dipo-
lar interaction (R is the internuclear separation). However,
in the present experiment the dominant interactions arise
from the resonant electric dipole coupling between atoms in
(n+2)Ds;, and nF; states, which become populated in the
course of the optical and microwave excitations. Hence, the
leading Rydberg-atom interaction scales as n* /R>. To explore
potential transition-frequency shifts from these interactions,
we vary the power of the 510-nm Rydberg-excitation laser
in order to vary the Rydberg-atom density in the sample. As
the optical two-photon excitation is far from saturation, this
method presents an efficient means to vary the Rydberg-atom
density. We then look for possible line shifts as a function of
Rydberg-atom density.

Figures 5(a) and 5(b) show the measured line shift as a
function of Rydberg-atom density for the 50Ds,, — 48F7),
and 50Ds,, — 48F5, transitions, respectively. It can be seen
that for estimated Rydberg-atom densities <4 x 10°cm ™3,
the density-induced line shift is less than the statistical vari-
ation of the data points, which is on the order of a few kHz
in Fig. 5. Noting that average atom densities are somewhat
below estimated peak densities, the internuclear separation
between Rydberg atoms is estimated to be 225um at the
highest densities in Fig. 5.

For a theoretical estimation of the density shifts, as a
representative case we have computed binary molecular po-
tentials for various combinations of Rydberg atoms in 50Ds»
and 48F; states using methods developed in [41,42]. It is
found that the leading interaction between pairs of 50Ds ;-
state atoms is a dipolar van der Waals type of interaction,
which scales as C6/R6, with a dispersion coefficient of

Cs ~ 3.5 GHz um®. The leading interaction between pairs of
48Fj-state atoms also is a dipolar van der Waals type of inter-
action, with a dispersion coefficient of Cs &~ —20 GHz um®.
The resultant level shifts at 30 um internuclear separation
amount to only tens of Hz and are negligible. Atom pairs
in a mix of 50Ds,, and 48F; states interact much more
strongly via resonant dipolar interactions, which scale as
C3/R3. Here we find |C3| &~ 2.6 GHz um? for 50Ds), + 48F;)»
pairs, and |C3| &~ 0.16 GHzum? for 50Ds), + 48Fs;; pairs
(values averaged over all molecular potentials for the al-
lowed angular-momentum projections onto the internuclear
axis). The |G| coefficient for 50Ds,, + 48F;, is on the or-
der of (n*%eay)?/(4mey), the approximate maximum value
for resonant dipolar coupling (n* is the effective quantum
number). The large ratio between the C; coefficients for
50Ds), + 48F; > versus 50Ds;, + 48Fs;; is due to angular
matrix elements and is related to a likewise difference in
Rabi frequency squares for the 50Ds5,, — 48F; microwave
transitions studied in our paper. For atom pairs separated at
30 um, the magnitudes of the line shifts are about 100 kHz for
50D5/2 + 48F7/2 and about 6 kHz for 50D5/2 + 48F5/2. The
96 dipolar interaction potentials for 50Ds,, + 48F7,, (and 72
for 50Ds,, + 48F5s,,) are nearly symmetric about the asymp-
totic energies (meaning there are as many attractive as there
are repulsive potentials, and the magnitudes of positive and
negative C3 coefficients tend to be equal), and they are fairly
evenly spread. For atom pairs separated at 30 um, the average
line shifts are only 26 Hz for 50Ds/, + 48F;/, and 150 Hz for
50Ds;, + 48F5),. Hence, the line shifts due to Rydberg-atom
interactions are negligible, and the main effect of the interac-
tions is a line broadening of the 50Ds,, — 48F;,, microwave
transition, without causing significant shifts. The simulation
results are in line with the experimental observations in Fig. 5,
where no density-dependent line shift is measured for either
transition. Hence, systematic shifts due to Rydberg-atom in-
teractions are neglected in the present paper.

Summarizing our discussion of systematic shifts, in the
following systematic uncertainties of 1 kHz are assumed for
each of the dc electric and magnetic shifts. These are added in
quadrature to the statistical uncertainties. All other systematic
effects are either considerably smaller, or they are already cov-
ered by the statistical uncertainty of the measurements. The
extra broadening of the 48F7, line in Fig. 2 and in analogous
data for other close-by n values is attributed to symmetric
shifts due to Rydberg-atom interactions, which affects the
nf;,; lines about 20 times more than the nfs;, lines. The
dipolar Rydberg-atom interactions have no measurable effect
on the line centers, at our level of accuracy. It is noted that the
differences in (symmetric) line broadening of the 48F7,, and
48Fs; lines shown in Fig. 2, as well as similar differences ob-
served for other close-by n values, cannot be attributed to dif-
ferential effects of residual magnetic fields at the MOT center.

V. RESULTS AND DISCUSSIONS

A. Transition frequencies

We have performed a series of microwave-spectroscopy
measurements of (n+ 2)Ds; — nFs; 7/, transitions for
n = 45-50. The extracted transition frequency intervals and
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their statistical uncertainties, Avgy,, are listed in Table I. It is
seen there that the statistical uncertainties range between 1 and
4 kHz. As discussed in Sec. IV, ac Stark shift uncertainties
are included in the statistical uncertainty, Rydberg-density
shifts are neglected, and dc electric and Zeeman systematic
uncertainties are 1 kHz each. Hence, the net uncertainties, Av,
used below, are given by

Av =/ AV2 + 2(kHZ?), (D)

with Avg,e taken from Table 1.

B. Quantum defects of nF; levels versus n

The transition frequencies from an initial Rydberg state
(n, £,J) to a final state (n’, £', J") follow:
1
. (@)
|

Wy _
Vood —Rcsc|:

(n— 8000 (W =8y s)

with initial-state and final-state quantum defects §, ., and
8.0y, respectively. There, ¢ = 2.99792458 x 108 m/s is
the speed of light and Rcs = 109 736.86273038(21)cm ™!
is the Rydberg constant for Cs, the uncertainty of which is
dominated by the Committee on Data of the International
Science Council (CODATA) [43] uncertainty of R.,, with the
mass uncertainties of the Cs ion and the electron playing no
significant role.
The quantum defects of the nF; states are then written as

—12
) =n—s"% (3

where (n 4 2)} is the effective quantum number of the (n +
2)Ds;, state, taken from [32], and s = (n+ 2),*)’2 — #Cs.
From the measured frequency intervals in Table I, v, we then
obtain the quantum defects of nF; according to Eq. (3). The

uncertainties of the measured quantum defects are

_ _ *=2
8p(n) =n ((n + 257 =

1
Ay (n) = ‘§s3/2

The relative uncertainty of the Rydberg constant for Cs,
ARcs/Rcs = 1.9 x 10712, contributes the least to A8y (and
has a negligible effect), followed by the frequency uncertain-
ties of our measurements, Av/v, from Table I and Eq. (1).
The uncertainties A(n 4 2)}, of the quantum defects of the
(n +2)Ds;, states from Table V in [32] are the dominant
source of uncertainty of our results for 6 (n), listed in Table II.

We see that the measured quantum defects exhibit a sig-
nificant increase with principal quantum number, n, for both
Fs/; and F7 /5. The uncertainties are all the same at the present
level of precision because the uncertainties A(n + 2), for the
(n +2)Ds,, states from [32], derived from the A = §; and
B = 8, values provided for Ds;, in Table V therein, are the
dominant source of uncertainty for all measurements made.

C. Quantum defect parameters &, and §, for nF;

The quantum defect can be written as [11,44]

34

8(n) = 8 + Ty T (5)

)
(n—8)?

TABLE II. Summary of quantum defects, dr (1), and their uncer-
tainties from Eqs. (3) and (4), for / = 5/2 and 7/2.

n 8(Fsp2) 8(F2)

45 0.03331591(65) 0.03346340(65)
46 0.03331988(65) 0.03346726(65)
47 0.03332401(65) 0.03347137(65)
48 0.03332788(65) 0.03347533(65)
49 0.03333144(65) 0.03347920(65)
50 0.03333469(65) 0.03348245(65)

vV (Av), (AR .
<CR_CS> |:<T> +< RCS ) :| + [2(n+2)D 3A(”+2);3]2. 4)

(

where §p and §; (i = 2, 4, .. .) are the leading and higher-order
quantum defect parameters. In general, when n > 20, we only
consider the first two terms on the right-hand side in Eq. (5).
In Fig. 6, we plot the measured quantum defects §p
for the nF, states from Table II versus n* 2. Fits ac-
cording to Eq. (5) to the data then yield 8o(Fs5p) =
0.03341537(70) and 8,(F5,2) = —0.2014(16) for nfs,,, and
80(F7/2) = 0.033564 6(13) and 8,(F7,2) = —0.2052(29) for
nk;,, respectively. The quantum defect parameters §, and

0.0333357 3,=0.03341537(70)
0033307 , = —0.2014(16)
0.033325
~~ E
5; 0.033320
C 00315 (a) nF,
Q T T T T T
& 000040 000042 000044  0.00046 000048  0.00050
'; 0.033485
5 o] 8= 0.0335646(13)
% 0.033475 , =—0.2052(29)
O 4
0.033470
0.033465 -
1 (b) nF7/2
0.033460

T T T T T T T T T T T
0.00040 0.00042 0.00044 0.00046 0.00048 0.00050

* 2
n

FIG. 6. Measured quantum defects 6r(n) of nF; levels as a
function of n*~* for nFs;; (a) and nF7,, (b). The circles and un-
certainty bars show the data from Table II. Blue (nFs,) and red
(nF;/,) solid lines represent fitting results according to Eq. (5),
yielding the quantum defect parameters §,(F5/,) = 0.03341537(70)
and 8,(Fs5;,) = —0.2014(16), and 8y(F72) = 0.033564 6(13) and
8:(F72) = —0.2052(29), for J = 5/2 and 7/2, respectively.
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TABLE III. Quantum defect parameters &y and §, for nF; levels
from this paper and several previous works [31,32].

3o 8

nFs;, 0.03341537(70) —0.2014(16) This paper (45 < n < 50)

0.033392(30)  —0.191(30) [31] (23 <n <45)
0.03341424(96) —0.198674 321 (6<n<65)
nFy, 0.033 564 6(13)  —0.2052(29) This paper (45 < n < 50)
0.033537(25)  —0.191(20) 311 (23 <n <45)

8, are listed in Table III. To compare with previous works,
we also list the quantum defects for F; obtained in [31,32].
In [32], the quantum defects were measured using non-
resonant and resonantly enhanced Doppler-free two-photon
spectroscopy of nDs,,, nFs,, etc. There, the level energies
were determined directly by measuring laser wavelengths
with a high-precision Fabry-Pérot interferometer, which had
an uncertainty of 0.0002 cm~! (6 MHz), whereas in [31]
quantum defects were obtained by high-resolution double-
resonance spectroscopy with n ranging from 23 to 45 in the
millimeter-wave domain, with an accuracy of about 1 MHz.

In our paper, we measure the quantum defects of the nFj
states by microwave spectroscopy with a narrow linewidth
on the order of 100 kHz, from which accurate Rydberg-
level frequency intervals are extracted with an uncertainty of
~2 kHz. Since we have used nDs/, quantum defects from [32]
as an input for our analysis, and since their uncertainties
are the dominant source of uncertainty in our measurement,
unsurprisingly for nFs,, our results in Table III agree within
uncertainties with those from [32]; also, the uncertainties are
comparable. A main deliverable of our paper consists of a
set of quantum defect parameters 8y and 8, for nF7,, for
which [32] has no data. Our quantum defects are more precise
than those from [31] by factors of 40 and 20, for nFs,, and
nk;», respectively. The values still agree within the uncertain-
ties stated in [31].

In view of the fact that our uncertainties are dominated
by the D quantum defects used as input, we note that D
quantum defects from a more recent measurement [34] yield
F quantum defects in our analysis that are essentially identical
with the ones listed in our Table III, within uncertainties,
namely, 8o = 0.03341453(70), 8, = —0.2012(16) for Fs5;»
and 8o = 0.0335637(13), §, = —0.2050(29) for F7,,.

D. Fine-structure intervals for nF;

The narrow spectral profiles allow us to clearly distinguish
the fine structure of the nF' Rydberg states for J = 5/2 and
7/2, over our principal quantum number range of n = 45 to 50
(limited by the frequency coverage of our microwave source).
From the frequency intervals v for the (n +2)Ds;; — nFj
transitions in Table I, we obtain the fine-structure splittings of
the nFj levels. In Fig. 7, we display the fine-structure splittings
between nFs; and nF;/, as a function of the effective quantum
number n*. Note that for Cs the nF fine structure is inverted,
i.e., J = 5/2 is higher in energy than J = 7/2. The fine struc-
ture, attributed to the spin-orbit interaction of the Rydberg
electron, is commonly described in terms of fine-structure
coupling constants Ags and Bgs [11]. The fine-structure

@ Experiment
-8.04 ——Fitting

-8.5
-9.0
-9.5

-10.0
A,,=-978.5+6.1 GHz

B, =1.8x10"+1.3x10" GHz

'1 1 -O T T T T T T T T T T T
45 46 47 48 49 50

Effective quantum number »°

-10.5

Fine-structure intervals (MHz)

FIG. 7. Measured fine-structure frequency intervals between
nFs;, and nkF7 ), as a function of effective quantum number n*. The red
solid line represents a fit to the expression Apsn*~> + Bpsn*~>, yield-
ing fine-structure parameters Aps = —978.5 + 6.1 GHz and Bgs =
1.8 x 10* 4 1.3 x 10* GHz, respectively.

splitting is then given by Apsn*~> + Bpsn*~>. Fitting the
data in Fig. 7 with this expression, we find Ags = —978.5 £
6.1 GHz and Bps = 1.8 x 10* & 1.3 x 10* GHz. These val-
ues are consistent with earlier results [45] within our
uncertainties (we did not find an uncertainty in [45]).

VI. CONCLUSION

We have employed microwave spectroscopy and cold-atom
methods to obtain the transition frequency intervals of ce-
sium (n+2)Ds; — nFs; 7, transitions and have extracted
quantum defects for the nFs/; 7/, levels. A careful analysis of
systematic uncertainties has been conducted. For nFs;,, our
results and uncertainties agree well with data from [32]. For
nk;,, our results are more precise than earlier data from [31]
by a factor of about 20. The measured fine-structure intervals
have allowed us to also determine the Arg and Bgs fine-
structure parameters for Cs nF' levels; our results agree with
previous data from [45] to within our uncertainty.

Our precise study of intrinsic properties of Rydberg atoms,
such as quantum defects, is of significance for experimental
work that relies on the availability of such data, as well as
for theoretical research on the structure of complex atoms,
where experimental data are often desired for a test of the-
oretical methods and results. The uncertainties of our paper
were severely limited by the uncertainty of input data used
for the quantum defects of our launch states, nDs/,. Based
upon the frequency uncertainties Av we have already
achieved in the present paper, we expect that studies based
upon alternate transition schemes, which are not reliant on
previously measured quantum defects, will allow us to im-
prove our uncertainties for nF; quantum defects by a factor
210. Such methods may also enable studies of higher-£ quan-
tum defects as well as refined studies of the hyperfine structure
of Rydberg atoms. This may extend to the very small hyper-
fine structure of Cs nD Rydberg states.
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