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High-precision measurement of the hyperfine splitting and ac Stark shift
of the 7d *D; /2 State in atomic cesium
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We report the measurement of hyperfine splitting in the 7d D3, state of 133Cs using high-resolution Doppler-
free two-photon spectroscopy in a Cs vapor cell. We determine the hyperfine coupling constants A = 7.3509(9)
MHz and B = —0.041(8) MHz, which represent an order of magnitude improvement in the precision. We
also obtain bounds on the magnitude of the nuclear magnetic octupole coupling constant C. Additionally, we
measure the ac Stark shift of the 6s 281/2 — 7d 2D3/2 transition at 767.8 nm to be —49 £+ 5Hz/(W/cm?), in
agreement with theoretical calculations. We further report the measurement of collisional shift (—32.6 £ 2.0
kHz/mTorr) and pressure broadening for the individual hyperfine levels of the 6s %S, p—>1d 2D3/2 transition.
These measurements provide valuable inputs for analysis of systematic effects in optical frequency standards
based on the cesium 65 2S; n—1d 2Ds /2 two-photon transition.
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I. INTRODUCTION

The cesium atom has been of interest for studies of atomic
parity violation (APV) owing to its high atomic number [1-9].
A detailed understanding of APV requires high-precision
experiments to be supplemented with inputs from accurate
theoretical calculations of the atomic structure. The sim-
ple atomic structure of Cs, containing only a single-valence
electron, makes it easier to perform such high-precision cal-
culations. The quality of an atomic structure calculation is
often judged by its ability to produce reliable values for
experimentally measurable quantities such as matrix ele-
ments, polarizabilities, Stark shifts, transition rates, hyperfine
splitting (HFS), etc. In this paper, we focus on precision mea-
surement of the HFS and ac Stark shift of the 7d 2Ds /2 state of
133Cs. The HFS results from the electron-nucleus interaction
and therefore the measurement of HFS provides insight into
the electronic wave function in the vicinity of the nucleus
[10,11]. Comparison of experimentally measured HFS with
calculated values provides valuable insight that can then be
used to further refine calculations [12,13]. The measurement
of ac Stark shift enables the benchmarking of calculations
of polarizabilities and is important for accessing the stability
and systematic errors of optical frequency standards based on
two-photon transitions.

In the case of the ns and np states of cesium, the experi-
mentally determined and theoretically calculated HFS values
typically agree within 1% [13-16]. In fact, for the cesium
6s %S /2 state, the calculations differ from the experimentally
defined CODATA (Committee on Data of the International
Science Council) value only by 0.17% [15]. However, the
agreement is much worse in the case of cesium nd states
due to electron correlation effects [16,17]. On the other hand,
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there is interest in the cesium nd state because of the work
by Dzuba et al. [18] which pointed out that the Cs s-d parity-
nonconserving (PNC) amplitudes can be calculated with high
accuracy and could compete with the accuracy of the Cs
s-s PNC amplitudes, the latter being the subject of several
experimental investigations [1,2,6,8]. There also are other pro-
posals for measurement of APV in cesium nd states [19-21].
The interest in Cs nd states is reflected in the several recent
experimental studies pertaining in particular to the measure-
ment of HFS [22-29]. Experimental measurements of the ac
Stark shift and collisional shift of the 6s %S; 2 —>1d 2D3/2
transition, however, are still mostly lacking, although they
are important contributors to systematic errors. We address
this gap in this paper. We additionally note that a systematic
comparison of experimentally measured and theoretically cal-
culated HFS for a series of Cs nd states might help in making
empirical corrections to account for differences arising from
unknown effects, as was recently proposed for ns and np states
[13].

In the rest of the paper, we will interchangeably use the
abbreviated notation ns;, for the ns 25, /2 states, np;y for the
np 2P, states and ndy for the nd 2D; states. The hyperfine
levels of the 65/, and the 7d3,, states are denoted by F' and
F', respectively.

There are several previous reports on the measurement of
HFS of the Cs 7d %D; /2 state. These can be compared based
on the reported value of HFS, the magnetic dipole coupling
constant (A), and the electric quadrupole coupling constant
(B). Belin et al. [22] reported the value of A with a precision
of 0.2 MHz using level crossing spectroscopy but the HFS
was not directly measured. Kortyna et al. [23] used a resonant
two-photon excitation scheme (6512, — 6p1/2 — 7d3;) in a
cesium atomic beam and measured the HFS with a preci-
sion of 0.2 MHz. The nonlinearity of the laser frequency
scan, calibration jitter, low signal to noise ratio (SNR), and
large linewidths (~8.2 MHz) of the individual hyperfine peaks
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FIG. 1. (a) The energy level diagram (not to scale) of 1**Cs depicting the energy levels and hyperfine splittings relevant to the experiments.
The two-photon excitation and the fluorescence detection schemes are also shown. (b) A schematic diagram of the experimental setup.

limited the accuracy of their measurement. They reported A
and B with a precision of 0.03 and 0.2 MHz, respectively.
Their data did not have sufficient accuracy to determine the
sign of B; i.e., the uncertainty was larger than the value it-
self. Stalnaker et al. [24] used the same excitation scheme
in a cesium vapor cell but performed the experiments with
a femtosecond frequency comb laser and reported the value of
A and B with precisions of 15 and 160 kHz, respectively, from
which the HFS can be estimated with an average precision of
~150kHz. Lee et al. [26] measured the HFS with a preci-
sion of ~300 kHz using Doppler-free, one-color, two-photon
spectroscopy in a cesium vapor cell but there exists a large
inconsistency between their reported HFS and their values of
A and B, as was pointed out earlier [25]. Kumar et al. [25]
used the same excitation scheme and reported the HFS with a
precision of ~100 kHz. However, there are inconsistencies in
their reported values; e.g., adding the F/ =2 <> F' =3, F' =
3« F =4, and F' =4 < F’' =5 HFS gives 89.01 MHz
which differs from the reported value of the F =2 <> F' =5
HFS (88.59 MHz) by 420 kHz, i.e., by four times their quoted
uncertainty. It is therefore likely that their reported values of
A and B have much higher uncertainties than those quoted,
0.01 and 0.1 MHz, respectively. Recently, Wang et al. [27]
reported a measurement of HFS with an accuracy of around
250 kHz, which is consistent with earlier reports but of lower
precision compared to Refs. [23-25]. A comparative study of
these results is provided in the Supplemental Material [30].
In summary, the HFS of the Cs 7d D3, state is known, at
best, with a precision of around 150 kHz [24] and, while
the reported values of A agree with one another, there are
large uncertainties in the reported values of B. One of the
primary contributors to the uncertainties and inconsistencies
in Refs. [23,25-27] is the nonlinearity of the laser frequency
scans. Notably, there are no prior reports on the measure-
ment of ac Stark shift and collisional shift for the cesium
6s 28, n—1d 2Ds /2 two-photon transition.

In this paper, we report the measurement of the HFS in
the 7d D5 state of atomic cesium with an average precision
of around 8 kHz using Doppler-free two-photon spectroscopy.

Our results provide more than an order of magnitude improve-
ment over earlier HFS measurements. This improvement is
achieved by judicious choice of the detection wavelength [see
Fig. 1(a)] that enables measurement with high SNR and the
implementation of a technique for precisely linear frequency
scans using an acousto-optic modulator (AOM). We derive the
values of A and B with unprecedented accuracy and estimate
the value of the magnetic octupole coupling constant (C).
Furthermore, we report the measurement of the ac Stark shift
in the line position as a function of the laser power and the
collisional shift as a function of cesium vapor pressure, which
enable us to rule out systematic effects that often dominate the
error budget in high-precision measurements.

The paper is organized as follows. We first discuss the
experimental details and the measurement technique. We then
present the experimental results, analysis of the data, ex-
traction of the coupling constants, and a comparison of our
results with previous reports. We then summarize with a few
concluding remarks.

II. EXPERIMENTAL SETUP

The energy level diagram relevant to the experiment is
shown in Fig. 1(a). We excite the Cs 65 2Sy2 — 7d 2D
two-photon transition at 767.8 nm using a cw narrow-band
laser system. The atoms in the 7d3,, state deexcite following
various decay routes. We record the emission at 672.5 nm
arising from the 7d3;, — 6py,> decay which has the highest
branching ratio of 0.65 [31] and leads to a strong fluores-
cence signal (the red colored fluorescence is in fact visible
to the naked eye). This detection scheme differs from earlier
measurements which detected the 7d3,, — 6p3/» fluorescence
[23] or the 7py — 6512 fluorescence [24-27] from the cas-
caded 7d3;» — Tpy — 6512 decay path, both of which have
lower branching ratios. Detection of the 7py — 65y, decay
has the additional disadvantage that the emitted light can be
reabsorbed by the ground state Cs atoms already present in
the Cs vapor cell. Our detection scheme based on the 7d3,, —

042811-2



HIGH-PRECISION MEASUREMENT OF THE HYPERFINE ...

PHYSICAL REVIEW A 106, 042811 (2022)

6p1/2 decay avoids the reabsorption issue and enables mea-
surement with higher SNR.

A schematic diagram of the optical layout is shown
in Fig. 1(b). The experiments are performed using Pyrex
glass cells filled with cesium (manufactured by Precision
Glassblowing). These Cs vapor cells are typically heated to
~135°C and enclosed in two layers of p-metal shielding
which can be degaussed in situ to reduce the stray magnetic
field to the level of ~2mG. The laser system consists of
a commercial external cavity diode laser (ECDL) and a ta-
pered amplifier (TA) in the master oscillator power amplifier
(MOPA) configuration, followed by a 60-dB optical isolator
and a fiber-coupled output. The laser beam has a Gaussian
profile with a 1/¢? diameter of ~1.55 mm. The laser beam is
split into two parts—one part (beam 1) is used for frequency
stabilization of the laser while the other part (beam 2) is used
for the measurement of HFS. Beam 1 is sent through AOM-1
in double-pass configuration which shifts the frequency of
the beam by 2x106.5 MHz (this frequency is kept fixed for
all the measurements). The beam is then focused into a Cs
vapor cell (Cs cell 1) and retroreflected back. The fluorescence
is collected from the side using a lens, passed through a
700-nm short-pass (SP) filter and detected on an avalanche
photodiode (APD). This fluorescence signal is used to provide
feedback to the ECDL to keep the laser on resonance with
the 6S1/2 F=3) —> 7d3/2 (F' =4) or the 6S1/2(F =4) >
7d3,2(F' = 4) transition depending on whether beam 2 is set
to record the 6s1,,(F = 3) — 7d3;» (F' =2, 3, 4, 5) or the
6512(F =4) — Td3,(F' =2, 3, 4, 5) spectra, respectively.
Beam 2 is sent through the second Cs vapor cell (Cs cell
2) following a similar arrangement. However, there are some
additional features to enable tuning of the frequency of beam
2 without changing its direction and power inside Cs cell 2.
The double-pass-through AOM-2 is carefully implemented in
the cat’s eye configuration [32] to ensure that the direction
of the beam does not change as the frequency of AOM-2 is
tuned. Additionally, a small fraction of the double-passed light
is picked up using a quartz beam sampler (BS) and detected
using a silicon photodiode (PD). The PD signal is fed to an
intensity stabilization circuit which controls, via a voltage
controlled attenuator, the power of the radio-frequency (rf)
signal supplied to AOM-2. This keeps the power of beam 2
constant (within 0.2%) as the frequency of AOM-2 is tuned.
The frequency of AOM-2 is tuned by scanning the frequency
of the rf signal generator (Stanford Research Systems SG386)
which provides a nearly perfect linear frequency scan with
sub-Hz frequency resolution. The deviations from a perfectly
linear scan contribute significantly less than 5 kHz to the
errors in the measured HFS. We scan the rf frequency by 36
MHz centered around 108 MHz, which results in the beam
2 frequency being scanned by 72 MHz. Since the laser ex-
cites a two-photon transition, the net frequency scan is 144
MHz which is sufficient to tune across the entire 7d3/, state
hyperfine levels spanning ~88.2 MHz. We keep the scan rate
low (1 Hz) to avoid any adverse effects that might arise from
the bandwidth of the detection system. The beam is weakly
focused with a plano-convex lens of focal length 20 cm. We
estimate the 1/e¢? beam radius (r) at the focus to be 63 +
3 um and the Rayleigh range to be 16 mm. The beam is
linearly polarized using a polarization beam splitter (PBS) of
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FIG. 2. Examples of Doppler-free two-photon spectra measured
for (a) the 651/, (F =3) — Tds,, (F' =2, 3, 4, 5) transitions and
(b) the 651y (F =4) — Tds, (F' =2, 3, 4, 5) transitions. The yel-
low line shows the fit to a combination of four independent Voigt
profiles and the residuals (blue dots) show the difference between
the data points and the fitted function.

extinction ratio 1000:1 to avoid any systematic effects arising
from optical pumping [in control experiments performed with
circularly polarized light (and magnetic field of ~20 mG) that
maximizes optical pumping, we observed shifts of around 12
kHz in the HFS compared to linearly polarized light]. The
fluorescence is collected from a few-mm region near the focus
using a lens system, passed through a 670-nm bandpass (BP)
filter, and detected on a photomultiplier tube (PMT). The PMT
current is amplified using a low noise current preamplifier and
recorded on an oscilloscope. Simultaneously recorded on the
oscilloscope are the PD signal and a reference voltage which
is linearly proportional to the frequency supplied by the rf
signal generator. The data are recorded on the oscilloscope
using one of the three modes: single scan, average of 4 scans,
and average of 16 scans.

II1. RESULTS AND ANALYSIS

The Cs atoms in the vapor cell are equally populated in the
6512 (F = 3) and the 65y, (F = 4) states. We record the HFS
spectra of the 7d3,, by exciting atoms from either of the two
states. In Figs. 2(a) and 2(b) we show the representative spec-
tra recorded from Cs cell 2 when the laser beam 2 frequency is
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FIG. 3. The full set of data for laser power of 231 mW showing the reproducibility of the hyperfine splitting between consecu-
tive F’ levels measured over several months for (a) the 651/, (F = 3) — 7ds» (F' =2, 3, 4, 5) transitions and (b) the 65, (F =4) —
7d3,, (F' =2, 3, 4, 5) transitions. Each data point (circle) is an average of seven measurements and the error bars represent the standard
deviation. The open circles, lightly filled circles, and dark filled circles represent the data recorded using different modes of the oscilloscope,
viz., single scan, average of 4 scans, and average of 16 scans, respectively. In each panel, the mean of the full data set is shown on the extreme
right with a square symbol, with the error bar representing the standard deviation of the means.

scanned across the 651y (F =3) = Tdsp (F' =2, 3, 4, 5)
and the 651/, (F =4) — Td3, (F' =2, 3, 4, 5) transitions,
respectively. Superimposed on each figure is a fit of the spec-
trum to a combination of four independent Voigt profiles from
which we determine the line centers of the individual peaks,
the Lorentzian widths, the Gaussian widths, and the peak
heights, all of which were allowed to be unconstrained fitting
parameters. We did not need to add a Doppler background
in the fit, but added an offset as a fitting parameter which
turned out to be small (~0.01 V). We also show the residuals,
i.e., the difference between the data and the fitted function.
Within +200 kHz of the line centers, the root mean square
residual is typically ~1% of the peak height. We note that
fitting instead to a combination of four Lorentzian functions
did not significantly alter the determination of the line center
but the fit residuals at the wings of the peaks were slightly
higher (specifically, the values of the fitted curve were slightly
higher than the experimental data at the wings of the peaks).
We therefore use the Voigt profile in our analysis. We repeated
the measurements over several months collecting sets of data
at different laser powers and different temperatures ranging
from 50°C to 175°C. Our analysis of HFS includes more
than 2500 individual scans. Most of the data are collected at a
temperature of 135 °C where the signal is strong and does not
suffer from systematic effects (see below).

In Figs. 3(a) and 3(b) we plot the measured HFS obtained
from a set of spectra similar to those shown in Figs. 2(a) and
2(b), respectively. The laser power was 231 mW (measured
at the input of the Cs cell 2) and the Cs cell 2 temperature
was 135 °C for this set of data. We determine the HFS with
a statistical uncertainty of ~8kHz on the average (obtained
from the scatter in the data set shown in Fig. 3) and re-
port them in Table I along with a comparison with earlier
reports.

We find a large statistically significant (> 5¢) differ-
ence of 66 kHz in the HFS between the 7d3/, (F’ = 2) and
7d3;: (F = 3) levels depending on whether the atoms are
excited from the 651/, (FF = 3) or the 65> (FF = 4) level. The
systematic effects (ac Stark shift, collisional shift, Zeeman
shift, etc.) discussed below cannot account for this difference.
The origin of this difference is unexplained at the moment and
it will be interesting to probe this hyperfine-state-dependent
effect further [19,20]. While determining the hyperfine con-
stants A and B (discussed in the next section), we find a
significant improvement in the global fit when the F =4 —
F’' =2 transition is excluded from the fit, suggesting that
this transition is shifted from the expected position. We will
therefore put lower emphasis on this transition in our analysis,
although all measured data will be presented for complete-
ness.

Similar sets of data were collected at other values of laser
powers and Cs cell 2 temperatures. We first consider the data
set for different values of laser powers at a fixed value of the
Cs cell 2 temperature (135 °C). In Figs. 4(a) and 4(b), we
plot the peak height of the individual F’ levels as a function
of the square of the laser power (P) measured at the input
of the Cs cell, along with a fit of the data to a quadratic
function of P. The good quality of the fit over an 8 x change
in P (i.e., 64x change in P?) verifies the two-photon nature
of the 651/, — 7ds;, transition and attests that the data at
different values of laser power are consistent with one another.
In Figs. 4(c) and 4(d), we plot the line center of the individual
F’ levels as a function of the laser power along with a fit of the
data to a linear function of P. We find that the slopes for all
the F’ levels in Figs. 4(c) and 4(d) are essentially the same and
have an average value of s = —1.18(4) MHz/W. We conclude
that, while the individual F’ levels shift with laser power, their
relative spacing and thus the HFS remain unchanged at the
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TABLE I. The hyperfine splitting (in MHz) measured in this work and a comparison with earlier reports.

This work This work This work?® Stalnaker Kumar Kortyna Lee Wang
Hyperfine splitting F=3 F =4 using A, B, C Ref. [24]° Ref. [25] Ref. [23] Ref. [26] Ref. [27]¢
F'=5«<F =4 36.725(6) 36.734(6) 36.725 36.80(14) 36.93(8) 37.0(2) 37.28(25) 36.85
F'=5<F =3 66.140(9) 66.175(7) 66.140 66.40(15) 66.30(8) 66.2(3)¢ 67.49(43)¢ 66.55¢
F'=5«<F =2 88.222(12) 88.191(7) 88.222 88.68(19) 88.59(11) 88.4(3)¢ 90.50(32)¢ 88.88¢
FF=4«<F =3 29.416(6) 29.441(4) 29.415 29.60(8) 29.59(8) 29.2(2) 30.21(35) 29.70
F =4« F =2 51.497(9) 51.457(6) 51.497 51.88(19) 51.79(9) 51.43)¢ 53.22(40)¢ 52.03¢
F'=3«F =2 22.082(7) 22.016(5) 22.082 22.29(12) 22.49(15) 22.2(2) 23.01(20) 22.33

*These values are calculated from the values of A, B, and C determined in this work (reported in the second column of Table II).
These values are obtained from the values of A and B reported in Ref. [24].

“The reported estimated uncertainty in these measurements is ~0.25 MHz.

dThese values are deduced by adding the experimentally reported HFS between consecutive levels.

our level of precision (see Supplemental Material [30] for
plots). The systematic effect arising from the ac Stark shift
contributes less than 3 kHz to the determination of HFS.

We also measured the HFS without the focusing lenses
in front of the Cs cell 2 and the HFS were consistent with
those reported in Table I. This indicates that errors from beam
alignment or displacement are smaller than our measurement
precision. We analyzed the Lorentzian part of the linewidths
of the individual F’ levels at all five laser powers and found
that there is no statistically significant difference between
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FIG. 4. (a), (b) The peak fluorescence signal plotted against the
square of the laser power (P) measured at the input of the Cs cell.
The lines are fits to a quadratic function of P. (¢), (d) Shift in the peak
position (relative to the data taken at 231 mW) plotted against P. The
lines are fits to a linear function of P. The panels on the left and right
correspond to excitation from the 65y, (F = 3) and 65, (F = 4)
states, respectively.

different F”’ levels or different laser powers; i.e., power broad-
ening is insignificant.

The measurement and characterization of the ac Stark shift
is important for any optical clock based on the 6s1,, — 7d3»
two-photon transition. We therefore determine the ac Stark
shift of the 6s12 — 7d3/, transition per unit intensity at
767.8 nm, i.e., in system-independent Hz/ (W/cmz) units. To
do this, we calculate the peak intensity at the focus of the lens
by considering the measured 86% transmission through each
end of the Cs vapor cell (leading to the total bidirectional laser
power of 1.5P inside the cell) and the 1/e? beam radius r =
63 £ 3 um. Combining this with s = —1.18(4) MHz/W, we
determine the ac Stark shift to be —49 & 5Hz/(W /cm?). To
compare this with theoretical results, we perform calculations
of the polarizability («) and the ac Stark shift as outlined in
Refs. [33,34], using the relevant cesium matrix elements from
Ref. [31]. The matrix elements and some additional details
are provided in the Supplemental Material [30]. The polariz-
ability o(6sy/2) of the 65/, state at 767.8 nm is determined
almost entirely by the contributions from the 6s1,, — 6p1,2
and 6s1/2 — 6p3/; transitions. In the case of the polarizability
a(7ds),) of the 7d3, state at 767.8 nm, the major contribu-
tion by far is from the 7d3,, — 55/, transition, followed by
the 7d3;, — 8p12 and the 7d3;, — 4fs), transitions. Strong
cancellation of contributions from the 7d3;, — 6p;/, and the
7d3;» — Tpij, transitions is noted. In Fig. 5 we plot the cal-
culated differential polarizability Aa[= a(7d3/2) — a(651/2)]
of the 651/, — 7d3, transition as a function of the laser wave-
length. From the value of Aa(= 1152a.u.) at 767.8 nm, we
determine the ac Stark shift per unit intensity (= — A« /2ce€ph)
to be —54Hz/(W/cm?). This is in agreement with the
experiment.

In order to systematically study the effect of atomic
collisions on the HFS, we recorded spectra at different temper-
atures ranging from 50 °C to 175 °C while keeping the laser
power fixed at 231 mW. We determined the line center and
linewidth from a fit to a Voigt profile as discussed above. We
find that the line centers of the individual F’ levels shift with
temperature [(Figs. 6(a) and 6(b)]. However, the frequency
shift is equal for all the F’ levels such that the HFS remains
independent of the temperature. We convert the temperature
(T) to the Cs vapor pressure p using the expression [35]:
logiop = 2.881 + 4.165—3830/T and fit the frequency shift
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FIG. 5. The calculated differential polarizability [in atomic units
(a.u.)] of the 651/, — 7dj3, transition plotted as a function of the laser
wavelength. The dashed line indicates the wavelength (767.8 nm) at
which the ac Stark shift is measured experimentally.

vs p data to a linear function [Figs. 6(c) and 6(d)]. We obtain
the average pressure induced frequency shift to be —32.6 +
2.0 kHz/mTorr. While not of direct relevance in the measure-
ment of HFS, this pressure induced frequency shift needs to
be accounted for in any optical frequency standard based on
the Cs 651/, — 7d3, transition.

From the fit to Voigt profile, we extracted the Lorentzian
part of the linewidths of the individual F’ levels and plot the

J
K 3K(K+ 1) —-4Id+1)JUJ+1)

Er =A— +B
r=Ay T 8121 — 1H)J(2J — 1)

full width at half maxima (FWHM) vs p in Figs. 6(e) and 6(f)
along with a linear fit to the data. We find that the FWHM
is the same, to within experimental uncertainty, for all the
F’ levels. The measured linewidth of the 651/, (F =3) —
7ds3, (F’ = 2) transition is somewhat lower than others but
this may be an artifact arising from the low SNR for this
line. The FWHM increases linearly with vapor pressure with
an average slope of ~99(6) kHz/mTorr and a zero-pressure
intercept of ~2.04(3) MHz which is slightly higher than
the natural linewidth (~1.7 MHz) of the 7d;,, state [36].
The Gaussian part of the linewidth [~2.2(1) MHz] does not
change significantly with temperature. [The curious reader
may note that on fitting the spectra to Lorentzian functions
(instead of Voigt profiles) and repeating the procedure, we
find a zero-pressure intercept of ~3.2(1) MHz]. The slightly
higher value of the measured linewidth [~2.04(3) MHz] is
attributed to the combined effects of the laser linewidth (<100
kHz), transit time broadening, and residual Doppler broaden-
ing arising from misalignment of the laser beams. We find
that the primary source of broadening at high temperatures is
collisional broadening.

IV. HYPERFINE COUPLING CONSTANTS

At the level of first order perturbation theory, the hyperfine
interaction energy of a hyperfine level F is given by [10,35,37]

+C5K2(K/4+ D+KII+D)+JJ+D+3 =3I+ 1DHJJ+D]=-5II+1)JJ+1)

Id-1D2I-1)JJ -1)2J-1)

where K =F(F +1)—I0+1)—JJ+1)and J, I, F are
the electronic, nuclear, and total angular momentum, respec-
tively. We obtain the values of A, B, and C by using the
measured values of HFS as inputs to the left-hand side of the
following set of equations:

Es—E,=5A+ 3B+ 2c, 1)
Es—E;=9A+ 3B - %, )
Es—E, =124 - 2B+ ¥, (3)
E,—E3=4A- 2B - %C, 4)

E,—E,=7A—B, ®)
E;—E;=3A- 3B+ %cC. (6)

As a first approximation, we drop the terms involving C
and obtain the values of A and B from a global fit to all the
equations and using the HFS measured from the F =3 — F’
transitions (column 2 of Table I). We obtain A = 7.350 88 [51]
MHz and B = —0.0412 [49] MHz. The numbers in square
brackets represent the fitting errors in the last two significant
digits. These values do not change appreciably if we exclude

(

the last equation involving the 2<>3 HFS or all three equations
involving the F/ = 2 level, i.e., 2<>3, 2<>4, and 2<>5 HFS,
although the F = 3 — F’ = 2 line has the lowest SNR (see
Supplemental Material [30]). The values also do not change
much if the terms involving C are included in the global fit.
The values of A, B, and C obtained by global fitting to all
the HFS measured for excitation from the 6s;,, (F' = 3) are
reported in the second column of Table II. These values of
A, B, and C reproduce each of the measured HFS within the
experimental uncertainty.

If we instead use the data from the F =4 — F’ transi-
tions, and perform a global fit to all the equations (dropping
the terms involving C), we get A = 7.351 07 [37] MHz and
B = +0.0036 [39] MHz. Further, on excluding the last equa-
tion involving the 2<>3 HFS, we get A = 7.35123 [37] MHz
and B = —0.0148 [45] MHz, which are significantly differ-
ent. Notice especially the change in sign of B. The value of
B changes even further to B = —0.0628 [71] on excluding
all three equations involving the F’ = 2 level. On averag-
ing the HFS measured for excitation from the 65/, (F = 3)
and 65/, (F = 4) states and performing a global fit global
fit to all the equations, we get A = 7.35055 [79] MHz and
B = —0.0311 [70] MHz, which are more consistent with
the data for excitation from the 65y, (FF = 3) state. See the
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FIG. 6. (a,b) Shift in the peak position plotted against the tem-
perature of Cs vapor cell 2. (c,d) Shift in the peak position plotted
against the pressure of Cs vapor cell 2. The peak position at 135° C
(= 4.5mTorr) is taken as the reference point. (e,f) The Lorentzian
part of the linewidth plotted against the pressure of Cs vapor cell
2. The lines in (c—f) are linear fits to the data. The panels on the
left and right correspond to excitation from the 6s;,, (F = 3) and
651, (FF = 4) states, respectively.

Supplemental Material [30] for details. Together, these sug-
gest that the F’ = 2 level is shifted from its expected position
when atoms are excited from the 6sy,, (FF =4) state. The
reason for this is as yet unknown.

We therefore recommend the HFS measured for excitation
from the 651/, (F = 3) state to determine the values of A, B,
and C. We note that the derived value of C is very sensitive to

the measured value of HFS. Since the fitting errors may un-
derestimate the uncertainties, we impose a stricter condition.
We change one of the coupling constants (say, A) keeping
the other (say, B, C) fixed at the reported value and note
the maximum change that still reproduces all the measured
HFS within their measurement uncertainties. The uncertainty
obtained using this procedure is reported within parentheses in
the second column of Table II. To assess the goodness of the
fits, we note that the reported value of A with its uncertainty
encompasses the range of values of A obtained by fitting the
F =3 data or the average of F =3 and F = 4 data under
various constraint conditions discussed in the Supplemental
Material [30]. The values of A and B that we report represent
at least an order of magnitude improvement in precision over
any of the earlier reports. The value of B that we report is
negative and differs from zero by ~50 (o being the reported
uncertainty). This represents a significant improvement over
earlier reports, which did not differ significantly from zero.
We also obtain bounds on the magnitude of C that puts con-
straints on the magnitude of the nuclear magnetic octupole
moment (2) in '3*Cs [37]. We note that including a small (of
the order ~1kHz [38]) contribution E;z) from second order
perturbation theory may enable a more precise determination
of C and hence the value of 2 [39,40]. Such detailed calcula-
tions are beyond the scope of this work.

V. CONCLUSION

We report the most precise measurement of HFS for the
Td3), state of Cs. Our statistical uncertainty in the HFS
measurement is typically around 8 kHz. We find that the sys-
tematic errors from the ac Stark shift and the collisional shift
are significantly smaller than the statistical uncertainty in our
measurement. The first order Doppler broadening is canceled
in the geometry used in the experiment and the second order
Doppler shift (v2/c?)f is small (~0.5 kHz) and its contribu-
tion to systematic errors is negligible. The only contribution
to systematic errors could come from the Zeeman effect due
to the remanent ~2 mG magnetic field in the shielded Cs cell
which could lead to a maximum systematic shift of ~8 kHz
for circularly polarized light. In our experiments, which are
performed with linearly polarized light, we found no mea-
surable difference in the HFS even when experiments were
conducted at higher magnetic fields of 15-20 mG. This im-
plies that systematic errors in HFS arising from the Zeeman
effect are also negligible at our level of precision. Adding
in quadrature all the systematic errors discussed above, we
find that the total systematic error is around 6 kHz which
is smaller than the average statistical error in our measure-
ments of HFS. We have therefore ignored the contribution

TABLE II. The hyperfine coupling constants determined in this work are reported in the second column. A comparison with earlier reports

is also provided.

Coupling Stalnaker Kumar Kortyna Lee Wang Theory Theory
constant This work Ref. [24] Ref. [25] Ref. [23] Ref. [26] Ref. [27] Ref. [16] Ref. [17]
A (MHz) 7.3509(9) 7.386(15) 7.38(1) 7.36(3) 7.36(7) 7.39(6) 7.48 7.88
B (MHz) —0.041(8) —0.18(16) —0.18(10) —0.1(2) —0.88(87) —0.19(18) — —

C (kHz) —0.027(530) - — - — — — —
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of systematic errors in determining A, B, and C reported in
Table II. Nevertheless, if we add the statistical and systematic
errors in quadrature for each of the measured HFS and carry
out the global fitting analysis using the HFS measured from
the F = 3 — F’ transitions (column 2 of Table I), we obtain
A =7.35087 [64] MHz and B = —0.0412 [66] MHz. These
global fitting errors are smaller than the errors reported in
Table II obtained using the more stringent condition described
in the previous section.

Our recommended values of A, B, and C are reported in
Table II. We anticipate that the values of A and B will not
chanée significantly (in terms of percentage) on the inclusion
of Ey; ) in the analysis, but the value of C might change. Our
work provides motivation for the precision calculations of E }2)
and C/2 for the 7d3, state and combine them with HFS split-
ting reported in Table I to extract the value of €2. This can be
used to verify the experimental results of Gerginov et al. [37]

where the measured 2 was found to be in disagreement with
that calculated from the nuclear shell model. Additionally, our
measurement of the ac Stark shift and the collisional shift
will provide valuable inputs for characterization of systematic
effects in any optical frequency standard based on the cesium
6s 2S1/2 — 7d >D5,> two-photon transition.

Note added in proof. We refer the interested readers to our
work on the Cs 7d2Ds /2 state [41] and a recent review paper
on hyperfine splitting of all the alkali atoms [42].
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