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Abstract

Based on cesium 6S,,—6P;,—6Ds,, (852 nm+ 917 nm) ladder-type system, we simultaneously obtain the Doppler-free
saturated absorption spectroscopy (SAS) between the 6S,,, — 6P, transition and optical-optical double resonance (OODR)
spectroscopy between the 6P;,, — 6D, transition, when the frequency of 852 nm laser is scanned over the lower transition
while keeping the 917 nm laser resonant on the upper transition. The SAS as a frequency scale is used to measure the fre-
quency intervals of hyperfine splitting of the 6Ds,, excited state via the OODR spectra. With the measured values of hyperfine
splitting, the hyperfine coupling constants of the 6Ds/, state are determined as magnetic dipole A, =— 4.60 (5) MHz and
electric quadrupole B,,;=0.23 (47) MHz, which are consistent with previous results. A simple and self-calibration method
of measuring the unknown hyperfine structure of an excited state using its own known hyperfine splitting of another state is
demonstrated without the aid of any extra frequency calibration tools.

1 Introduction

The research on high-precision spectroscopy of atomic
hyperfine splitting is very important for understanding
the atomic structure, and testing the fundamental physical
constants and parity non-conservation [1-4]. In particular,
hyperfine structures of alkali-metal atoms have been a sub-
ject of much theoretical and experimental attention for their
simple energy level structure, as they are some hydrogen-
like atoms with only one valence electron in their outer-
most shells. Hyperfine structure of atoms resulting from
electron-nucleus interactions is sensitive to electron corre-
lation effects, relativistic effects, and nuclear structure and
so on [5, 6]. For the hyperfine structures of S and P states,
the theoretical results are in good agreement with the experi-
mental results [7, 8]. However, the theoretical predictions
of hyperfine structures of the D state remain a challenge
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because of complex electron cloud distribution and strong
correlation effects. Therefore, accurate measurement of the
D state is particularly important for testing the computa-
tional treatment of correlation and clarifying the inconsist-
ency between theoretical and experimental results [9, 10].
The hyperfine splitting frequency intervals of the D state
are often anomalously small and even inverted, so it is criti-
cal to obtain the spectra between excited states with narrow
linewidth and high signal-to-noise ratio for precise measure-
ment [1]. With a room-temperature atomic vapor cell, Dop-
pler-free two-photon spectroscopy [11-13], optical-optical
double-resonance (OODR) absorption spectroscopy by
the stepwise excitation process [14—16], double-resonance
optical pumping (DROP) spectroscopy [17-22], and electro-
magnetically induced transparency (EIT) spectroscopy [23,
241, and two-color polarization spectroscopy [25-28] in a
ladder-type atomic system are popularly adopted to obtain
the information about the hyperfine splitting structure of D
state, which are then measured using some extra frequency
calibration tools such as an electro-optic phase modulator
(EOM) [11, 14, 22], an acousto-optic modulator (AOM) [12,
21], frequency comb [13, 15, 16, 18], Fabry—Perot cavity
[19, 20] and so on, and further people use these measured
values to determine the magnetic dipole coupling constant
(A, and electric quadrupole coupling constant (B,). To
obtain high-resolution excited state spectra, Georgiades et al.
measured the hyperfine coupling constants A, and B, of
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133¢s 6D, excited state using the two-photon spectroscopy
in a magneto-optical trap for the almost-Doppler-free envi-
ronment [29]. Fort et al. also measured the hyperfine split-
ting of excited states 8S,,,, 6D5,, and 6D/, of 1**Cs with
OODR spectroscopy in trapped cesium atoms [30].

In this work, based on a ladder-type atomic system, we
develop an experimental technique of dual-excited state
spectroscopy, and demonstrate a simple and robust method
for measuring the hyperfine structure of higher excited state
using the known hyperfine frequency intervals of intermedi-
ate excited state instead of some extra frequency calibration
devices, and giving the hyperfine coupling constants A, and
By, of the higher excited state.

2 Theory and experimental setup

The hyperfine splitting structure is generally derived from
the interaction of the nuclear magnetic dipole moment with
the magnetic flux density created by electrons, and the inter-
action of the electric quadrupole moment with the gradient
of the electric field at the nucleus. The frequency interval
of adjacent hyperfine levels due to the nuclear spin is given
by [14, 22]:

F F2—1(1+1)—J(J+1)+§]

AE, (F - F—1) = A F + By 121 - 1)J(2J - 1)

ey
where I and J are the quantum numbers for the nuclear spin
angular momentum and the total electronic angular momen-
tum, and F=1+J is the total angular momentum quantum
number of atoms. A, and B, are the magnetic dipole and
electric quadrupole coupling constants, respectively. Thus
Eq. (1) can be used to determine A and By through the
measured hyperfine intervals.

Figure 1 shows the relevant hyperfine energy levels of
the '33Cs 6S,,—6P;,—6Ds), transitions. For the '*3Cs,
I=7/2. The hyperfine splitting of the ground state 6S,,,
18 9192.631770 MHz, and has been used as the definition
of a second. The splitting intervals between the hyperfine
levels F’=2, 3, 4, 5 of the intermediate state 6P;;,, with
natural linewidth I';=5.2 MHz are 151.225, 201.287,
251.092 MHz, respectively [31, 32]. The higher excited state
6Ds,, with natural linewidth I",=3.1 MHz is splitted into six
hyperfine levels F’=1-6 [14, 29].

The schematic of experimental setup is depicted in Fig. 2.
A homemade 852 nm external cavity diode laser (ECDL)
with a typical linewidth ~800 kHz can be tuned to either
852.335 nm for the 6S,,, (F=3)—6P;, (F’ =2, 3, 4) transi-
tions, or 852.356 nm for the 6S,,, (F=4) — 6P;, (F’ =3, 4,
5) transitions. When the 852 nm laser frequency is scanned,
Doppler-free saturated absorption spectroscopy (SAS) with
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Fig.2 Experimental setup for the measurement of the hyperfine split-
ting structure of the 6Ds, state of '**Cs, and the saturated absorption
spectroscopy device is highlighted by a dotted box. (ECDL external
cavity diode laser, OI optical isolator, HWP half-wave plate, QWP
quarter-wave plate, PBS polarizing beam splitter, M mirror, PD pho-
todiode, Cs cell cesium vapor cell, SAS saturated absorption spectros-
copy, DM dichroic mirror, BD beam dump.)

a flat background is obtained as the difference between the
PD1 and PD2 voltages in the Cs cell 1 (a cube with 25 mm
edges), just for the convenience of building a precision fre-
quency scale by determining the exact position of SAS sig-
nals using multi-peak Lorentz fitting in our measurement
of the *3Cs 6D, hyperfine structure. The frequency scan-
ning 852 nm laser simultaneously acts as a pump laser, and
populates atoms into the intermediate state 6P, from the
ground state 6S,,,, while the 917 nm laser as probe laser
operated between the excited states 6P5,, and 6Ds, transition
line (no scanning), and an OODR spectrum in PD3 detector
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is obtained under the two-photon resonance condition. To
get a narrow linewidth and high-resolution OODR spectrum
taking advantage of the atomic coherence effect in a ladder-
type system [23, 24], the pump and probe laser beams are
counter-propagating in the Cs cell 2 at room temperature
via a dichroic mirror (DM). The Cs cell 2 with 10 cm long
has been wrapped with three layers of u-metal sheets to
reduce the influence of stray Earth’s magnetic field, and a
residual magnetic field is less than ~20 mG. The pump and
probe beams are about~ 1.6 mm in diameter, and their power
are~24 pW and ~ 16 pW, corresponding to Rabi frequencies
of ~3.1 MHz and ~ 2.2 MHz, respectively. The polarizations
of both beams in the Cell 2 are linear and parallel to each
other. Finally, the SAS between the 6S,,—6P;, transition
and OODR spectrum between the 6P;,—6D5,, transition
are simultaneously obtained. With the known hyperfine fre-
quency intervals of the 6P, state in SAS as a frequency
reference, the time axis of OODR spectrum recorded by a
digital oscilloscope is linearly translated into the frequency
axis for the measurement of the hyperfine structure of the
6D, excited state.

3 Results and discussion
3.1 Characteristic of traditional OODR spectroscopy

Figure 3 shows traditional OODR spectra when the fre-
quency of the 852 nm pump laser is locked one by one to the
three resonance peaks and two crossover (CO) peaks of the
SAS between 6S,, (F=4)— 6P;, transition, and the 917 nm
probe laser is scanned over the whole 6P;,, — 6Ds), transi-
tion. Horizontal x axis is calibrated by the known frequency
interval values of 6Ds,, state provided by Ref [11], and its
frequency detuning is relative to the 6P, (F’=5)— 6Ds,,
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Fig. 3 Traditional optical-optical double resonance (OODR) spectra
when the frequency of 852.3 nm pump laser is resonance on one of
the 6S,,, (F=4)— 6P;,, (F’ =3-5) hyperfine transitions, respectively

(F” =6) resonance in Fig. 3. Under the condition of
two-photon resonance considering the Doppler effect (
Apump + V/C*Dpump + Aprobe_V/c*vprobe = O’ Apump and Aprobe
are frequency detuning of pump laser and probe laser, v,
and v, are frequency of pump laser and probe laser, v is
the speed of atoms in the direction of the laser beams, c is
speed of light), these spectral signals from left to right corre-
spond in turn to the hyperfine transitions between the energy
levels F'-F”=5-6, 5-5, 4-5, 54, 4-4, 3-4, 4-3, 3-3, 3-2
as shown in Fig. 3. It is clear that the frequency intervals
of OODR spectra are insensitive to frequency changes of
the 852 nm pump laser: when pump laser resonates at dif-
ferent frequency positions between the 6S,,,(F=4)-6P;,,
transition, it only results in a shift of the OODR spectrum
as a whole and a change in the relative amplitude of these
signals, while maintaining the same frequency intervals. For
example, when the pump laser is resonant on the F-F’ =4-5
transition, more atoms with zero velocity in the direction of
pump laser beam are populated in the F* =5 hyperfine state,
so the signals for the F'—F’=5-6, 5-5, 5-4 transitions are
relatively bigger. Similarly, while the pump laser is tuned
to the side of the F-F’ =4-3 transition, the signals for the
F'-F”=3-4, 3-3, 3-2 will gradually grow big. The above
experimental results corroborate that the frequency intervals
in the OODR spectrum are immune to frequency drift of the
852 nm pump laser, it is advantageous for precise measure-
ment of the hyperfine structure of higher excited states 6Ds5,.
However, using the traditional OODR spectrum to measure
the hyperfine structure of the excited state, some extra fre-
quency calibration tools are required, such as EOM, AOM,
frequency comb, etc. [11-22].

3.2 Dual-excited state spectroscopy
and measurement of the hyperfine structure
of the higher excited state

The method for obtaining dual-excited state spectroscopy in
a ladder-type atomic system is as follows: First, we obtain
traditional OODR spectra (Fig. 3) by locking the 852 nm
pump laser to the one of hyperfine transitions between the
6S,/, and 6P,, states, while keeping 917 nm probe laser
scanning over the whole 6P;, — 6Ds/, transition; and then
decrease the scanning range of 917 nm laser to zero, and
keep the 917 nm laser resonant with one position between
the 6P5, — 6D5,, transition with the help of traditional
OODR spectra; finally, the 852 nm pump laser is scanned
over the 6S,,, — 6P, transition.

Obviously, the above approach is different from the tra-
ditional OODR technique [14, 16]: for the first time, we
adopt the completely inverse working mode of two lasers:
the 852 nm pump laser is scanned over the lower transi-
tion by a piezoelectric ceramic transducer (PZT) driving
the grating of ECDL with the ~20 Hz scanning frequency,
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while the 917 nm probe laser is resonant on the different
frequency position in the upper transition, the OODR spectra
with a completely flat background for characterizing hyper-
fine structure of the 6Ds,, excited state are also obtained in
detector PD3 under the condition of two-photon resonance
as shown in Fig. 4. Moreover, due to the frequency scanning
of the 852 nm pump laser, the SAS with linewidth of about
ten or twenty MHz for the 6S,,, (F=4) — 6P;, transition
is obtained as the differential signal between PD1 and PD2
detectors simultaneously, which can be as a frequency cali-
bration tool with the known hyperfine splitting frequency
intervals of the 6P5,, excited state as shown in Fig. 1 [31,
32], and its detuning is set to the 6S,,(F=4)— 6P;,(
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Fig.4 Dual-excited state spectroscopy of the 6Ds,, and 6P5, states.
The color lines 1-4 from top to bottom represent OODR spectra
when the frequency of 917 nm probe laser is resonant on the dif-
ferent frequency position between the 6P;,—6Ps, transition,
while the frequency of 852 nm pump laser is scanned over the 6S,,,
(F=4)— 6P;), transition. The SAS curve as a frequency reference
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Fig.5 Measurement of the hyperfine splitting structure for the excited
state 6Ds, of '33Cs when the frequency of 852.3 nm laser is scanned
over the 6S,,F=4—6P;, (a) and 6S,,F=3— 6P, (b) transitions,
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F’ =5) resonance transition in Fig. 4. When the frequency of
917 nm probe laser is tuned between the 6P;,—6D5), transi-
tion, it only causes an overall shift of the OODR spectrum
indicated by lines 1—4 from top to bottom, which is similar
to the Fig. 3, and also shows that the frequency intervals
of OODR spectra are insensitive to frequency drift of the
917 nm probe laser.

The higher excited state energy levels of an atom are,
the smaller their hyperfine splittings are, and so it is key
to fully distinguish hyperfine energy levels experimentally.
In a ladder-type atomic system, the linewidth of excited
state spectroscopy is usually more narrow when the pump
and probe laser beams are counter-propagating through the
atomic medium in a room-temperature vapor cell due to the
atomic coherence effect [23, 24]. Theoretically, the natural
linewidth for two-color excited state spectrum under the con-
dition of weak laser fields is given by [33]:

r=r,+ |5 %
=1, X, 1 2

where k, and k, are the wave vectors of the pump laser and
probe laser, respectively. Using the 1", =5.2 MHz natural
linewidth of the 6P5, state and the I",=3.1 MHz of the 6D,
state, Eq. (2) predicts the natural linewidth of the excited
state spectrum of ~3.67 MHz. In our experiment, all spectral
lines allowed by dipole selection rules between the excited
states 6P5,, and 6Ds;, in OODR spectrum are clearly dis-
tinguishable as shown in Fig. 5, and the narrowest spectral
linewidth is about ~4.0 MHz, which is much smaller than
that for co-propagating pump and probe laser beams in a
133Cg vapor cell [14]. Thus, it is convenient that four fre-
quency intervals of the hyperfine splitting for the 6D, state
can be simultaneously determined in a single measurement.
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respectively. The colored solid lines display multi-peak Lorentz fit-
ting while the red curve with noise displays the OODR spectrum, and
the black line at the bottom represents the SAS as a frequency ruler
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To minimize the influence of nonlinear frequency scan-
ning of a grating external cavity on measurement accuracy,
the frequency scanning range of the 852.3 nm pump laser
is reduced as much as possible, and only a complete set of
OODR spectra between the excited states 6P;, — 6D5,
transition can be obtained as shown in Fig. 5. When the
frequency of 852.3 nm pump laser is scanned over the
6S,,F=4— 6P;), transition, the known 125.546 MHz
frequency interval between the F=4 —F =3,4 and
F=4—>F =3,5 crossover resonance peaks of the SAS is
used to calibrate the horizontal axis of OODR spectrum
by the multi-peak Lorentz function fitting to determine the
exact position of SAS signals. Then we again use multi-peak
Lorentz curves to fit the OODR spectra to locate the central
position of each signal as shown in Fig. 5(a), and calculate
the frequency intervals between them. Finally, considering
the influence of wavelength mismatch between the pump
and probe laser in a ladder-type atomic system, these val-
ues of frequency intervals are multiplied by a k,/k, factor
to get the hyperfine intervals between the F” =6-2 of the
6D, state. Due to the limitation of the transition selection
rule AMp= +1, to get the frequency interval between the
F?=2 and F”=1 of the 6Ds, state, the 852.3 nm laser is
again scanned over the 6S,,F=3 — 6P, transition, we use
the known 176.256 MHz frequency interval between the
F=3—>F =23 and F=3—F’ =3,4 crossover resonance
peaks of the SAS to calibrate the horizontal axis of OODR
spectrum in Fig. 5(b). Each hyperfine splitting interval of
the 6Dy, state is averaged over 30—40 individual spectra,
and their histograms at bin size 0.3—0.4 MHz of the hyper-
fine splitting values with corresponding normal distribution
curves are shown in Fig. 6. Table 1 shows good agreement
between our measured hyperfine splitting intervals of the
6D, state and that of previous literatures [11, 13, 14, 30].

For any one measurement, measuring accuracy mainly
depends on two factors: one is the clearness of the measured
object, and another is the precision of measurement tools. In
our experiment, the OODR spectra as the measured object
should be enough in narrow linewidth. high resolution and
high signal-to-noise ratio; although the linewidth of SAS as
a frequency calibration is somewhat broad, by the process-
ing of the same experimental data repeatedly, the statistical
error in determining the exact position of SAS and OODR
spectral lines by multi-peak Lorentz fitting is < ~0.10 MHz.

Another possible error comes from the light shift, which
is proportional to the laser intensity. In our experiment,
Autler-Townes splitting of hyperfine components is eas-
ily observed in the OODR spectrum when the intensity of
852.3 nm pump laser increases. But in measurement, the
power of the 852.3 nm pump laser is low enough based on
the fact that the linewidth of obtained OODR spectrum is
very narrow and close to the theoretical prediction value [14,
33]. Furthermore, the polarizations of the pump and probe
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Fig.6 Histograms of hyperfine splitting values with corresponding
normal distribution curves for the excited state 6D, of 1**Cs

beams are linear utilizing PBS cubes with an extinction ratio
of > 1000:1, which has little effect on the center of OODR
spectral signals [12]. So the influence of the light shift as a
systematic error is negligible. In addition, the Zeeman shift
due to the residual magnetic field is estimated to be less
than ~0.04 MHz, which is also negligible. The other source
of systematic error, such as pressure (collisional) shift for a
room-temperature vapor cell, and pulling effect due to spec-
tral overlap from the neighboring transitions for our narrow-
linewidth OODR spectra, will be smaller [12].

At present, the experimental error in the measurement of
frequency intervals mainly results from the nonlinear fre-
quency scanning of our homemade 852.3 nm pump laser, a
high-quality PZT driving the grating of ECDL will further
improve the measuring accuracy of the hyperfine structure.

3.3 Determination of magnetic dipole and electric
quadrupole coupling constants

Using Eq. (1) and the above measured hyperfine splitting
values of the 6Dy, state (/=7/2 and J=5/2) as shown in
Table 1, a set of coupled linear equations are obtained:
6A,+ 18/35B,,,=-27.35 (67) MHz.
5A,+1/28B,,,=-23.01 (59) MHz.
4A,,- 8/35B,,;,=-18.39 (38) MHz.
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Table 1 Measured values of Hyperfine intervals of ~ Measured Ref. [11] Ref.[13]* Ref [14] Ref. [30]
hyperfine Sth“g l(g the excited the 6D, state (this work) (MHz) (MHz) (MHz) (MHz)
state 6Ds, for the *°Cs (MHz)

Fr=1-F=2 9.15(37) 8.97 (39) 9.23 94 (2) -
F’=2—F’=3 14.05 (56) 14.07 (36) 13.85 14.8 (2) -
F’=3->F'=4 18.39 (38) 18.57 (21) 18.49 18.5(2) -
F’=4—F’=5 23.01 (59) 22.40 ( 8) 23.15 23.1(2) 22.1(7)
F’=5->F'=6 27.35 (67) 27.93 (35) 27.82 27.5(1) 29.1 (5)
“Values of hyperfine splitting have been calculated from the reported A, and By, values
Table2 The ma}gnetic dipole State Reference Method Ay (MHz) B, (MHz)
(Aj) and electric quadrupole .
Byy) hyperfine coupling 13¢s 2022, This work Dual-excited state spectroscopy — 4.60 (5) 0.23 (47)
con?%mts of the 6D, state for 6D, (self-calibration)
the ™Cs 2021, Herd et al.l3! Two-photon spectroscopy — 4.629 (14) —0.10 (15)
+ frequency comb
2006, Kortyna et al.l!4! OODR +EOM —4.66 (4) 0.9 (8)
2005, Ohtsuka et al.l'!} Two-photon spectroscopy —4.56 (9) —0.35(18)
+EOM
1994, Georgiades Two-photon spectroscopy —4.69 (4) 0.18 (73)
et al.l?! in cold atoms + AOM
1975, Tai et al.l!! Cascade fluorescence —3.6(10) -

spectroscopy + decoupling

34,5~ 9/28B,,=-14.05 (56) MHz
24,5 — 2/ 1By = —9.15(37) MHz 3)

Applying the method of least squares, we determine the
magnetic dipole coupling constant A, and electric quadru-
pole coupling constant By, and propagate the uncertainties
through these formulas. The A, agrees well with previous
reports, as shown in Table 2. However, the consistency of
By, is poor in different literature due to its small influence
on the hyperfine splitting of 6Ds/, state by indicated Egs. (3),
which can be seen as the ratio of coefficients of B, and A,
ranges from 1/28: 5=0.7% to 2/7: 2=14%.

4 Conclusions

We have demonstrated a robust and self-calibration method
of measuring the unknown hyperfine structure of one excited
state using the known hyperfine splitting interval of another
excited state in a ladder-type atomic system. Based on the
133Cs 6S,,,—6P;,—6Ds, (852 nm+917 nm) system, we
have confirmed that the relative positions of these two-
color absorption signals in OODR spectra between the
6P;,, — 6Ds,, transition are immune to the frequency drift
of the 852 nm or 917 nm lasers in two different laser scan-
ning modes, which is beneficial for precise determination of
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the hyperfine splitting intervals of excited states. The OODR
spectrum with narrow linewidth using the atomic coherence
effect is obtained when adopting the counter-propagting
pump and probe laser beams in a room-temperature '>*Cs
vapor cell [27], this is helpful to fully distinguish the hyper-
fine splitting structure of higher excited states. Without any
extra frequency calibration tools, all five hyperfine split-
ting intervals of the 6Djs,, excited state are measured using
the Doppler-free SAS spectrum with the known hyperfine
splitting intervals of excited state 6P, as a frequency scale.
Hyperfine coupling constants of the 6Ds,, excited state are
theoretically calculated with our measured frequency inter-
vals: A, =-4.60 (5) MHz, B,;,=0.23 (47) MHz, agreeing
with the reported measurements [11, 13, 14, 29], and con-
firming the feasibility of our measuring approach, which can
also be used to explore the hyperfine structure of some other
higher excited states.
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