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Two-Photon Transitions of 85Rb 5𝐷5/2 State by Using an Optical Frequency
Comb and a Continuous-Wave Laser ∗
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A high-resolution two-photon spectrum of 5𝑆1/2 → 5𝑃3/2 → 5𝐷5/2 transitions in a thermal 85Rb vapor cell is
presented by using an optical frequency comb and a cw laser. The fluorescence of 6𝑃3/2 → 5𝑆1/2 spontaneous
emission is detected when the cw laser frequency is scanned from the 5𝑆1/2 ground state to 5𝑃3/2 hyperfine levels
and the optical frequency comb repetition rate is fixed. The hyperfine splittings (𝐹f = 2–5) of the 5𝐷5/2 excited
state are well resolved. The dependences of fluorescence intensities on the cw laser intensity and temperature of
85Rb vapor cell are studied, respectively. The experimental results are in good agreement with the theoretical
analyses.
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The two-photon Doppler-free spectroscopy is a
useful method in determining fundamental constants
of atoms and molecules, such as hyperfine structure
constants,[1] Rydberg constants[2,3] and proton charge
radius.[4,5] Optical frequency combs have been proven
to be an excellent tool for studies of precise atomic
and molecular spectroscopy and related constants.[6]

Researchers used optical frequency combs to measure
electron energy levels in atoms, to detect and con-
trol atomic energy level transitions in real time, to
precisely determine atomic transition frequencies, as
well as to investigate quantum coherence, atomic and
molecular dynamics.[7]

Jason et al. measured the absolute frequencies and
hyperfine coupling constants in 133Cs vapor.[8] The
ground state atoms were excited to the different hy-
perfine states by employing narrowband interference
filters in the exciting-lasers pathways.[9] However, the
narrowband interference filters attenuated the inten-
sity of the exciting laser. In this Letter, we report
a combined action of an optical frequency comb and
a cw laser, each of them drives one step of the two-
photon transitions of 5𝑆1/2 → 5𝑃3/2 → 5𝐷5/2 state in
the thermal 85Rb vapor cell. The cw laser plays a role
as a velocity-selective filter, instead of the traditional
narrowband interference filters.

There are numerous applications of two-photon
transitions of 5𝑆1/2 → 5𝐷5/2 in Rb atoms. Firstly,
the two-photon transitions of 5𝑆1/2 → 5𝐷5/2 can
be recommended as a secondary frequency reference
due to the long natural lifetime of the 5𝐷5/2 state
(about 240 ns).[10] Secondly, the 5𝑆1/2 → 5𝐷5/2 tran-

sitions are used to study the excitation transfer be-
tween the Rb 5𝐷 hyperfine structure states in collision
with ground-state atoms.[11] Finally, two-photon tran-
sitions are the important optical frequency standards
for telecommunication applications.[12]

In this experiment, a cw laser and an optical fre-
quency comb are used to excite the 5𝑆1/2 → 5𝑃3/2

transition at 780 nm and the 5𝑃3/2 → 5𝐷5/2 transi-
tion at 776 nm. The fluorescence from the 6𝑃3/2 state
to the 5𝑆1/2 ground state is obtained as a function of
the cw laser frequency while the repetition rate of the
optical frequency comb is fixed. We obtain a high-
resolution two-photon spectrum of 5𝑆1/2 → 5𝑃3/2 →
5𝐷5/2 transitions in a thermal 85Rb vapor cell. The
hyperfine splittings (𝐹f = 2–5) of the 5𝐷5/2 excited
state are well resolved. In addition, the fluorescence
intensity variations of 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 5)
and 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 4) transitions with
the vapor cell temperature and the cw laser intensity
are demonstrated and discussed, respectively.

The relevant hyperfine structure energy levels of
85Rb in this experiment are shown in Fig. 1(a). The
excitation pathway from the 5𝑆1/2 state to the 5𝐷5/2

state is via the 5𝑃3/2 state. The decay channel from
the 5𝐷5/2 state to the 5𝑆1/2 ground state is through
the 6𝑃3/2 state. The fluorescence is detected from the
6𝑃3/2 state to the 5𝑆1/2 ground state.

Figure 1(b) is the schematic diagram of the exper-
imental setup. A cw laser (DL PRO) with a linewidth
of ∼1 MHz is used to excite the 5𝑆1/2 → 5𝑃3/2 transi-
tion at 780 nm. It is split into two beams by a po-
larization beam splitter (PBS). One is used to ob-
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tain saturated absorption spectroscopy (SAS) as a
frequency reference. The other beam is focused into
the 85Rb vapor cell. A femtosecond optical frequency
comb (Menlo systems FC1500) is employed to excite
5𝑆1/2 → 5𝑃3/2 and 5𝑃3/2 → 5𝐷5/2 transitions. The
optical frequency comb is based on a mode-locked
Erbium fiber laser, which has a repetition rate of
∼250 MHz, a pulse width of <150 fs, and an offset
frequency is tuned to 20 MHz. The repetition rate of
the optical frequency comb is phase locked to a refer-
ence signal from a cesium atomic clock via a global
positioning system. In addition, the carrier-offset-
envelope frequency is phase locked to the same cesium
atomic clock by the well-known f–2f self-referencing
technique.
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Fig. 1. (a) Energy levels related to the 5𝑆1/2 → 5𝑃3/2 →
5𝐷5/2 two-photon transitions in 85Rb. The solid lines are
the excitation pathways, and the dashed lines represent
the decay channels. (b) Experimental setup. M: reflector;
PBS: polarizing beam splitter; SAS: saturated absorption
spectroscopy; F2: the filter in 780nm; F1: the filter in
420 nm; L1, L2, L3 and L4: optical lenses; PMT: photo-
multiplier tube; and PD: photodiode.

The average output power of the optical frequency
comb is ∼70 mW when its wavelength range covers
600–900 nm. The power of fs laser is ∼6.1 mW after
passing through the filter at 780 nm and the spot di-
ameter of the output laser is ∼100µm. To improve
the efficiency of the two-photon transitions, the beam
of cw laser must overlap with that of the optical fre-
quency comb in the center of 85Rb vapor cell. The cell
has a 100 mm length and a 25mm diameter. The cell
is wrapped in µ metal and aluminum foil to isolate the
external magnetic field and make thermal insulation,
respectively.

The fluorescence at 420 nm from the 6𝑃3/2 state to
the 5𝑆1/2 ground state is obtained as a function of the
cw laser frequency when the repetition rate and offset
frequency of the optical frequency comb are fixed. The
photomultiplier tube (PMT) (Hamamatsu, CR131) is
used to detect the fluorescence. To increase the fluo-
rescence collection efficiency and to remove stray light,
a lens group and a filter (center wavelength: 420 nm,
bandwidth: 10 nm) are placed in front of the PMT.
The signal from the PMT is recorded and analyzed
by a computer.

In this experiment, the cw laser excites the first

step 5𝑆1/2 → 5𝑃3/2 transition and the fs laser excites
the second step 5𝑃3/2 → 5𝐷5/2 transition. Fluores-
cence at 420 nm is emitted from the 6𝑃3/2 → 5𝑆1/2

spontaneous decay. The frequency of the optical fre-
quency comb 𝑓 is equal to 𝑓0 + 𝑛𝑓r, where 𝑓0 is the
offset frequency, 𝑓r is the pulse repetition rate, and 𝑛
is an integer of the order of 106. The cw laser fre-
quency is 𝜐. If 𝑥-axis is defined to be the propagation
direction of the beam and 𝑣𝑥 is the 𝑥 component of the
atomic velocity, |1⟩, |2⟩ and |3⟩ represent 5𝑆1/2, 5𝑃3/2

and 5𝐷5/2, respectively. The resonance condition for
the two-photon transitions is, according to Ref. [13],

𝜐|1⟩→|3⟩ = (𝑓0 + 𝑛𝑓r)(1− 𝑣𝑥/𝑐) + 𝜐(1 + 𝑣𝑥/𝑐). (1)

The maximum transition probability occurs when the
resonance condition for the two-photon transitions is
satisfied. Figure 2 shows the fluorescence intensity as
a function of the cw laser frequency. The cw laser
frequency is scanned over two Doppler-broadened
5𝑆1/2 → 5𝑃3/2 hyperfine transitions of 85Rb at 780 nm
while the repetition rate of the optical frequency comb
is fixed. The power of the fs laser and the cw laser
are ∼6.1 mW and 22.5 mW, respectively, before en-
tering the cell. In the middle of the cell, the beam
diameter of the fs laser and the cw laser are 100µm
and 300µm, respectively. The temperature of 85Rb
cell is ∼340 K. The upper curve in Fig. 2 is the satu-
rated absorption signal for 𝐷2 lines of 85Rb. It is used
to calibrate the cw laser frequency. The lower curve
is the fluorescence signal at 420 nm as a function of
the cw laser frequency. The interval of the fluores-
cence peak is 250 MHz, which is excited by different
modes of the frequency comb. When the fs laser rep-
etition period is shorter than the excited-state relax-
ation time, velocity-comb-like excited-state hyperfine
level populations are observed. This is a direct result
of the fs laser excitation considered in the frequency
domain.[14]
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Fig. 2. Fluorescence from 6𝑃3/2 to 5𝑆1/2 as a function of
the cw laser frequency for 𝐷2 Doppler lines of 85Rb. The
upper curve is the saturated absorption signal of 85Rb,
which is detected simultaneously.

The hyperfine structure of the 5𝐷5/2 state is stud-
ied by decreasing the scanning rate of the cw laser
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frequency. The high-resolution two-photon spectrum
of 85Rb is obtained. Figure 3(a) is the scanning sig-
nal of the cw laser frequency with a scanning rate
∼0.3 MHz/s, and Fig. 3(b) illustrates the two-photon
spectrum of 85Rb for 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 2–
5) as a function of the cw laser frequency. The fluo-
rescence signal of the 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 1)
transition is invisible due to the weaker signal ampli-
tude than the noise level. The hyperfine splittings of
the 5𝐷5/2 excited state are well resolved. The typi-
cal full width at half maximum (FWHM) of fluores-
cence resonances for 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f =
5) observed is ∼3.0 MHz. The value is larger than
the natural linewidth, due to the other broadening
mechanisms, such as residual Doppler broadening,
transit time broadening and laser power broaden-
ing. The relative intensity ratio of hyperfine tran-
sition for 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 2–5) is
∼0.60:1.00:2.15:3.40. The experimental results are
consistent with the theoretical results.[15]
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Fig. 3. (a) The scanning range of the cw laser fre-
quency. (b) Hyperfine two-photon spectrum of 85Rb for
the 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 2–5) transitions. The
fluorescence signal of 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 1)
transition is annihilated in noise.

The temperature dependence on the peak of flu-
orescence intensity is measured between 323–383 K.
The results are shown in Fig. 4(a) for the cw laser op-
erated at 30 mW and the fs laser operated at 6.1mW.
The square dots represent the experimental results
for the two-photon transition of 5𝑆1/2(𝐹g = 3)→
5𝐷5/2(𝐹f = 5), the circular dots denote the results
for the two-photon transition of 5𝑆1/2(𝐹g = 3)→
5𝐷5/2(𝐹f = 4). In Ref. [15], the profile dominated
by a spectral line is given by

𝐺(𝜔) ∝ 𝑒{−4 ln 2[(𝜔−𝜔0)
2/Δ𝜔2

Doppler]}, (2)

and the Doppler-broadened linewidth is
2𝜔0

𝑐

√︁
2𝑘B𝑇
𝑚 ln 2, where 𝑇 is the temperature of cell,

𝑚 is the atomic mass, and 𝑘B is Boltzmann’s con-
stant. The solid curve in Fig. 4(a) is a theoretical
simulation with the experimental parameters by us-

ing Eq. (2). The fluorescence signal intensity increases
in the temperature range of 323–370 K, then the signal
gradually approaches saturation as the temperature
is ∼370 K. At the higher temperature, the signal in-
tensity does not increase due to the self-absorption
of the 6𝑃3/2 → 5𝑆1/2 transition. The results are in
good agreement with Ref. [16]. The error is mainly
attributed to the systematic error of multiple mea-
surements.
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Fig. 4. (a) Fluorescence intensity as a function of tem-
perature of the 85Rb vapor cell. (b) Fluorescence inten-
sity as a function of the cw laser intensity. The square
dots represent the 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 5) tran-
sitions, and the circular dots represent the 5𝑆1/2 (𝐹g =
3)→ 5𝐷5/2(𝐹f = 4) transition.

The population of the final state in the steady-
state regime is obtained by solving the Bloch equation
for one specific cw laser frequency integrated over the
contribution of the whole velocity group within the
Doppler profile,[17]

𝜌
(𝐹,𝐹 ′,𝐹 ′′)
33 (𝛿) =

1

(0.36𝜋Δ𝜔2
Doppler)

1/2

·
∫︁ +∞

−∞
𝜌33(Δ, 𝛿)𝑒−Δ2/0.36Δ𝜔2

Doppler𝑑Δ.
(3)

The strength of transition is determined by the cor-
responding Rabi frequency. As we know, the Rabi
frequency equals to 𝜇𝐸/~, where 𝜇 is the electric-
dipole moment for transition in the direction of the
electric field. When the temperature of 85Rb vapor
cell is ∼340 K and the average power of the fs laser is
∼6.1 mW before entering the cell, the dependence of
fluorescence intensity on the cw laser intensity is stud-
ied. The results for 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 5)
and 5𝑆1/2(𝐹g = 3)→ 5𝐷5/2(𝐹f = 4) hyperfine transi-
tions are shown in Fig. 4(b). The fluorescence inten-
sity increases with the cw laser intensity varying from
4.0 mW to 22.5 mW. A threshold-like behavior is ob-
served along with the peak fluorescence intensity when
the cw laser intensity exceeds 22.5mW. The theoreti-
cal explanation can be performed by using the Bloch
equations for a three-level cascade system as above.

In conclusion, the two-photon 5𝑆1/2 → 5𝐷5/2

transitions have been studied by using the combined
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action of a cw laser and a femtosecond optical fre-
quency comb. The fluorescence signal of 5𝑆1/2(𝐹g =
3)→ 5𝐷5/2(𝐹f = 2–5) transition with the higher
signal-to-noise ratio is obtained. The dependences of
fluorescence intensity on the cw laser intensity and
temperature of 85Rb vapor cell are studied, respec-
tively. The agreement between the measured results
and the theoretical analyses is good. It is expected
that this two-photon transition is recommended as a
secondary frequency reference under the optimized ex-
perimental conditions.
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