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A phase-stabilized femtosecond frequency comb is used to measure high-resolution spectra of two-photon transition

6281/2—62131/2,3/2—8281/2 in a cesium vapor. The broadband laser output from a femtosecond frequency comb is split

into counter-propagating parts, shaped in an original way, and focused into a room-temperature cesium vapor. We

obtain high-resolution two-photon spectroscopy by scanning the repetition rate of femtosecond frequency comb, and

through absolute frequency measurements.
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1. Introduction

A variety of techniques have been implemented
to eliminate Doppler effects in optical frequency mea-

These include sat-
1,2]

surements of atomic transitions.
urated absorption spectroscopy in vapor cells,!
magneto-optic traps,®! thermal atomic beams,!*5)
and two-photon spectroscopy in vapor cells.57) The
two-photon spectroscopy experiments in vapor cells
are not only easy to perform but also precise. The
resonantly enhanced Doppler-free two-photon high-
resolution precision spectroscopy in an atomic vapor
cell was first discussed and experimentally demon-
strated in Na by Bjorkholm and Liao.l%7 In previ-
ous measurements of two-photon transitions in Cs,
the final uncertainty was limited by such system-
atic effects and optical frequency measurement tech-
niques. In our experiments, we use a femtosecond
frequency comb to eliminate systematic effects and
improve frequency measurement. The development
of the femtosecond frequency comb has revolution-
ized precision spectroscopy and fundamental physics
owing to its ability to provide a precise and direct
link between microwave and optical frequencies.!8:)
Serving as a frequency counter or clockwork, an op-
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tical frequency comb can be used directly for spec-
troscopy, which is thus named direct frequency comb

spectroscopy (DFCS).[10

In particular, the spectrum
versatility provided by a modern frequency combs al-
lows simultaneous study of multiple atomic transitions
with a single experimental setup.

Precision measurement techniques have provided
us with new ways to test fundamental theories in
atomic physics. Measurements of nuclear structure
and tests of the fine structure constant as well as the
weak interaction are possible using accumulated infor-
mation about transition amplitudes and frequencies
obtained through precision measurements.''=14 Ce-
sium, being one of the most thoroughly studied heavy
atoms, is very suitable for these investigations, be-
cause the accuracy of atomic theory in this system is
on the order of 1%.1*% In this respect, measurements
of transition frequencies play a very important role be-
cause the experimental accuracy can be many orders
higher than that obtained through atomic structure
calculations.

In this work, we applied the DFCS to deter-
mine absolute atomic transition frequencies within the
comb bandwidth for two-photon processes. We used
an octave-spanning femtosecond comb for precision
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spectroscopy in cesium atomic vapor, and used a self-
referenced optical frequency comb to excite Doppler-
free two-photon transitions from the ground state to
825, s2 state in cesium. The center-of-gravity fre-
quency is measured to be 729009798.923(32) MHz,
which is consistent with previous measurements on
the 8281/2 state.1917] The technique of velocity-
selective two-photon excitation to measure the center-
of-gravity frequency for the 82S; /2 state proved to be
a robust method to effectively improve the measure-
ment accuracy of multiple transitions. The versatility
of the DFCS is demonstrated.

2. Experimental setup

Figure 1 shows an energy level diagram of the hy-
perfine levels involved in the 6281/2762131/273/278281/2
transitions in 33Cs atoms. We detect the two-photon
excitation as blue fluorescence emission as the atom
relaxes from the 72P1/273/2 state to the ground state.

The experimental setup is schematically shown in
Fig. 2. The sample of cesium atoms was prepared in a
cesium vapor cell at room temperature. We excite the
cascaded two-photon transition using a self-referenced
femtosecond frequency comb (Menlo systems: FC1500
optical frequency synthesizer). The wavelength range

preamp
filter

we used of the output spectrum extends from 300 to
1000 nm.
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Fig. 1. (colour online) (a) Energy levels of 133Cs (I=7/2).
Solid lines: excitation pathways; dashed lines: decay chan-
nels used in the detection. (b) Diagram of frequency comb.
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Fig. 2. (colour online) Experimental setup for two-photon transition in cesium atoms at room temperature in a

Cs vapor cell. BS denotes the non-polarizing beam splitter. Lj—Ls are convex Lens. D1 and D2 are diaphragms.

The optical frequency comb provides a pre-

cise and direct link between microwave and optical

frequencies.['2! The time-domain Fourier transform of

the frequency domain (see Fig. 1(b)) is expressed as

E(t) =) Eeny(t — nr)elleetmnwertnadtoo)

n

= ZEenv(t — nr)ellwettn(Ad—wer)+do) - (7)

n

where FEgny(t) is the envelope, w. is the carrier fre-
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quency, ¢q is the overall phase offset, and 7 is the
time between two adjacent pluses.
The inverse transform of Eq. (1) is given by

E(w) = /ZEenv(t - nT)ei[wct+"(A¢—wcr)+¢o]

X efiwtdt
= 3 clln(Ag—wer)+oo)

y / Eone(t — nr)eil@—otl g (2)

= /Eenv(t)eii‘m:dty
/f T — CL 71amdx _ eflaa/f 71amd$

= Zel[n(A¢ wer)+dolemin(w—we)T By — ;)

n

— ¢i%o Zei(nA¢7nwr)E(w o Wc)- (3)

n

In a femtosecond resonant cavity, the phase change is
an integer multiple of 27

A¢p — w,T = 2nm,

fo=200/21T, frep =1/7,

fn = fo+nfrep, (4)
where w, is the carrier frequency, and A¢ is the pulse-

Thus, the fre-
quency of each optical mode f,, can be related to two

to-pulse carrier envelope phase shift.

microwave frequencies: the carrier-envelope offset fre-
quency fo, and the laser repetition rate fr.,. The
parameter n is an integer mode number smaller than
5x108. The carrier-envelope-offset frequency is stabi-
lized by an f-to-2f interferometer, thus self referenc-
ing all modes of the comb. The offset frequency fy
was stabilized to 20 MHz. The repetition rate of the
femtosecond frequency comb is almost 250 MHz.

The broad band laser beam from the femtosec-
ond frequency comb was split by a 50%-50% non-
polarizing beam-splitting (BS) cube. The two output
laser beams were linearly polarized along the same
axis, overlapped with each other, and propagated in-
versely. The broadband laser beam was expanded by

P(6Sl/2F‘7 ’I’LNLJH FH)
1 LI,

two gratings (1400 lines), and the special wavelength
was chosen by a diaphragm and a spectrometer. The
counter-propagating beams were focused by lenses of
10-cm focal length to a size of about 200 um inside the
vapor cell. The Earth’s magnetic field was cancelled
by wrapping three layers of a p-metal sheet around
the Rb cell.[18:1]

Two-photon resonance signals were monitored by
measuring 72P1/273/276281/2 fluorescence at 459 nm
and 455 nm. The fluorescence collected by a convex
lens at a right angle to the counter-propagating beams
was detected by using a photomultiplier tube (PMT
CR131). The detector avoided background light and
chose the light from the excitation laser beams by a
450-nm filter with a 10-nm pass band. The detector
output was amplified and filtered (mini-circuits am-
plifier@500 MHz), and then sampled and recorded by
a computer. The femtosecond frequency comb con-
trolled the scan of the repetition rate by stepping the
frequency of the signal generator to which the rep-
etition rate was locked. Scan data were collected
by changing the frequency of signal generator from
249.990645 to 249.991045 MHz with a step of 1 Hz.
The repetition rate of 400 Hz results in a variation of
the two-photon frequency of 1-2 Hz.

3. Spectral theory

We can use the second-order time-dependent per-
turbation theory to analyze the two-photon transition
spectra. We start by considering the transition from
the ground state 623, /2 to an excited state with a to-
tal angular momentum F' in cesium atom with two
continuous-wave (cw) lasers with angular frequencies
w1 and wo, intensities I; and I, and wave vectors k;
and k. Here n refers to the principal quantum num-
ber of the excited state. We further assume that w;
is close to the resonant frequency for the 6S;,,—6P ;v
transition, where J' (= 1/2, 3/2) is the angular mo-
mentum quantum number. The transition probability
of the atom is given by!2

X 2P £ 1[w6S, ,F 0 — (w1 + K

V)—(w1+K1'V)]2+< 2

2
’yn// L]// )

<77,,/L91/F"M;7,~ |61 . d| GPJ/F/MI/;> <6PJ/F/MI/;~ ‘61 . d| 681/2FMF>

< D2

MF;MF” F/,MF//

(JJ6Sl/2F : 6P]/F/ -

(W1+K1'V)—i

~6D : ()
2
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where V is the velocity of the atom, Mp, M}, and M},
are the projections of the total angular momenta F,
F’, and F" along the axis of quantization, d is the elec-
tric dipole operator, e; (e3) is the unit vector along
the polarization direction for the first (second) laser
beam, ,,» Ly~ /2 is the homogeneous linewidth of the
state [nLy), and WnL,Fm/L', F' is the resonant angular
frequency of the transition |[nL;F) — |n'L, F'). We
calculated the excitation probabilities by numerically

integrating Eq. (5) over a Gaussian velocity distribu-
tion for optical modes in the near-resonant condition.
The calculated spectra agree quite well with the ex-
perimental spectra.

The resonant frequencies for a transition from the
ground state with total angular momentum F' to an
excited state with total angular momentum F” are
related to the center-of-gravity frequency and the hy-
perfine coupling constant[2!]

1 1
VGS1/2F:n”L”J”F” = ‘/GSI/QF:TL”L”J”F” — §A681/2k(F, J) + iAn”L”J”k(FNa JH)

3

SR, TV TR T =11+ 1) (J" 4 1)

3

+ B’n,” L{Il”

where k(F,J)=F(F+1)—I(I+1)—J(J+1). For
6S1/2,3/2 state of ¥3Cs I = 7/2. The repetition rate
at which the calculated resonances occur depends on
the center-of-gravity frequencies in the two stages of
the excitation and the hyperfine constants A and B
of the ground, intermediate, and final states. Spec-
tra were calculated with different values of the two-
photon center-of-gravity frequency and hyperfine cou-
pling constants of the final excited state.

4. Experimental observations and

discussion

Figure 3 shows the spectrum collected as the
repetition rate of the frequency comb was scanned
without use of gratings 1 and 2, convex lens Lj o,
and diaphragm D; 5 when all broadband lasers (300

21(21 — 1)J"(2J" — 1) , (6)

1000 nm) are working in two photon excitation.
Hence, the spectrum not only comes from the ex-
citation to 8S state but also from the excitations
to 9S, 7D, 10S, 8D, and 6D. The spectrum consists
of many narrow Doppler-free peaks and a Doppler-
broadened back ground. The narrow peaks are due to
the excitations to many states of a cesium atom via
two counter-propagating photons, while the Doppler-
broadened background is due to the excitations by two
co-propagating photons. The observed spectrum is
quite complicated because of numerous discrete fre-
quencies present in the comb, combined with the mul-
tiple atomic energy levels and accessible transition
pathways.

The spectrum is greatly simplified and the
Doppler background is eliminated by introducing grat-
ings 1 and 2, convex lens L 2, and diaphragm D o,
as shown in Fig. 2.

Fluorescence/arb. units

249.990645 249.990745

249.990845
frep/MHZ

249.990945 249.991045

Fig. 3. Fluorescence spectrum collected by scanning the repetition rate of the frequency comb without using

gratings 1 and 2, convex lens Lj 2, and diaphragm D1 2.
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The use of the expanded equipment of a broad-
band laser beam restricts the transitions and enables
the selection of individual excitation pathways. Figure
4 shows that the fluorescence of one of the two coun-
terpropagating laser beams is restricted between 850
and 855 nm and the other between 790 and 800 nm.
The first beam can only excite the 6281/2762P3/2 tran-
sition at 852 nm (the Dy transition of cesium) and the
second beam can only excite the 6°Py /58S, /5 tran-
sition at 795 nm . This technique uses a grating and a
diaphragm to eliminate the excitations to 9S, 7D, 108,
8D, and 6D states as well as the Doppler-broadened

background. Each spectral peak is the result of ex-
citation from a given ground-state hyperfine level to
a given excited-state hyperfine level, and individual
peaks in the group correspond to specific transition
pathways through every allowable hyperfine level of
the intermediate state. We cannot observe the tran-
sition from F' = 3 states to F' = 4 states because the
power of each mode of the broadband laser is lower.
Based on Eq. (4), the center-of-gravity frequency is
found to be 729009798.923(32) MHz, which is consis-
tent with previous measurements on the 85,5 state
(729009799.020(26) MHz).[16:17]
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Fig. 4. Fluorescence spectrum for 72P1/2’3/276281/2 when Cs atoms are excited from 6281/2 state to 8281/2

state.

The group of peaks are labeled by F—F" to denote the hyperfine ground states and hyperfine excited

states involved in the transition. The peaks of each ground state correspond to different hyperfine components

of the intermediate 62P3/2 state.
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Fig. 5. Fluorescence spectrum for 72P1/2’3/276281/2 when Cs atoms are excited from 6281/2 state to 8281/2

state. The group of peaks are labeled by F—F” to denote the hyperfine ground state and hyperfine excited states

involved in the transition. The peaks of each ground state correspond to different hyperfine components of the

intermediate 62P1/2 state.

Figure 5 shows that the fluorescence of one of
the counter-propagating laser beams is restricted be-
tween 890 and 900 nm, and the other between 750
and 770 nm. The first beam can only excite the
6281/2762131/2 transition at 895 nm (the D; transi-

tion of cesium), and the second beam can only excite
the 62P1/278281/2 transition at 761 nm. This tech-
nique uses a grating and a diaphragm to eliminate the
excitations to 95, 7D, 10S, 8D , and 6D states, as well
as the Doppler-broadened background. Each spectral
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peak is the result of excitation from a given ground-
state hyperfine level to a given excited-state hyperfine
level, and individual peaks in the group correspond to
specific transition pathways through every allowable
hyperfine level of the intermediate state. We cannot
find the transition from F' = 3 states to I’ = 4 states
because the power of each mode of broadband laser is
lower. By means of Eq. (4), the center-of-gravity fre-
quency is found to be 729009798.909(42) MHz, which
is consistent with previous measurements!*%7 for the
8S1 /2 state (729009799.020(26) MHz).

5. Conclusion

We

of cesium atoms

have obtained two-photon spectroscopy

in a cesium vapor cell at
room temperature by detecting fluorescence signal
of 7TP-6S from 6281/2762131/273/278281/2 excitation.
Our measured center-of-gravity transition frequency
(729009798.923(32) MHz) is in good agreement with
previous measurements, even with higher accuracy for
the 828, /2 state. In the measurement, the uncertainty
are limited mainly by signal-to-noise (SNR) ratio,??!
and ac stark shift factors.

The two-photon spectroscopy in the cesium va-
por cell at room temperature based on a femtosecond
frequency comb proves to be a robust method to effec-
tively improve the measurement sensitivity of atomic
energies and hyperfine constant A. We can carry out
further research using this technique, such as measure-
ments of 9S, 7D, 10S, 8D, and 6D of the cesium atom,
as well as energy levels of alkali atoms such as Rb, Li,
and Ca. In particular, the DFCS spectral versatility
provided by the femtosecond frequency comb allows
the simultaneous study of multiple atomic transitions

in only one experimental process.
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