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Abstract We introduce a method for determination of the
absolute frequencies of comb lines within an optical fre-
quency comb spectrum. The method utilizes the experimen-
tal and theoretical approach of the velocity-selective optical
pumping of the atomic ground state hyperfine levels induced
by resonant pulse-train excitation. The information on the
laser pulse repetition frequency and carrier—envelope offset
are physically mapped onto the 3’Rb ground state hyperfine
level population velocity distributions. Theoretical spectra
are calculated using an iterative analytic solution of the op-
tical Bloch equations describing the resonant pulse-train ex-
citation of four-level 8’Rb atoms. They are employed to fit
the measured spectra and obtain the parameters of the fre-
quency comb, thus providing a practical algorithm which
can be used in real-time measurements.

PACS 32.80.Qk - 42.50.Gy

1 Introduction

The introduction of mode-locked femtosecond (fs) lasers in
the field of optical frequency metrology offers immense res-
olution and precision and the highest accuracy for physical
measurement [1, 2]. Due to their wide-bandwidth optical
comb spectrum, today it is possible to transfer the stabil-
ity of the highest-quality optical frequency standards across
vast frequency gaps to other optical spectral regions or even
down to the rf domain [3].
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Femtosecond mode-locked lasers generate ultra-short
pulses by establishing a fixed phase relationship between
all the lasing longitudinal modes. The laser output is char-
acterized by a train of identical pulses, separated by a fixed
time interval. The corresponding frequency spectrum of a
mode-locked laser consists of a discrete, regularly spaced
series of sharp lines, known as the frequency comb [4, 5].
The optical frequencies v, of the comb lines can be written
as

Vn = nfrep + f0, (D

where 7 is a large integer of order 10° that indexes the comb
lines, frep is the laser repetition rate and f is the comb off-
set due to the pulse-to-pulse phase shift. This strictly regular
arrangement of the comb modes across the frequency comb
[6-9] with every line stable at or below the 1-Hz level is the
most important feature used for optical frequency measure-
ment and stable frequency synthesizer for both rf and optical
spectral domains.

As seen in (1), determining the absolute optical frequen-
cies of the frequency comb requires two rf frequencies, i.e.
frep and fo. While fie, may be simply measured by a fast
photodiode anywhere in the output beam of the fs laser, the
comb offset fj is not determined that simply unless one has
an octave-spanning frequency comb. In that case the high-
est frequencies of the frequency comb are a factor of two
larger than the lowest frequencies. If one uses a second-
harmonic crystal to frequency double a comb line from the
low-frequency portion of the spectrum, it will have approx-
imately the same frequency as the comb line on the high-
frequency side of the spectrum. Measuring the heterodyne
beat between these two yields a difference frequency which
is equal to the offset frequency fy. This scheme is usually

@ Springer


mailto:ticijana@ifs.hr

554

D. Aumiler et al.

designated as self-referencing [7, 10], as it only uses the out-
put of the fs mode-locked laser. Another scheme for the fj
determination uses the octave-spanning comb and a cw opti-
cal standard. The cw fundamental frequency and its second
harmonic are mixed with the nth comb line and its second
harmonic, the 2nth comb line. Heterodyne beats between the
cw laser frequency and a comb-line frequency lying in the
low- and high-frequency portions of the spectrum are mea-
sured. By mixing the beats with appropriate weighting fac-
tors the offset frequency fj is obtained. Most commonly, an
octave-spanning spectrum is attained by coupling the out-
put of a Ti:sapphire laser oscillator into a microstructured
fibre. Although such fibers can easily broaden the femtosec-
ond laser spectrum to greater than an octave, they also have
some limitations. The breakthrough in this area was the gen-
eration of an octave-spanning spectrum directly from a fem-
tosecond laser [11]. However, the octave-spanning spectrum
is not the only way to measure fy. Generally, by using more
complicated techniques self-referencing works for any com-
bination of two different harmonics of the same comb (for
example, a self-referencing scheme that utilizes two-thirds
of an octave) [12, 13].

Since mode locking is a frequency-domain concept,
nowadays mode-locked lasers and their applications are
typically discussed in the frequency domain. This in-
cludes optical metrology and frequency synthesis in which
mode-locked lasers serve only as a simple frequency ruler.
However, due to their inherent phase stability and wide-
bandwidth spectrum, mode-locked lasers have started to
play an important role in precision atomic and molecular
spectroscopy. J. Ye’s group at JILA [14, 15] developed a di-
rect frequency comb spectroscopy (DFCS) approach which
bridges the fields of high-resolution spectroscopy and ultra-
fast science. It uses a frequency comb for direct excitation
of an atomic system and studies the time-dependent quan-
tum coherence. This unification of the time- and frequency-
domain treatments is based on the coherence accumulation
effects in systems characterized by relaxation times longer
than the laser repetition period. Following the time-domain
approach, accumulation effects in two- and three-level ru-
bidium atoms were investigated both experimentally and
theoretically [16-18].

In our recent papers [19, 20] we have developed a mod-
ified DFCS method which utilizes a fixed-frequency comb
for excitation of the rubidium atoms and an additional cw
laser for probing the interaction. We have shown that res-
onant excitation of the room-temperature rubidium atoms
by a discrete frequency comb optical spectrum results in
the comb-like velocity distribution of the excited state hy-
perfine level populations and velocity-selective population
transfer between the Rb ground state hyperfine levels. The
effect is observed as strong modulations in the profiles of
5812 — 5P32 hyperfine absorption lines measured by the
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probe laser. The experimental results were verified by a de-
tailed theoretical investigation of Rb multi-level atoms ex-
cited by a train of fs pulses. The generality of the observed
phenomenon and the theoretical model used was confirmed
by investigating the analogous effect in cesium atoms [21].
In [22] we have developed an enhanced sensitivity modified
DFCS method to study the destruction of the accumulation
effects. We have shown that accumulation of population and
coherence, as a direct result of the frequency comb exci-
tation, can be effectively reduced and eventually destroyed
by increasing the cw probe laser intensity. Theoretical re-
sults derived from a density-matrix-based theoretical model
of the eight-level Rb atoms interacting with the fs and probe
laser fields showed excellent agreement with the experimen-
tal results. In order to circumvent the use of time-consuming
numerical procedures and introduce an enhanced sensitivity
modified DFCS method as a practical tool, we presented in
our very recent paper an iterative analytic solution to the op-
tical Bloch equations describing the fs pulse-train resonant
excitation of four-level 87Rb atoms [23].

In this work we employ an enhanced sensitivity modi-
fied DFCS method in conjunction with the analytic solu-
tion of the optical Bloch equations to introduce a method
for the characterization of the frequency comb spectrum.
We exploit the effect of velocity-selective optical pump-
ing induced by frequency comb excitation of the room-
temperature Rb atoms [19]. Since the optical pumping
process is dependent upon hyperfine energy level splittings
and the relative transition dipole moments, mapping of the
frequency comb spectrum onto the velocity distribution of
hyperfine level populations is not straightforward, and a full
time-dependent theoretical modeling of the atom-laser field
interaction is needed [20]. On the other hand, the theoretical
modeling provides not only a qualitative but also a quanti-
tative description of the interacting atom—laser system, as
has been illustrated by the excellent agreement with the ex-
perimental results [20, 22]. Based on this agreement, using
the experimentally well-known system of room-temperature
Rb atoms as ‘detectors’ for the frequency comb, we devel-
oped a method for the determination and the monitoring of
the comb-line absolute frequencies. The method is based on
fitting the experimentally observed modulations in the trans-
mission profiles of the probe laser to the theoretical model
results. Since the theoretical results are derived from the an-
alytical solution [23], we introduce this method as a simple
and practical tool for the comb-frequency calibration in real
time.

2 Experiment

The experimental arrangement used (see Fig. 1) is based
on the modified direct frequency comb spectroscopy setup
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Fig. 1 Experimental scheme. PD—photodiode, P—polarizer,

A—analyzer, FI—Faraday isolator, S—beam stopper

introduced in our recent paper [22]. A Spectra Physics
Tsunami mode-locked Ti:sapphire laser with pulse duration
of ~100 fs generates a ~5.8 THz broad optical frequency
comb centered at 795 nm. It uses a rf synthesizer for active
mode locking by the use of an acousto-optic modulator. Be-
sides this, the laser was not locked to any stable frequency
reference, meaning that no active stabilization of the laser
repetition rate frep and the carrier—envelope offset frequency
fo was performed. Nevertheless, since the measured spectra
are taken on a time scale of less than 1s, fiep and f can be
taken as constants during the measurement. The pulse rep-
etition rate frep = 80.603 MHz was measured with a fast
photodiode (Thorlabs DET210, denoted by PD3 in Fig. 1).

The fs laser beam, chopped at 3.5 kHz, was weakly fo-
cused into the center of the glass cell containing room-
temperature rubidium vapor. Induced changes in the 8’Rb
5812 (F =2) ground state hyperfine level population were
monitored with the cw diode laser (Toptica DL100, ECDL
(External Cavity Laser Diode) at 780 nm), which propa-
gated anticollinearly with the fs laser, intersecting it under
a small angle in the center of the cell. The probe laser fre-
quency was scanned across the Doppler-broadened 8’Rb D,
5812 (F =2) — 5P32 (F = 1,2,3) hyperfine transitions
at 3-GHz/s scanning rate. A part of the probe laser beam was
used for 8’Rb saturated absorption spectroscopy, which was
measured simultaneously with the fs laser induced changes
in probe transmission, and enabled for absolute frequency
calibration of the measured spectra (hyperfine splittings of
the 87Rb 5P3 /2 state were taken from [24]).

The signal from the photodiode PD1 was fed to a Stan-
ford Research SR510 lock-in amplifier referenced to the
mechanical chopper of the fs laser beam. The lock-in sig-
nal represents the change of the probe laser transmission
induced by the resonant fs pulse-train excitation of 8’Rb
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Fig. 2 Measured change in the 8’Rb Dy 5512 (F =2) — 5P
(F =1,2,3) probe laser transmission (780 nm) induced by the 87Rb
Dy 5812 = 5P1;2 (795 nm) frequency comb excitation (black line).

The saturated absorption spectrum is measured in the same probe laser
scan to enable the absolute frequency calibration (red line)

atoms. It is given by AT = Tty — T, where Tt and T are
the probe laser transmission with and without the fs laser
excitation, respectively. The measured AT with the corre-
sponding saturated absorption spectrum are shown in Fig. 2.

3 Theory

The energy scheme relevant for the experiment is given in
Fig. 3. Since the probe laser intensity used was far below
the saturation intensity for the 55,2 — 5P/, transition, the
influence of the probe laser on the ground levels’ popula-
tion dynamics is negligible [22]. Therefore, our theoretical
treatment of the problem starts by considering a four-level
rubidium atom under the action of the electric field E(¢)
of the femtosecond laser. The Hamiltonian of the system is
H= I:IO + I:Iint, where I:IO is the Hamiltonian of the free
atom and (Hint)nm = —MUnm E (¢) represents the interaction
of the atom with the pulse train. p,,, is the dipole moment
of the electronically allowed (Fy — Fg, Fy &= 1) transitions,
calculated from [27]. The temporal evolution of the system
is given by the density matrix equations of motion [28]:

ap, A
% - X[H’ p]nm — VamPnm (nF#m),
dp. —ipA
m(Ep<Ep)
+ Z anpmma

m(Em>En)

where the subscripts nm refer to the hyperfine levels num-
bered from the lowest to the highest energy level (see Fig. 3).
I',m gives the population decay rate from level m to level n
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Fig. 3 87Rb D, and D, transitions. 55} /2 ground state values are taken
from [25] and 5Py /> excited-state values are taken from [26]

[27], whereas yy;;, is the damping rate of the p,,, coherence
given by

1
Vnm=§(Fn+Fm), (3)

where I, and I3, denote the total population decay rates of
levels n and m. The usual method for solving the system
of equations (2) is to invoke the rotating-wave approxima-
tion by introducing the slowly varying envelope of the laser
pulse electric field £(t) = E (1)e Lt and the slowly vary-
ing envelope of the coherence oy, = pume L, where wr,
is the central laser frequency. The resulting set of coupled
differential equations describes the temporal evolution of the
slowly varying elements of the density matrix (i.e. popula-
tions and coherences) [20].

The slowly varying envelope of the pulse-train electric
field is given by

Er() =) E@t—nTr)e" ™, 4
n=0

where TR is the laser repetition period and @R is the round-
trip phase acquired by the laser within the cavity (pulse-to-
pulse phase shift). The frequency spectrum of £ (¢) consists
of a comb of laser modes separated by 27 /TR = 277 frep and
centered at wp, + ®r/Tr. The kth mode frequency of the
pulse-train laser field is then given by

+ 2R,
wr =L+ —
k Lt

We solved (2) by invoking the iterative analytic solution
given in [23], obtained for ®r = 0. By inspection of (5),
it is evident that under this simplification the absolute fre-
quencies of the comb lines are defined by two independent

2k

T 4)
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Fig. 4 Two equivalent schemes of frequency comb representation
given in the frequency domain

parameters: the central laser frequency wr and the laser rep-
etition frequency 27 /Tr. This simplification is reasonable
since w, and @R together define the frequency shift of the
complete frequency comb spectrum, and it simply reflects
our lack of experimental knowledge of both the central laser
frequency and @Rr. Additionally, it has been shown in [16,
20, 23] that, in view of the resonant frequency comb excita-
tion of atoms, changing wy, and @R has the same effect on
the atom excitation and optical pumping process, and there-
fore also on the resulting hyperfine level populations. Equa-
tion (5) can therefore be written as

wp = wp, £ 27k frep, (6)

which corresponds to (1). This correspondence is schemati-
cally shown in Fig. 4. We refer to w| as the central laser fre-
quency throughout the rest of the paper and drop the prime
notation for convenience. If the laser repetition period is
smaller than the characteristic relaxation times of the atomic
system, the atoms can never completely relax between two
consecutive laser pulses. As a result, the medium accumu-
lates excitation in the form of coherence and excited-state
population. After a large number of consecutive pulses, the
system reaches a stationary state (which is repeated with
a period Tr) characterized by the enhanced excited state
population and coherence. This enhancement is similar to
the constructive interference phenomenon, since the time-
delayed phases acquired by the coherence with the succes-
sion of pulses are analogous to the time-delayed phases in
a multiple-slit experiment. The accumulation of population
and coherence in rubidium atoms excited by the train of
fs pulses was extensively studied in our previous papers
[19, 20]. The inhomogeneous Doppler broadening was in-
cluded by replacing atomic transition frequencies w,;, with
Wym + iéfg -v, where I_C)fs is the fs laser wavevector and v is the
atomic velocity. In this case different velocity groups corre-
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spond to different detunings, ic}s - v, from the atomic tran-
sition frequency, so different velocity groups are in differ-
ent situations with respect to the excitation (accumulation)
process. This leads to the velocity-selective optical pump-
ing of ground hyperfine levels and velocity-selective popu-
lation in excited hyperfine levels [19, 20]. As a result, phys-
ical mapping of the frequency comb spectra to the hyperfine
population distributions is observed [19, 20].

In order to calculate the hyperfine level population distri-
butions, one has to solve the set of equations (2) separately
for each velocity group. The time evolution of the hyperfine
level populations is obtained using the analytical solution
given in [23] and the population values at time tp are taken
as the final populations [19]. The time 7y is given as the av-
erage time of interaction of atoms with the fs laser and is
deduced from the fs laser beam cross section and the aver-
age atom velocity (in our experimental conditions, Ty cor-
responds to a sequence of 100 pulses). This is where the
advantage of the analytical solution is clearly evident, since
the full numerical calculation of the population velocity dis-
tributions takes several hours, while the application of the
analytical solution gives the same result in less than a sec-
ond.

In the experiment, the effect of the pulse-train excita-
tion on the ground state hyperfine population distributions
is monitored by the probe laser. The changes in the ground
state hyperfine level population distributions (p1; and p37)
are not measured directly, but through the changes in the
87Rb D, 55 /2 — 5P3/ absorption spectra at 780 nm, in-
duced by the frequency comb excitation. The influence of
the probe laser on the ground state populations is neglected,
since the probe laser intensity was far below the saturation
intensity for the Rb 5812 — 5P/, transition [29]. In order
to compare theory with experiment, it is therefore necessary
to simulate the D5 resonance line hyperfine absorption spec-
tra using the ground state population distributions obtained
by solving the density matrix equations (2). The simulation
of the 8Rb D, 552 (F =2) — 5P32 (F = 1,2, 3) hyper-
fine absorption line is illustrated in Fig. 5. The line consists
of three hyperfine components coming from the hyperfine
splitting of the excited state. For each hyperfine compo-
nent, we calculate the convolution of the velocity distribu-
tion of the ground F' = 2 hyperfine level population po; with
the Lorentzian profile of the natural line width. Pulse-train
parameters used in the calculation are & = 2 x 10° V/m,
7 =100 fs, frep = 80.7 MHz, ®r = 0 and e in resonance
with the 5512 (F =1) — 5Py2 (F = 1) hyperfine transi-
tion. The total 5512 (F =2) — 5P 2 (F =1, 2, 3) absorp-
tion line profile is obtained by adding the contributions of
the three hyperfine components.

In the last step of the simulation procedure, the absorp-
tion line profile (with and without frequency comb exci-
tation) is used to calculate the changes in the probe laser
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Fig. 5 Simulation of the 8’Rb D, 581, (F = 2) — 5Pip
(F =1, 2, 3) hyperfine absorption spectra using the ground state F = 2
level population velocity distribution py>. Contributions of the three
hyperfine components forming the line are shown (dashed line), to-
gether with the resulting line profile (solid line) and the line profile
without the frequency comb excitation (dash—dot line)

transmission spectra induced by the frequency comb exci-
tation. This is achieved by the simple application of Beer—
Lambert’s law and, as a result, the theoretical signal is gener-
ated and can be directly compared to the measured one [22].

4 Results

Typical measured and simulated signals of the change in
probe laser transmission AT induced by the fs pulse-train
excitation are shown in Fig. 6. The spectra possess a strongly
pronounced oscillatory structure, with the period given by
the fs laser repetition frequency, whereas the spectral en-
velope of the signals is given by the ’Rb D, 55 pF =
2) — 5P32 (F =1, 2, 3) absorption line profile. Due to the
Doppler broadening, which is larger than the hyperfine en-
ergy splittings of the excited 5P3; state, the absorption line
consists of three unresolved hyperfine components of the ex-
cited state. Generally, the shape of the signal is given by
the physical parameters of the 3’Rb atom (hyperfine energy
splittings and transition dipole moments) and the fs pulse
train (pulse peak power, repetition frequency and central
laser frequency), as was discussed in detail in [20, 22].
Since the physical parameters of the 8’Rb atom are well
known, one can gain relevant information about the para-
meters of the fs pulse train by a simple comparison of the
simulated and experimental transmission spectra. If the ba-
sic physical parameters of the fs pulses are directly mea-
sured, i.e. fs laser average power, pulse repetition frequency
and pulse duration, then the fs laser central frequency wr, re-
mains as the only free parameter of the pulse train that dis-
tinguishes the simulated signal from the measured one. By
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Fig. 6 Comparison of the experimental (upper panel) and simulated
(middle panel) changes in the probe laser transmission induced by the
frequency comb excitation. Absolute frequencies of the maxima and
minima in the experimental signal (circles) are subtracted from the
corresponding extremes in the simulated signal (squares) to obtain the
Af* values shown in the lower panel (triangles), with Afext indi-
cated by a dashed line. The absolute frequency scale of the figure is
given in terms of the 87Rb D, 5812 (F =2) — 5P3)5 (F = 2) hyper-
fine transition frequency f2;

fitting the simulated spectra to the measured spectra with wr,
taken as a free parameter, one can determine the central fs
laser frequency. Together with the measured pulse repetition
frequency frep, using (6), we can therefore determine the
absolute frequencies wy of all comb lines of the frequency
comb (and, by doing so, also the frequency comb offset fre-
quency fo).

The full numerical fitting procedure for overlapping
the simulated and measured signals can be avoided alto-
gether by application of the simpler procedure. One can
merely determine the absolute frequencies of the maxima
and minima in the measured transmission spectrum fee)z‘g
(indicated by circles in Fig. 6) and subtract them from the
corresponding frequencies in the simulated spectrum ft‘fl’“
(squares in Fig. 6). As a result a series of points is ob-
tained, A fXt = fti’“ — fee;g, grouped around a certain mean
theory—experiment frequency offset value Afet. This fre-

@ Springer

procedure is illustrated in Fig. 6, where the frequency oft-
set AfeXt of —23.0 & 0.8 MHz was obtained for the central
fs laser frequency wp set in resonance with the 8’Rb D
5812 (F =1) — 5Py 5 (F = 1) hyperfine transition (wp, =
w13 = 2w x 377111224.486 MHz [25, 26]). Other pulse
parameters in the simulation were & = 3.85 x 10° V/m,
7, = 100 fs and frep = 80.603 MHz, corresponding to the
experimental conditions.

Since the frequency shift of the frequency comb spec-
trum, together with the corresponding mapped hyperfine
level population velocity distribution, is achieved by chang-
ing the fs laser central frequency, it follows that the over-
lap of the simulated and the measured transmission spec-
tra should be obtained for the fs central laser frequency wr,
shifted from the w13 resonance by —23.0 MHz. However, it
should be emphasized that this value was obtained in the fre-
quency domain of the probe laser (Doppler shift governed
by the probe laser wavevector kp), whereas the velocity-
selective optical pumping process occurs in the domain of
the fs laser (Doppler shift governed by the fs laser wavevec-
tor kgs). Therefore, the obtained frequency shift value should
be multiplied by the factor kgs/kp. The final result for the
central fs laser frequency, based on the results shown in
Fig. 6, is then (oL — w13) /27w = —22.5+ 0.8 MHz.

This result can be compared with the result obtained us-
ing the fitting procedure of the simulated AT signal to the
measured one (Fig. 7). . is taken as a free parameter and
the fitting error is given as the sum of the squares of fre-
quency differences between the simulated and experimental

ext _ ext)Z

minima and maxima in the AT signal, ) (f5 Jexp
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As can be seen from Fig. 7, the numerical precision of the
method is about 0.1 MHz. The result for the central fs laser
frequency is (oL — w13)/2m = —22.1 £ 0.1 MHz, which is
in agreement with the value of —22.5 + 0.8 MHz obtained
with the simplified procedure.

Since the numerical procedure and simulation results are
dependent upon the measured pulse-train parameters, it is
instructive to see how the uncertainty of the measured quan-
tity (namely, the pulse peak amplitude) affects the final re-
sults for w,. As illustrated in Fig. 7, a 5% increase or de-
crease of & from the measured peak pulse amplitude value
of 3.85 x 10° V/m results in the change in the fitted wy_ value
which is within the numerical precision of the method of
0.1 MHz. This suggests that only a negligible change in the
shape of modulations of the probe transmission profile AT
occurs when changing & in this power range (the relative
amplitude of the modulations changes, but the shape itself
does not), which is in agreement with our previous observa-
tions [20].

Finally, it should be noted that the overall accuracy of
the method is strongly influenced by the quality of the
absolute frequency calibration based on saturation spec-
troscopy. In our present experimental arrangement, the accu-
racy of +0.7 MHz was achieved in the absolute frequency
calibration of the probe laser scan. Additionally, we esti-
mate the accuracy of the measured AT maxima/minima
frequency determination to be £0.3 MHz. Together with
the stated numerical precision of the fitting procedure of
0.1 MHz, we estimate that the overall accuracy of the pre-
sented method for frequency calibration of comb lines is
about 0.8 MHz.

5 Conclusion

We have developed an alternative method for determination
of the absolute frequencies of comb lines within an optical
frequency comb spectrum. The method is based on velocity-
selective optical pumping of atomic ground state hyperfine
levels induced by resonant pulse-train excitation. The effect
is observed in room-temperature atoms if the atomic relax-
ation times are longer than the pulse repetition period and
is caused by coherence accumulation. Theoretical treatment
of the effect, based on optical Bloch equations (presented
in detail in [19, 20]), enables the study of the system’s time
dynamics and gives information on the influence of the fre-
quency comb excitation on the ground state hyperfine level
population distribution. As reported in [20], a phenomenon
of physical mapping of the frequency comb to the ground
state hyperfine level populations can be enlightened in this
way. This mapping is strongly affected by the physical pa-
rameters of the atoms of interest (hyperfine energy split-
tings and relative transition moments) and also by the pa-
rameters of the frequency comb (frequencies of the comb

modes). By utilizing a well-known atomic system, such as
Rb atoms, the mapping can be effectively exploited to re-
trieve information about the frequency comb used for exci-
tation.

A modified direct frequency comb spectroscopy method
is used to experimentally observe the mapping in the case
of 8Rb Dy 5812 — 5P1;2 (795 nm) pulse-train excita-
tion, while the probe laser is used to monitor the 87Rb 55, 2
(F = 2) hyperfine level population by measuring the changes
in the Rb D, 5812(F =2) = 5P3pp(F =1,2,3)
(780 nm) absorption. The experimental results are compared
to the results of the theoretical model to characterize the fre-
quency comb.

In order to make the method applicable in practical ex-
periments, we used the iterative analytic solution to the op-
tical Bloch equations describing the system of interest given
in [23]. By measuring the pulse repetition frequency (as an
input parameter for the model), the method reduces to the
one-parameter fitting procedure for obtaining the central fs
laser frequency. By fitting the simulated probe transmission
signal to the measured one the central fs laser frequency is
obtained, leading to the determination of the absolute fre-
quencies of all comb lines within the optical frequency comb
spectrum (see (5)).

Besides the fs laser and some basic laboratory electron-
ics, the method only uses a Rb glass cell (which is used
both as a ‘detector’ for the frequency comb and as a fre-
quency reference) and a probe laser. By implementing the
simulation and fitting procedure on a standard laboratory
PC, the method can be used to obtain the absolute fre-
quencies of the comb lines in real time with an accuracy
of better than 1 MHz. The method does not need complex
second-harmonic systems for the absolute frequency comb
calibration and it could be used in experiments concerning
systems influenced by thermal, pressure or electromagnetic
field effects, where a resolution above 1 MHz could be ex-
pected.

We are currently working on the implementation of the
same method but using a probe laser at 795 nm, which cov-
ers the ¥Rb D transition. In that case there will be no need
to compose the profile as shown in Fig. 5, since the hyper-
fine splitting of the 5Py, excited state is about 816 MHz
(hyperfine absorption lines are completely resolved even at
room temperature). We believe that this improvement will
increase the resolution of our method below 1 MHz. In ad-
dition, the measured signal will represent direct mapping of
the frequency comb to the ground state population distrib-
utions and can therefore be used as a simple marker of the
frequency comb lines.
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