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Optical frequency standards are being developed worldwide to lead a new definition of the unit
of time. An optical frequency comb based on a femtosecond-pulse mode-locked laser is a key
component for the development of optical frequency standards, since it enabled to directly link the
optical and microwave frequencies with unprecedented accuracy. We have developed femtosec-
ond-laser optical frequency combs and applied them to the absolute frequency measurements of
a clock laser for optical frequency standards in NICT. In this article, we present the characteristics

of the optical frequency combs developed.
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1 Introduction

Atomic frequency standards based on the
quantum transition in the optical region are be-
ing developed worldwide. The optical frequen-
cy standards are confidently expected to lead a
new definition of the unit of time, since they
have intrinsically higher accuracy and stability
than the microwave atomic clocks based on the
hyperfine transition in cesium. Such optical
standards are needed not only for realization of
accurate clocks and time scale but expansion of
our knowledge regarding fundamental physics
by the measurement of frequencies related to
the numerous physical quantities[13-[3].

The development of optical frequency stan-
dards has been implemented in many research
laboratories and universities. However, the
large frequency difference between the optical
standard and present standard in microwave re-
gion by more than five orders of magnitude had
prevented to compare their frequencies. The

microwave-optical frequency chains were em-
ployed to compare the frequencies in spite of
complicated devices requiring significant re-
sources for operation(4]. It was also difficult to
connect the microwave standard to the optical
one without the degradation of the measure-
ment accuracy. An optical frequency comb
generated from the femtosecond (fs)-pulse
mode-locked laser, which was invented at the
end of the last century, revolutionized the pre-
cise frequency metrology in optical region and
enabled us to directly connect the optical to mi-
crowave frequency with high accuracy(sisl.
The femtosecond laser frequency comb (FLFC)
drastically improved the measurement accura-
cy of the optical frequency, and it has opened a
new possibility for realization of the optical
frequency standards.

The fundamental configuration of most of
those optical frequency standards is a narrow-
linewidth clock laser stabilized to a resonance
frequency of microscopic quantum systems,
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with a clockwork device for the counting and
display. The clock laser is pre-stabilized to a
Fabry-Perot (FP) optical cavity to narrow its
linewidth and improve the short-term stability.
The state-of-the-art quantum system may be
classified into a single ion trapped by suitable
electric field and ensemble of neutral atoms
confined in the potential wells of an optical lat-
tice. Their atomic transitions are well-isolated
from environment, and serve as the best abso-
lute frequency references. Thus, the clock laser
obtains the long-term stability as well as the
short-term one by steering its frequency to the
atomic resonance. The laser frequency is count-
ed by a FLFC linked to the microwave standard
and accumulated a defined number of the cycle
to register the second of time. The output of the
FLFC is also applicable to establish a new fre-
quency standard in optical and/or microwave
region.

2 Femtosecond-pulse mode-
locked laser optical frequency
comb

2.1 Principle of femtosecond laser
frequency combs

A fs-pulse mode-locked laser has a poten-
tial to be an optical frequency counter. It is
based that the multiple longitudinal modes
emitted from the mode-locked laser, so-called
optical frequency comb, are available as a pre-
cise ruler in optical frequency. The mode-
locked laser generates the repetitive pulse as
shown in Fig. 1(a). To calculate the effect of a
pulse-to-pulse phase shift on the spectrum, the
electric field amplitude of the single pulse is
written by is E,(f) = E (t — mz,)exp (iw t + i¢,).
Then, the electric field of the pulse train at a
fixed spatial location is

E(f) — Z E(l —mr, )ei{ruct—mwcrr+mA¢+¢0} (1)

where E is the pulse envelop, w, is the carrier
angler frequency, ¢, is the overall phase offset
and z, is the time between pulses(71. A¢ is called
carrier-envelope (CE) offset phase and repre-
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Principle of femtosecond laser optical fre-
quency combs

The output field of a mode-locked laser in the
time domain (a) and frequency domain (b).
The concept of the self-referencing technique
for the measurement of the carrier-envelop
offset frequency f,., is also illustrated in the
frequency domain.

sents the phase between the carrier and the en-
velope, which evolves from pulse to pulse. The
Fourier transform of E(¢) is calculated to be

E(w)= e"¢°Ze"‘mM””“’"}E(a)—a)c) (2)

m

where E(w) = [dtE(f) exp (—iw?). The signifi-
cant components in the spectrum are the ones
for which the exponential in the sum add co-
herently because the phase shift between the
pulse n and n+1 is a multiple of 2 z . This yields
a comb spectrum with angler frequencies @ =
2nn/t, + A¢ /. where n is an integer. It is con-
verted to

a large integer) (3)

f(}’l) = nf;ep + f;:eo (l’l :

from the angular frequency, where the pulse
repetition frequency as f,, = 1/z, and the CE

offset frequency as f.., Ep (Ap/27) f- The
spectral components of the pulse train emitted
by the mode-locked laser, which form the opti-
cal comb as shown in Fig. 1(b), are spaced
by f., and shifted by f;.,in the Fourier frequen-
cy domain. In other word, the frequency of n-th
component f(n) of the FLFC is entirely deter-
mined by the two frequencies.

The measurement of the laser frequency
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is performed by heterodyning a laser oscillat-
ing at a single frequency against nearby n-th
component of the FLFC. The heterodyne ra-
dio-frequency (rf) signal contains beat at fre-
qQUENCY fie™ few ~ Mrep — Jeeor When the contin-
uous-wave (cw) laser frequency £, is assumed
to be higher than f (n). It should be noted
that f,... fp» and £, are accessible and can be
measured with ordinary rf equipments. There
remains arbitrariness with signs of f, ., and f..,
and determination of n. They will be discussed
later. For the precise frequency measurement,
both f, and f, must be locked on the micro-
wave standard.

The signal extraction for controlling f,
and f...1is essential for the frequency metrolo-
gy. fep can be measured by monitoring the
pulse train. A fast photodiode is used to directly
detect a fraction of the output power of the
mode-locked laser. Contrary to the detection
of f., the measurement of f., is required a
more challenging manner. The self-referencing
technique is often employed to observe f..
without an auxiliary laser oscillating at a cali-
brated frequency(sl. As illustrated in Fig. 1(b),
the technique can extract £, as a beatnote by
comparing the long-wavelength portion of the
octave-spanning spectrum (around z-th mode)
after frequency doubling to the short-wave-
length one (around 2n-th mode). This beatnote
measurement can be describes as following

equation:
21 (0= £ @) =2y + fo) = @+ foo) = S (4)

The fact that many comb lines contribute to the
beatnote signal means that a strong signal can
be obtained even if the one-mode light power
produced by the second-harmonic generation
(SHG) is weak.

The broad spectrum over an octave is es-
sential for the self-referencing. There is, how-
ever, no laser medium with a gain spectrum
spanning a full octave: the gain profile ap-
proaches a half-octave for Ti:sapphire, for ex-
ample. Thus, nonlinear effect must be exploited
for broadening the output spectrum of the

mode-locked laser. A photonic crystal optical
fiber is widely employed as a nonlinear optics
for the production of the spectrum more than
an octave of bandwidth(s). The photonic fiber
has a microstructure consisting of regularly
spaced air holes. They allow the creation of
waveguides that strongly confine the light field
to a small area and control the zero dispersion
point of the fiber close to the center wavelength
of the mode-locked laser employed; high peak
intensity and long effective length of the non-
linear interaction in the fiber. These features
result in a strong self-phase modulation (SPM)
that can provide a broadband spectrum over an
octave. Although the photonic fiber has facili-
tated to obtain the octave-spanning optical
comb, there exist some disadvantages for using
it:

» coupling the light into the fiber is align-
ment sensitive and tends to degrade with
time because of the small core of the fiber.

» small core of the fiber results in the dam-
age due to the high peak intensity.

 excess phase noise is appeared in the light
transmitted through the fiberror.

These could be serious problem for the es-
tablishment of optical standard requiring the
stable long-term operation, good reproducibil-
ity, and high-precision frequency measure-
ments.

The mode-locked solid-state lasers di-
rectly emitting the broadband spectrumiio]
and mode-locked fiber lasers can overcome
the drawbacks concerning the photonic fiber.
The former lasers exploit the nonlinearity of
the laser crystal to generate spectral compo-
nents outside of the gain region. It is due to
the SPM in the laser crystal and avoids the is-
sues of coupling and damage to the fiber. Such
lasers must be carefully designed to generate
ultra-short pulses by the compensation of the
group-velocity dispersion in the laser cavity. To
achieve a high reflectivity and compensation of
the group delay simultaneously, chirped mir-
rors are often employed instead of intracavity
prisms[11]. This leads compactness of the laser
cavity, which can enhance the mechanical sta-
bility and achieve high repetition rate of pulses.
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The high f, plays an important role for a het-
erodyne beat measurement with good signal-
to-noise ratio (SNR) because of a higher power
per mode at the same average output power. It
also yields a good beat signal separation from
the neighboring comb modes. However, the
power per pulse decreases as the repetition rate
increased. This should be considered when one
is to rely on the nonlinear processes to broaden
the optical spectrum to an octave.

The development of the mode-locked fiber
lasers has experienced an extraordinary growth
due to the significant role in the high-speed
optic-fiber communications. The rare-earth-
doped optical fibers are employed for their gain
medium. They are capable of emitting the ul-
tra-short optical pulses in sub-fs range. The fi-
ber-based FLFCs are attractive devices due to
their advantages: small size, low cost and trans-
portability. In particular, erbium (Er)-fiber laser
based optical comb have a mechanically stable
all-fiber design by using a wavelength division
multiplexing (WDM) coupler for pump light
coupling. This read the unprecedented long-
term operation over weeks[12]. Regarding the
phase noise caused by the pulse spectrum
broadening in the nonlinear fiber, strenuous ef-
forts have enabled to reduce it at the no signifi-
cant level(1311141. However, there still exists a
few drawbacks; typical f,, of the fiber lasers is
lower than that of Ti:sapphire lasers. The wave-
length conversion must be applied to access the
optical clock transitions, which mostly range
from the visible to near-infrared regions.

2.2 Optical frequency measurement
using femtosecond laser
frequency combs

The laser frequency f., measured can be
determined by measuring the heterodyne beat
frequency f,., between the laser and n-th mode
of FLFC with a frequency f (n) closest to the
laser frequency. Then £, is given by

fCW = f(n) if‘beat (5)

where the plus sign holds for the higher f,
than f (n), the minus sign for the lower f,,

than f'(n). Since f'(n) is written by

J) =1y & feeo (6)

one must decide the both sign for the £, and f..,
as well as the integer # in the measurement[15].
The procedure is as followings: step1: determi-
nation of sign for f;.,, step2: determination of
sign for f;,,, and step3: determination of n.

The sign of f,., represents the magnitude
relation between the f(n) and f;,,. It can be de-
cided by observing the increase and decrease

in f., as the £, is changed:

goda (0 D Son </

oy <0 > foy < f0) )

Once the sign for f;., is fixed, one can deter-
mine the sign for f,.. Here, we define the fre-

ceo*

quency of the beat signal, F, (0 < F., < f../2),
measured by the self-referencing interferome-
ter. The f'(n) is changed as the F, is increased

and decreased:

€0

Bzaf(n):{>0 > fwo >0 (8)
OF, <0 —» f.<0

ceo ceo

From the Eq.(7) and (8), f,, is classified into
any four cases:

Mooy + Jeco = Jrea  5EN(A) = sg0(B) =1
Mo = oo = Joea  580(A) = 1, sgn(B) = —1
n.frep + f‘ceo + fbeaz Sgl’l(A) = 713 Sgn(B) =1
oo = Jeco + foea  580(A) = sgn(B) = -1

Jew =1 (9)

where sgn (x) is a sign function. It is defined
simply as 1 forx >0 and —1 for x <0. Consider-
ing the signs for f,., and f..,, the integer n can
be determined by

— fCW if;:eoif‘beat

7. (10)

n

Commercial wavelength meters can measure
the £, with an accuracy of less than 1 ppm,
which is usually sufficient for the determina-
tion of the last whole digit of »: for instance,
when the numerator of the right-hand side of
Eq.(10) and frep in the denomination are as-
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sumed to be 400 THz and 1 GHz respectively,
the required resolution for the wavelength ma-
ter is 7 digits.

The uncertainty of the measured absolute
frequency of the laser is restricted by that of a
microwave standard referenced by the FLFC.
The microwave reference must be compared
with the Coordinated Universal Time (UTC) to
correct its frequency. The Circular T, a monthly
bulletin distributed from the International Bu-
reau of Weights and measures (BIPM), reports
the UTC calculated by the BIPM and the devia-
tions of local time scales for each national in-
stitutes and the system times used for the Glob-
al Positioning System (GPS). In the national
institutes or having a link with the GPS, one
can maintain the uncertainty of the microwave
reference as well as that of the UTC[16].

3 Development of femtosecond
laser frequency combs

The FLFCs in NICT are required the mea-
surement accuracy of 107! level. They must
be stably operated more than 8 hours for at
least 5 days to compare the optical standards
and microwave ones. In order to satisfy these
requirements, we developed the FLFCs based
on Kerr-lens mode-locked fs-pulse Ti:sapphire
lasers directly emitting broadband continuum:
Venteon OS (Nanolayers) and Gigajet 20W
(Gigaoptics). Table 1 summarizes their speci-
fications. In this section, we describe their op-
tical and control systems. A fiber-based FLFC
recently developed is also presented.

18:10)[=1 | Specifications of the femtosecond-

pulse mode-locked Ti:sapphire laser
applied in the present research

Venteon OS Gigajet 20W
Output power (mW) 200 800
Repetition rate (MHz) 200 1000
Pulse length (fs) <8 26
Spectral coverage (nm) 600 ~ 1280 630 ~ 990

Specifications of femtosecond-pulse mode-locked
Ti:sapphire lasers we employed for the development of
the optical frequency counters. The measured values are
described in romans, whereas the nominal value from
the data sheet is written in italics.

3.1 Venteon OS femtosecond-pulse
laser frequency comb (NICT-FCB1)
3.1.1 Venteon OS and f-to-2f self-
referencing interferometer
Venteon OS is a Kerr-lens mode-locked
Ti:sapphire laser generating fs pulses with
the f.., of 200 MHz(171. It consists of a z-folded
cavity, Ti:sapphire laser crystal and three BaF,
plates as illustrated in Fig. 2. The double-
chirped mirrors constituting the cavity can gen-
erate the negative dispersion for compensation
of the positive dispersion caused by the laser
crystal and the air path. The BaF, plates also
serve as the dispersion compensation optics for
reduction of the pulse width less than 8 fs, since
it has the lowest ratio of third- to second-order
dispersion in the wavelength range from 600 to
1200 nm. Figure 3 depicts the output spectrum
observed. The broadband spectrum extending
from 600 nm to 1280 nm at —20 dB below the
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Optical frequency with Venteon OS femto-
second laser comb

Experimental setup of optical frequency comb
based on 200 MHz octave-spanning Ti:sapphire
laser Venteon OS (NICT-FCB1). AOM: acous-
to-optical  modulator, DDS: direct-digital
synthesizer, DBM: double-balanced mixer,
HWP: half-wave plate, LBO: LiB;05 crys-
tal, LO: local oscillator, PBS: polarizing
beamsplitter, PD: photodiode, PMT: photo-
multiplier tube, SM fiber: single-mode fiber,
PZT: piezo-electric  transducer, OC: out-
put coupling mirror, P1: BaF, plate, W1,
W2: BaF, wedge. Note that all DDSs and fre-
quency counters are referenced to a hydrogen
maser, although it is not shown in this figure.
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Output spectra of venteon OS

Output spectrum of Venteon OS femtosecond-
pulse mode-locked laser on a linear (blue thin
line) and logarithmic scale (red bold line). The
wavelength of 570 nm and 1140 nm are indi-
cated by two dotted lines.

maximum is reached one octave and sufficient
for accessing to f.., without external spectral
broadening. The average output power was
measured to be 200 mW, when the laser was
pumped by a frequency doubled Nd:YVO, la-
ser with an output power of 5.7 W at 532 nm in
wavelength.

The spectral components around 570 and
1140 nm were applied to the self-referencing
technique. These were separated from a main
output beam by a dichroic beamsplitter]l (BS1)
and introduced into an f-to-2f self-referencing
interferometer. The fundamental design of the
interferometer is similar to one described in
Ref.[171 but slightly modified for the inferior
beam profile of our laser. The spectral compo-
nents around 1140 nm were frequency-doubled
in a SHG non-linear LiB;O; crystal with a
thickness of 2 mm, and then it was overlapped
to the components around 570 nm. An optical
delay line was included in the infrared part to
temporally overlap the pulse electric fields. Ad-
ditionally, we employed a Mach-Zehnder-like
interferometer to spatially superimpose two
beams at 570 nm, because the spatial mode of
each beam had large discrepancy. In order to
decrease the shot noise, an optical bandpass fil-
ter is employed to transmit the light contribut-
ing the £, signal detection. Both green lights

ceo

transmitted through a single-mode (SM) fiber

for the rejection of higher-order spatial modes
were detected by a photomultiplier tube.
The f.., beatnote signal was observed with a
signal-to-noise ratio (SNR) of more than 35 dB
in a 300 kHz of resolution bandwidth (RBW)
of rf spectrum analyzer. On the other hand, a
fraction of the main beam was picked-off and
directly detected for the £, counting by a fast
photodetector1 (PD1).
3.1.2 Frequency control systems
The f.., stabilization was achieved by a
phase-locked loop (PLL). The beatnote fre-
quency corresponding to f;., was passed though
a tunable bandpass filter, amplified, and then
compared with a local oscillator of 30 MHz by
using a digital phase detector after being divid-
ed by 41181. The local oscillator signal was sup-
plied by a direct-digital synthesizer 1 (DDS1)
externally referencing to a hydrogen maser (H-
maser). The control signal was fed back to an
acousto-optical modulator (AOM) placed in
the pump beam, which regulates the pump in-
tensity and thus modifies the f.,, by changing
the optical path length in the laser crystal via its
optical Kerr effect. The control bandwidth was
measured to be 5 kHz in Fourier frequency.
The feedback gain achieved was more than
160 dB below 1 Hz. The CE offset phase noise
was 2x10°¢ rad/Hz'"? at 1 Hz in free running. It
was suppressed down to 3x10~* rad/Hz'"* with
the PLL. The residual fluctuation of f,. was
monitored by an rf counter and found to be less
than 1 mHz in 1-s gate time. It was equivalent
to the measurement accuracy of 107'# level.
The 5th harmonic of f,, at approximately
1 GHz was detected to extract a control signal
for the f, stabilization. This manner reduces
the phase noise multiplication to the optical
frequency(191(201. The control signal was ob-
tained by two down-conversion steps. In the
first step, the Sth harmonic of f,, was down-
converted into an intermediate frequency by
mixing with a frequency reference at 1 GHz,
which was produced from a 100 MHz output of
the H-maser by electrically frequency multipli-
cation. The intermediate frequency at a typi-
cally hundred kHz was again compared with an

output of DDS2 to yield the control signal. The
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low-frequency components of the signal are di-
rected toward the slow PZT attached to the la-
ser mirrors to stabilize the cavity length fluctu-
ation. The high-frequency components are fed
back to the fast PZT to expand the control
bandwidth of the PLL. The unity gain and
crossover frequency of the two feedback paths
were 500 Hz and 50 Hz, respectively. From the
intermediate frequency counting, the instabili-
ty of f,,, was evaluated to be as low as 1x107"*
at 1 s averaging time. It was restricted by a
resolution of the rf counting equipment.

3.2 Gigajet 20W femtosecond-pulse
laser frequency comb (NICT-FCB2)
3.2.1 Gigajet 20W and 2f-to-3f self-
referencing interferometer
Gigajet 20W is a Kerr-lens mode-locked
Ti:sapphire laser with a repetition rate of
1 GHz21. As illustrated in Fig. 4, the laser
cavity forms a bow-tie shape, which is com-
prised of two concave and one convex chirped
mirrors, and an output coupler. A laser crystal
is located at Brewster angle between the con-
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Optical frequency combs with Gigajet
20W femtosecond laser
Experimental setup of optical frequency comb
based on Gigajet 20W (NICT-FCB2). PD: pho-
todiode, DBM: double-balanced mixer,
DDS: direct-digital synthesizer, PZT: piezo-
electric transducer, AOM: acousto-optic trans-
ducer, HWP: half-wave plate, BBO: f-bar-
ium-borate crystal, OC: output coupling
mirror, CM: convex mirror, BS: beamsplitter,
PMT: photomultiplier tube, SM fiber: single-
mode fiber. Counters and DDSs have common
rf-reference, although it is not illustrated in here.

cave mirrors. The average output power was
800 mW at the pumping power of 8.5 W. The
pulse width was measured to be 26 fs. Figure 5
shows a typical output pulse spectrum. It rang-
es from 630 to 990 nm at 20 dB below the max-
imum.

We employed the complicated 2f-to-3f self-
referencing techniques, since the spectrum
coverage was not enough to observe the f,,
with a high SNR by the conventional self-refer-
encing. The design of a 2f-to-3f interferometer
borrowed heavily from one previously reported
by Ramond et al(221. A BS1 reflected the spec-
trum below 740 nm into a SHG arm of the in-
terferometer, whereas the remainder of the
spectrum was transmitted and introduced into a
third-harmonic generation (THG) arm. In the
SHG arm, the spectral components around
640 nm were frequency-doubled to produce a
320 nm light by using a Type I p-barium-
boratel (BBOI1) crystal with the 0.3 mm thick.
In the THG arm, the spectral components
around 960 nm were frequency-tripled in two
steps to also produce 320 nm light; a KNbO,
generated the SHG of 960 nm at first, and next
BBO2 in the THG arm produced the 320 nm
light by the sum-frequency generation of the
480 and 960 nm. The 320 nm ultraviolet (UV)
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310 K
z = 2
B wv
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Output spectra of Gigajet 20W
Output spectrum of Gigajet 20W mode-locked
laser on a linear (blue thin line) and logarith-
mic scale (red bold line). The spectral compo-
nents at 640 and 960 nm are used for the 2f-to-
3f self-referencing technique (indicated by the
two dotted lines).
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light from both arms were interfered on the
BS2 to obtain £, : the beat frequency 3f (n) —

2 (M) =3ty + foo) = 20foy food) = fiy With
m = 3n/2. To observe the ., signal with high
SNR, the two pulsed beams must have the same
polarization and must overlap temporally,
spectrally and spatially. Temporal overlap is
achieved by means of a delay stage 2 in the
SHG arm. Spectral overlap within the accuracy
of 1 nm wavelength is obtained by angle tuning
of the nonlinear crystals and is verified with an
optical spectrometer. Spectral overlap is ac-
complished by use of UV SM fiber with spatial
filtering. Since the UV light power transmitting
the fiber was only several tens nanowatts, we
used a photomultiplier tube for the high-effi-
ciency detection. The f;., beatnote signal typi-
cally had a SNR of 30 dB in a 300 kHz RBW.
Such high SNR in the 2f-to-3f interferometer
was achievable by the best mode matching of
the UV light from the THG arm into the SM
fiber rather than the light from the SHG arm.
The f,., was monitored by a fast PD1 with de-
tecting a small part of the laser output.

3.2.2 Frequency control systems

The control schemes of £, and £, of NICT-
FCB2 are similar to those of NICT-FCBI.
The f.., obtained by the 2f-to-3f self-referenc-
ing technique was bandpass-filtered and then
down-converted with a local oscillator to ex-
tract the control signal. The local oscillator was
a DDS1 with the same external rf reference as
used in NICT-FCBI. The signal was appropri-
ately filter-amplified by a servo electronics and
fed back to an AOM for modulating the pump
power. The £, control bandwidth was about
40 kHz, which was restricted by the frequency
response of the AOM. The residual frequency
fluctuation measured by a frequency counter
was less than 10 mHz, which corresponds to
107" level at 1-s averaging time in optical fre-
quency.

The pulse repetition rate of 1 GHz was used
to stabilize the f,,,. The control signal was fed
back to a PZT attached to the convex mirror.
The control bandwidth was adjusted to be about
1 kHz to exploit the intrinsic stability of the la-

ser cavity at the high frequencies. The stability

of f., was reached at least 510" at the aver-
aging time of 1 s, which was dominated by the
counter resolution.

3.3 Erbium-fiber mode-locked laser
based frequency comb (NICT-
FCF1)

3.3.1 Erbium-fiber laser and optics

NICT-FCF1 is composed of three major
components: an Er-doped-fiber mode-locked
laser, a self-referencing interferometer arm and

a frequency measurement arm. The Er-fiber la-

ser has an all-fiber ring resonator including a

polarization sensitive isolator, an output cou-

pler, a polarizer and a WDM coupler for pump-
ing the Er fiber with the 980 nm diode laser(23;.

An in-line polarization controller containing a

half-wave and quarter-wave plates is also set in

the cavity for ensuring the mode-locking oper-
ation. The nonlinear polarization rotation is
employed as the mode-locking mechanism. It
is the intensity-dependent change in the state of
polarization of a single pulse propagating in-
side an optical fiber241. The physical mecha-
nism behind the mode locking is similar to that
of the Kerr shutters for the NICT-FCBI and
-FCB2; a linearly polarized pulse just after the
isolator is rotated during the propagation by the
intensity dependence of the nonlinear phase
shift imposed on the orthogonal polarized com-
ponents of the pulse electric fields. The polar-
izer appropriately adjusted lets the central in-
tense part of the pulse pass but blocks the
low-intensity pulse wings. The net result is that
the pulse is slightly shortened after one round
trip inside the ring resonator. The pulse width
was measured to be 351 fs with the f, of

55 MHz. Figure 7(a) shows the output pulse

spectrum with the typical average output power

of 5 mW. The center wavelength and spectral
width were 1557 nm and 14 nm, respectively.

The output spectrum exhibited the Kelly side-

bands, which was caused by the chirped soliton

circulating inside the cavity with the periodic
perturbations on the soliton energy (25]. This
laser is capable of turnkey operation.

The fiber-laser output was splitted by a

3 dB fiber coupler and then introduced into the
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self-referencing interferometer arm and the fre-
quency measurement arm(2e]. The optical
pulses in the self-referencing arm were ampli-
fied to the 90 mW average output power by an
erbium-doped fiber amplifier (EDFA). The out-
put of the EDFA was launched into a highly
nonlinear fiber (HNLF) to broaden the spec-

to P27 <¢-{[frep ook dlechonics | Coumter

p— L feeo
; e
[omtoaksearone |
. ,
et Satstoancig A o
o

Erdoped 9800 LD Highly-Noniinear ppy
pump

Polarization N T
controler 1%L FKHNLF» (SHG) £, P2 |
PE‘

HWP Filter

Coupler  PD3 BPF
50

¥t

awe WP pol el :

flepsenvo  Poarzat ations stabi Courer]
um laser oot

Er:Fiber mode-locked laser optical fre-
quency combs
Experimental setup of optical frequency
comb based on Er:fiber mode-locked laser
(NICT-FCF1). PD: photodiode, PZT: piezo-
electric transducer, HWP: half-wave plate,
PPLN: periodically poled lithium niobate
crystal, WDM: wavelength-division multi-
plexing coupler. Counters have common rf-
reference, although it is not illustrated in here.

1200 1600 2000

[ | IT [ | | 3

: B

10° L

= : /]
= g -
2102k -
%} E U
g E nm;
< E E
-4 [ -
g0k
— £ a9
,]0—6— 1 i

1500 1600
Wavelength [nm]

Output spectra of the mode-locked fiber
laser
Output spectra of Er:fiber mode-locked laser
before (blue line) and after highly nonlinear
fiber (red bold line). The spectral components
at 1050 and 2010 nm are used for the self-ref-
erencing technique (indicated by the two dot-
ted lines).

trum of the optical pulses as a result of nonlin-
ear effect such as SPM. The HNLF with the
40 cm length has a zero dispersion wavelength
of 1539 nm, a nonlinear coefficient of about
20 W/km. The incident pulse to the EDFA was
negatively pre-chirped by a SM fiber with the
appropriate length to compensate the positive
chirped pulse in the EDFA, consequently the
octave-spanning spectrum is induced by the
strong nonlinear effect in the HNLF. The broad-
ened spectrum after the HNLF is shown in
Fig. 7(b). It covers a wavelength range of 1 um
to more than 2.2 um. The f;,, was detected by
the common-path self-referencing interferom-
eter. The component around 2100 nm is fre-
quency-doubled by the periodically poled lithi-
um niobate (PPLN) crystal with the 1 mm
length and mixed with the component around
1050 nm on the PD1. The SNR of £, beatnote
was 35 dB with the RBW of 300 kHz. This in-
terferometer has simplicity and robustness,
however it requires to adjust the length of the
fiber fused after the HNLF for temporal over-
lapping of the two 1050 nm beams. The f,, sig-
nal was obtained by the direct detection of
pulse train with the PD2.

3.3.2 Frequency control systems

The f.., was stabilized by the PLL to the
21 MHz signal generated from the DDS, which
is referenced to the H-Maser. Its control signal
was fed back to the LD current to modulate the
pump power for the laser oscillator. The control
bandwidth was 20 kHz and the feedback gain
was achieved to be 200 dB at 1 Hz. The relative
frequency fluctuation of f,, was less than
10 mHz in 1 s counter-gate time.

The 18th harmonic of f,, was detected to
extract its control signal. The signal was direct-
ed toward the cylinder-shaped PZT wound with
Er-doped fiber for changing the cavity length.
The PZT has a large diameter of 60 mm to pre-
vent the bending loss in the fiber. The unity
gain frequency of the feedback loop was ap-
proximately 200 Hz, which was restricted by
the first mechanical resonance of the PZT. The
actuator had a dynamic range of about 400 Hz
that is sufficient for the continuous operation of
over several days, when the laser cavity is tem-
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perature-controlled.

4 Precise frequency measurements
with femtosecond laser frequency
combs

In this chapter, we present the performance
of NICT-FCBI and -FCB2. The basic scheme
of our measurements is to compare pair of
FLFCs and verify with the consistency of abso-
lute frequencies measured by each FLFC, pho-
todetection of f,., and optical heterodyne tech-
nique, in which the f and the output modes
have their expected frequencies relative to a
reference laser. We introduce the long-term
measurement of a 1.5 um laser for the optical-
fiber communications with NICT-FCF1.

4.1 Performance of the broadband
Ti:sapphire laser frequency combs
Figure 8 illustrates the experimental setup
for the comparison of absolute frequencies
measured by NICT-FCB1 and -FCB2(27].
They count the frequency of one cw laser, si-
multaneously. The frequencies f.,, and f,,,
measured by NICT-FCB1 and -FCB2 respec-
tively are given by

2(n2) fb2
NICT-FCB2 [—# ={>---->3%'\g¢2

RF-reference 729nm DBMé »|10MHz

from H-Maser| | ECDL il BPF
fb1 4 5

NICT-FCB1 —S(——b--»ZOB'\g';Z C°A“frl‘)te’
fi(n1) PD1 T
RF-

reference

Fig.8 Experimental setup for the measuring
performance evaluation with two optical
frequency combs
Experimental setup for the comparison of ab-
solute frequencies measured by two FLFCs.
PD: photodiode, DBM: double-balanced mixer,
BPF: band-pass filter, ECDL: extended cavity
diode laser. The triangles indicate rf amplifiers.

.fcwl = nl.frepl + ceol +fbeat1 (11)

f;:w2 = n2f;ep2 + ceo2 + fbeatZ (12)

where the subscripts 1 and 2 denote the corre-
sponding FLFCs. Since both absolute frequen-
cies should be equal £, = f..,, the frequency
difference between two measurements Af = £,
— f..1 indicates the potential limitation in FLF-
Cs. The frequency difference can be given by

Af:fz(nZ)_fi(nl)+Afbeat (13)

Where AfbeatE fl;eat2 - fk;eatl' The .fl(nl) and ﬁ (nZ)
can be determined precisely, whereas the Af; ..,

is obtained by mixing two heterodyne beat-
notes and measurable by an rf counter. The sign
of Af,... is found out in the measurement.

A cavity-stabilized diode laser oscillating
at 729 nm in wavelength was employed for this
comparison(2g]. The laser beam was split by a
3 dB fiber coupler and then distributed by po-
larization-maintained SM fibers for heterodyne
detection with each FLFC. The SNR of the het-
erodyne beatnotes were kept more than 33 dB
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Laser absolute frequencies measured by

two optical frequency combs (b) and their
differences (a)
(a) Difference of absolute frequencies mea-
sured by two independent FLFCs. (b) The blue
and red lines represent the absolute frequen-
cies measured by NICT-FCB1 and -FCB2, re-
spectively. Both are in good agreement. The
frequency offset of 411 041 304 103 330 Hz
and drift at a rate of 45 mHz/s are subtracted
from the absolute frequencies.
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with an RBW of 300 kHz over 16 h. The fre-
quency miscounting caused by the SNR degra-
dation was not occurred during this measure-
ment. The clock laser powers required were
150 uW to satisfy the SNR. The f,.., and f,..o
were set to be about 20 and 30 MHz, and fil-
tered through elliptic-frequency-response
bandpass filters with —1.5 dB bandwidth of 4.4
and 6 MHz respectively. Both were mixed to
generate the Af,.,. by a double-balanced mixer.
The Af,... about 10 MHz was again bandpass-
filtered to improve the measurement precision
before the counting. The filter had also the el-
liptic response and narrower 2 MHz bandwidth.
Figure 9(b) shows the two independent fre-
quency measurement with 10 s counter gate
time. A frequency offset of 411 041 304 103
330 Hz and constant frequency drift at a rate of
45 mHz/s were subtracted from the absolute
frequency measured for convenience. The blue
and red plots indicate the results obtained by
NICT-FCBI1 and -FCB2, respectively. Both re-
sults are in fairly good agreement. The cycle
slips in PLLs for f,, and f, of each FLFCs
were detected by monitoring their frequencies
using separate counters and removed from the
plots. The amplitude of frequency fluctuation
was limited by the stability of the rf-reference
from the H-maser. The frequency drift sub-
tracted and excursion were mainly originated
from the stabilized laser. Uninterrupted long-
term operations of both FLFCs were attained
over 16 h. The frequency difference Af be-
tween the two measurements is ploted in
Fig. 9(a). The cycle slips on the PLLs and fre-
quency miscounting of Af,. due to the fre-
quency deviations exceeding a bandwidth of
the 10 MHz bandpass filter were rejected from
the plot. The frequency fluctuation originated
from the rf-reference and large drift caused by
the stabilized laser were canceled out in the
mixing process. In this measurement, the mean
of the frequency difference and a standard error
were calculated to be 25 + 26 mHz, respective-
ly. The frequency offset was found to be mainly
originated from the Af; . miscounting.

The instability of FLFCs must be evaluated
to give the rigorous limitations on characteriza-

tion of the statistical frequency fluctuation of
optical standards. Figure 10 plots the Allan de-
viations derived from the two independent fre-
quency measurements and their difference in
Fig. 9. The Allan deviation of two measure-
ments was equivalent. They started at 3x107*
at the averaging time of 10 s and drops until
100 s, which was caused by the instability of
the rf-reference distributed from the H-maser.
The influence of the linear frequency drift
caused by the cavity-stabilized laser is ob-
served for the averaging time longer than 100 s.
The Allan deviation of the Af was 5x1075 at
10 s and averaged down to 107! level with a
dependence of 7' (Fig. 10(d)). The frequency
fluctuations caused by the rf-reference and sta-
bilized laser were rejected as the common-
mode noise. The Allan deviation indicates the
potential to reach the relative frequency stabil-
ity of two FLFCs lower than 1x107'® within
3x10* s. One possibility for this limitation was
the reduction of relative coherence of two FLF-
Cs referencing to the common microwave stan-
dard. Such reduction could be caused by inco-
herent phase noise in the PLLs, which enter in
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Laser frequency stabilities measured by
two optical frequency combs
Measured frequency instabilities as given by
the Allan standard deviation. (a, b) Instabili-
ties of 729 nm frequency-stabilized laser mea-
sured by NICT-FCBI1 and -FCB2, respective-
ly. (c) Instability of hydrogen maser employed
as rf-reference. (d) Relative instabilities of
two FLFCs obtained from the difference of
the two independent frequency measurement.
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the output of FLFCs under the multiplication of
the microwave to optical frequencies[29](30].
Another was the excess phase noise from the
photodiodes extracting the f, signals. The
noise were related to the power-to-phase con-
version in the photodiodes, which especially
arose with the detection process of ultrashort
light pulses(311(32].

The comparison with cesium microwave
standards at the accuracy approaching 107!
range usually takes over several days. The re-
producibility of frequency measurement fea-
tures largely in the definition of new SI second.
In our optical standards, the FLFCs are required
the reproducible high-precision measurements
during 5 days in addition to the continuous op-
eration exceeding 8 hours for each measure-
ment. This is because the frequencies measured
for at least 5 days must be averaged to be com-
pared with the UTC and the typical operation
period of the optical standard for one measure-
ment set is planed to be 8 h for deriving the
absolute frequency with the uncertainty of 1071
level, that is restricted by the microwave stan-
dard. Considering the above situation, we have
repeatedly compared two FLFCs on 5 days
within 2 weeks. This is adequate to investigate
their reproducibility over 5 days, although the
comparisons were not implemented continu-
ously for 5 days. Figure 11 shows a summary
of the absolute frequency comparison. The dif-
ference between the frequencies measured are
plotted with the total averaging time T and the
10 s Allan standard deviation o, for each com-
parison. The daily measurements were carried
out with the different f, and f,, for each
FLFC. The all means of data sets were within
the fractional difference of 1.2x107'%, thus the
FLFCs were ensured to have good reproduc-
ibility. The weighted mean of all data from
5 days was calculated to be 7.6 x107'7 with a
standard error of 2.8 x107"". We found that av-
erage frequencies measured by two FLFCs
agree within the uncertainty of 8.1 x107"". The
FLFCs developed enable to compare the opti-
cal frequencies against a cesium atomic foun-
tain clock with the best uncertainty under their
reliable long-term operation(33]. It should be

noted that the maintenance of the FLFCs was
hardly required for the continuous operations
over 8 hours during the repeated comparisons.
Such reliable operation was allowed by the
broadband fs lasers without PCFs and was es-
sential for the FLFCs as optical frequency
counters.

In the above, we have reported the perfor-
mance of the so-called microwave-to-optical
synthesizer based on FLFCs, in which FLFCs
are used as a frequency up-converter of the mi-
crowave standard to the optical region. By the
way, FLFCs can be viewed as a general pur-
pose extremely broadband synthesizer with ei-
ther an optical or microwave frequency refer-
ence. An optical-to-microwave frequency
synthesizer is employed to down-convert the
laser frequency into microwave. The micro-
wave synthesis from stabilized laser potentially
achieves high stability sufficient for Ramsey
spectroscopy in the cesium atomic fountain
clocks and thus it is applicable for optical
clockwork. An optical-to-optical frequency
synthesizer is able to bridge the large optical
frequency intervals and compare optical clocks
made from different atomic species. For these
purposes, the n-th component f(n) of the FLFC
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Results for measurements of laser abso-
lute frequency with two optical frequen-
cy combs
Summary of the comparison of absolute fre-
quency measurements. The weighted mean
ofall data is calculated to be (7.6+2.8)x 10!
and is shown by a blue line. The total averag-
ing time (T) and the 10 s Allan standard de-
viation (o) are also written for each com-
parison. Note that a mean of the first data set
has a larger standard error because of the
shorter averaging time.
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must be stabilized to the reference laser f,, by
the phase locking of f; ., to a microwave refer-

ence, and f.., is also locked to a microwave

standard. Then f,, is phase coherently linked
to f.,as
1

_frep :;(f;w_fbeat_-f;eo) (14)

If we redefine the origin of the comb, we can
now rewrite Eq.(3) as

S0V = o= frae ¥ = frc = ) (15)
(k: any integer)

In this expression, the effective origin of the
FLFC is f, and the f, is always given by Eq.
(14). Thus, all optical frequencies f (k) as well
as f, are phase locked to f,. More generally,
both accuracy and stability of f., and f (k) are
determined entirely by f,, even if f . and f.,
are referenced to the microwave standards.

In optical-to-microwave frequency synthe-
sizer, the optically referenced pulse train at f,
must be converted to an electronic microwave
signal using a fast photodiode. It has been pre-
viously mentioned that the excess power-to-
phase noise was added to the microwave sig-

(A) Repetition Frequency Comparison

frep1
=200MHz 5*frep1
NICT-FCB1 [ - 123:2
PD1 ;
=1GHz
NICT-FCB2 » I

SM fiber

=
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SM fiber

=
laser (fcw)

el P4 Comparative experiment between light-
microwave and light-optical synthesizer
with NICT-FCB1 and -FCB2
Experimental setup for the repetition fre-
quency comparison and optical heterodyne
comparison by two FLFCs.

nal in the conversion process. Therefore, it is
worthwhile to investigate the possible influence
of the noise on the uncertainty of f,, for the ap-
plications such as the radar, deep space navi-
gation, VLBI and optical clock. Figure 12(A)
illustrates the experimental setup for the com-
parison of f . by the photodiode detection.
The both heterodyne beat f;.,, and f; ., were
phase locked to the frequency-stabilized refer-
ence laser, while the £, and f.., were phase
locked to the output of DDSs having external
frequency reference from H-maser (not shown
in the figure). The optical pulse trains from
each FLFC were detected by PD1 and PD2,
and converted to the microwave signals at f,
and f.,. The dual mixer time difference meth-
od was employed for the phase comparison
of the 5th harmonics of f,, and fundamental
of frn- The relative fractional instability to the
optically referenced laser was 2x107'* at 1 s as
shown in Fig. 13(a). We suppose the instability
was limited by the power-to-phase conversion
noise, since it agreed with the relative insta-
bility of the microwave-to-optical synthesizer
configuration (Fig. 10(d)); both are sensitive to
the influence of the excess phase noise. The rel-
ative fractional frequency difference between
two FLFCs was 2.2 x107"7 with an uncertainty
of 8.7 x107"" within the measurement time of
2800 s. This uncertainty is no significant level
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Jlefi el Relative frequency stabilities between
light-microwave (a) and light-optical syn-
thesizer (b) with NICT-FCB1 and -FCB2
Relative instabilities of two FLFCs obtained
from the repetition frequency comparison (a)
and optical heterodyne comparison (b).
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to compare the frequency of optical clocks to
the current-best primary frequency standard in
the microwave region.

The high-frequency noise of the free-run-
ning local oscillator is appeared in the output of
the frequency standards and is often degraded
the frequency stability expected. This, so-called
the Dick effect, is caused by the demodulation
process in the modulation techniques needed
for the stabilization of the local oscillator to a
passive reference. The phase noise measure-
ment of the £ is required to identify the Dick
noise level in the frequency stability of the
primary standards operating with the optical
clockwork. Figure 14 displays the single-side-
band (SSB) phase-noise spectrum of several rf
oscillators. The 1 GHz signal down-converted
from the cavity-stabilized laser frequency by
using NICT-FCB2 is plotted in Fig. 14(b).
The SSB phase noise level was —145 dBc/Hz
at 10 kHz from the 1 GHz carrier frequency,
which was 60 dB lower than that of the com-
mercially available oscillator (Fig. 14(a)).
Clearly, there is a large potential payoff in the
phase noise level offered stabilized laser com-
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Phase noise spectra of the 1 GHz signal
from various cavities and synthesizers
Single-sideband phase noise spectra of vari-
ous oscillators and synthesizers at 1 GHz. (a)
SSB phase noise spectrum of commercial rf
oscillator, (b) 1 GHz signal produced from
729 nm ECDL and (c) cryogenic sapphire
oscillator[35].

pared to a cryogenic sapphire oscillator (CSO)
(Fig. 14(c)), which is the best existing mi-
crowave source[36]. Recently, cesium atomic
fountain primary frequency standards in two
metrology institutes have been actually oper-
ated with the low-phase-noise local oscillator
composed of the cavity-stabilized laser and fi-
ber-based FLFC[37)(38]. Those demonstrations
revealed that the low-noise local oscillator will
confidently replace the CSO as a flywheel of
the primary standards in the near future, with
removing the use of troublesome cryogenics.
The performance of the FLFCs as the opti-
cal-to-optical frequency synthesizer has evalu-
ated by the optical heterodyne comparison of
their spectral lines. This method enables to at-
tain the high precision measurement in 107"
range due to the free from the power-to-phase
conversion noise caused by the photodiode for
the pulse detection[401. Figure 12(B) shows the
configuration for the heterodyne comparison
measurement. Both FLFCs are phase locked on
the common cavity-stabilized laser. In the opti-
cal heterodyne measurement, we can obtain
Jrept = Jrepz DY SEUING foeor + focar = Socor T Socar-
This allows the use of group of lines from each
FLFC to generate the strong heterodyne beat
signal, since all modes are appropriately syn-
chronized for the signal generation. The SNR
of the beat signal was as high as 52 dB with a
300 kHz bandwidth. The fractional instability
relative to the reference laser is plotted in
Fig. 13(b). The instability starts from 2 x107'¢
at 1 s and averages down to 1078 level in
1000 s. This short-term instability could arise
from the Doppler frequency shift of mirror vi-
brations in the heterodyne interferometer. The
estimated level is in agreement with the mea-
surement when the vibration at the Fourier fre-
quency of 1 Hz is assumed to be 10 nm. The
relative frequency difference between two
FLFCs is equal to 3.4 x107'® with an uncertain-
ty of 2.9 x107'® within the measurement time of
7700 s. Our FLFCs were found to be available
for the frequency measurement of the optical
lattice clock with the best performance(3g).
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4.2 Frequency measurement of 1.5 ym
optical communication laser with
Er-fiber laser frequency comb

In recent years, optical fiber communica-
tions become a very important for the transmis-
sion of the information signals. The cw laser
oscillating at the 1.5 ym wavelength is one of
the key devices for the optical communication
and is required to have a narrow linewidth and
absolute frequency matched to the ITU grid.

We have measured the absolute frequency of a

1.5 yum acetylene-stabilized laser by using

NICT-FCF1 and established the frequency

measurement procedure. The acetylene-stabi-

lized laser is available for an optical reference
in the telecommunication band. It is stabilized
to the P(9) rotational line in v, + v, vibration

overtone band of the acetylene isotope *C,H,

at 194 894 844 MHz. The laser output was

transmitted though a SM fiber and transferred
to an all-fiber heterodyne interferometer for
the f;., detection. The f;,, signal had a SNR of

29 dB in the RBW of 100 kHz. The f,.,, spectral

linewidth was broadened to be more than

1.5 MHz, which was affected by the frequency

jitter noise from the acetylene-stabilized laser.

The absolute frequency of the laser was mea-

sured over 3 days and is plotted in Fig. 15. The

measured frequency was 194 894 844 975

145.2 Hz, which was in accordance with the la-

T T T T T
Frequnecy = OHz <=> 194 894 844 975 145.2 Hz
50000 - .
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~50000 - e —

1 1 Il Il 1
0 05 1 15 2 25
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Absolute frequency measurements of the
acetylene-stabilized 1.5 um light source
Absolute frequency measurement of Acety-
lene stabilized laser by fiber laser frequency
comb over a period of 3 days. The frequency
offset of 194 894 844 975 145.2 Hz is sub-
tracted from the absolute frequency.

ser specification. Figure 16(a) shows the Allan
standard deviation of the acetylene-stabilized
laser. The frequency instability was measured
to be below 3 x107!!. From this measurement,
the NICT-FCF1 was found to be applied for the
performance evaluation of the 1.5 ym laser for
optical-fiber communications. It is also suited
for the future optical clocks requiring the stable
continuous operation of over days.

We have also measured a cavity-stabilized
1.5 um DFB fiber laser to determine the mea-
surement precision of the NICT-FCF1. The
NICT-FCF1 was referenced to the CSO with
the fractional stability of 107'° level as shown
in Fig. 16(c). Figure 16(d) shows the instability
of the DFB laser against the CSO via the NICT-
FCF1. From the result, the measurement preci-
sion of the NICT-FCF1 was reached at least
3 x10in 1 s. The frequency drift due to the
length variation of the reference cavity for the
DFB laser was appeared over the 3 s averaging
times. Further verification of the measurement
precision of the NICT-FCF1 is expected by the
comparison of two independent fiber-based
FLFC referenced to common microwave or op-
tical reference.

Allan Deviation
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151 Frequency stability of the 1.5 um light

source measured with fiber optical fre-
quency comb

Measured frequency instabilities as given by
the Allan standard deviation. (a) Acetylene
stabilized laser vs H-maser. (b) Instability of
H-maser employed as rf-reference. (c) Insta-
bility of cryogenic sapphire oscillator (CSO)
[41]. (d) DFB fiber laser vs CSO via fiber
comb.
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5 Conclusion and outlooks

A self-referenced optical frequency comb
generated from a fs-pulse mode-locked laser
enables direct connection of separate optical
frequencies and link optical to microwave fre-
quency with high precision. Such FLFCs have
many scientific and technological applications,
including metrology, atom and molecular spec-
troscopy, astronomy and high-energy physics.
In this article, we presented the characteristics
of the FLFCs developed. They have been actu-
ally applied to determine the clock transition
frequency of “°Ca* ions[42] and *¥'Sr atoms[43]
with the uncertainty of 107"° level. From these
measurements, the FLFCs were found to be
suitable for the optical frequency standards.
The achieved performance of our FLFCs was a
significant milestone for the establishment of
the optical standards in NICT and contribution
to the re-definition of SI second.

The optical comb generation from various
type of lasers and possible extensions of their
wavelength coverage are very interesting top-
ics, although they have not been reported in
this article. Although the potential for using
mode-locked lasers in optical comb generation
was recognized early, these lasers did not pro-
vide the properties necessary for fulfilling this
potential. The development of the Kerr-lens
mode-locked Ti:sapphire laser has been largely
contributed to the first frequency measurement
based on FLFC. It had capability to generate
ultra-short pulses so that the spectral broaden-
ing exceeding an optical octave was finally
succeeded by using external nonlinear devices.
Currently the fastest f,., was reached as high as

rep
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