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Abstract

We have stabilized the modes of a comb of optical frequencies emitted by a mode-locked femtosecond-laser and used it
as a ruler to measure differences of up to 45.2 THz between laser frequencies in a new type of frequency chain. Directly
converting optical to radio frequencies, we have used it for an absoiute frequency measurement of the 1S—2S transition in
the hydrogen atom. Here, an intuitive model of the comb’s properties is given and essential techniques for its stabilization
and efficient detection of beat signals are presented. © 1999 Elsevier Science B.V. All rights reserved.
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in recent years, we have wiinessed dramaiic
progress in the development of optical frequency

standards based on tranped ions rl] and narrow
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spectral lines of neutral atoms such as the hydrogen
1S-2S transition [2]. Having the potential to reach
accuracies far beyond the current state of the art
cesium atomic clocks [3], the missing part of future
atomic clocks still remains a precise, reliable ‘clock-
work’, converting frequencies in the optical range of
several hundred Terahertz to radio frequencies. In
the past, phase coherent comparisons between optical

with th

and radio frequencies have been performed with the

few harmonic frequency chains that reach all the
way up to the visible or the UV region [2,4,5]. A
promising approach for a new type of frequency
chain is the determination of an optical frequency f
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by measuring a frequency interval in the optical
region. For example, the interval Af=2f—f= f

hatween f and i1te cecond harmonic 2 f cO onld
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measured. Optical frequency interval dividers [6,7]
that allow the phase coherent bisection of arbitrarily
large frequency differences can reduce that interval.
These dividers generate the sum frequency of the
two input laser frequencies in a nonlinear crystal and
phase-lock the second harmonic of a third laser to it.
This forces the fundamental frequency of the third
laser to oscillate at the precise center of the interval.

Tf »n cuch dividare are caceaded tha initiagl fraguancy
if # sucn aiviaers are cascaded tne initiai 1HICHUCTCY

gap is reduced by a factor 2". The simplicity and
reliability of such a new frequency chain depends
critically on the capability to directly measure large
optical frequency differences, avoiding the need for a
large number of frequency interval dividers.

While we have demonstrated a 5 stage frequency
interval divider chain about two years ago [2], in
recent experiments we have used the comb of modes
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bridge large frequency intervals in the optical region.
Although the application of mode-locked picosecond
lasers for the measurement of frequency intervals of
about 1 GHz had been demonstrated in elementary
form already 20 years ago [8], not much work had
been done on that subject since then. Using pulses of
about 70 fs length, we have recently bridged fre-
quency differences of up to 20 THz in a phase
coherent measurement of the absolute frequency of
the Cs D, line [9] and in experiments to verify the
mode spacing constancy [10]. After further spectral
broadening of the comb by self phase modulation in
an optical fiber [11], we could even bridge an inter-
val of 45.2 THz. With this system we were able to
directly compare the optical frequency of the 15-2S5
two photon resonance in atomic hydrogen (A = 243
nm) with the radio frequency of our local cesium
atomic clock [12], demonstrating a prototype of a
new type of frequency chain. As the spectral width
of the frequency comb scales with the inverse of the
pulse length, even larger frequency gaps may be
measured with shorter pulses. To be able to make
use of femtosecond-lasers as a tool for high precision
metrology, we apply new techniques to stabilize the
mode comb, to efficiently detect beat signals with
continuous wave (CW) lasers and to count the num-
ber of modes in a frequency interval. In this article,
these techniques are presented on the basis of an
intuitive model of the properties of the frequency
comb and we discuss applications of mode-locked
femtosecond-lasers for absolute frequency measure-
ments.

Kerr-lens mode-locked lasers are able to generate
pulse trains with pulse-lengths as short as 5.4 fs [13].
The resonator of these lasers is designed in a way
that it experiences lower losses if a Kerr-lens is
created by the high peak intensity of a short pulse
[14]. The group velocity dispersion 3°k/dw” in the
cavity, that would lead to a rapid pulse broadening,
is compensated with so called chirped mirrors [15] or
a pair of prisms [16]. If started appropriately, a short
stationary pulse with high peak intensity will contin-
vously circulate in the cavity. In the frequency do-
main, Kerr-lens mode-locking can be viewed as an
intensity dependent mechanism that locks the rela-
tive phases of a large number of active longitudinal
laser modes in such a way that their superposition
builds up this circulating pulse. The strong amplitude

modulation can be thought of as imposing sidebands
on the active laser modes that injection lock their
neighboring modes. To make this work the mode
separation has to be sufficiently constant over the
entire optical bandwidth participating in the mode-
locking process. In a passive resonator of length L
the mode separation is determined by demanding
that 2Lk(w) is a multiple of 2m. Dispersion is
accounted for by the frequency dependence of the
wave vector k(w) which can be expanded about
some center frequency w:

dk 1 3%k
k(w)=k(w,) + 8_0) w“(w_ w,) + 5 PP "
X(w—w,) +.... (1)

To obtain a constant mode separation all but the first
two terms in this series have to vanish. As already
pointed out with a time domain argument the third
term, which is proportional to the group velocity
dispersion, is compensated in a Kerr-lens mode-
locked laser. The remaining higher order deviations
from a constant mode spacing are removed by mode
pulling of the active laser modes, i.e. injection lock-
ing of adjacent laser modes. The mode separation is
calculated from the second term and can be ex-
pressed with the group velocity v, = dw,/dk to be
v,/2L which is the inverse round trip time of the
circulating pulse. The mode spacing of passive res-
onators is usually given as the free spectral range
(FSR) calculated from the phase velocity FSR =
c¢/n2L, where n is the refractive index. In this
expression, dispersion is neglected completely.
Therefore it is not suitable for accurate metrological
applications. However, the corresponding expression
for mode-locked lasers, the pulse repetition rate f, =
v,/2 L, is easily measured with radio frequency ac-
cilracy. As it is the modulation frequency which
governs the mode locking process and precisely fixes
the mode separation, it will be used in the further
discussion as the appropriate expression to describe
the mode spacing.

The electric field at the output coupler of the
mode-locked laser can be expressed as E(t) =
A()e > + c.c., with a (possibly complex) peri-
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odic envelope-function A(z), amplitude- and phase-
modulating an underlying light field function oscil-
lating with some optical carrier frequency f,. If the
envelope function A(:¢) is strictly periodic, it can
be expressed as a Fourier series in f: A(r) =

L, Ae *"'9 The electric field is then
+ %<
— S2miCf g
E(t)= ) A e "THT e, (2)

g=—=

The spectrum of Eq. (2) represents a comb of laser
frequencies precisely spaced by the pulse repetition
rate f,, where the coefficients A , that contain the
spectral intensity and the relative phases of the
modes, do not depend on time. For example, a pulse
train made up of a purely amplitude-modulated opti-
cal carrier frequency f. would correspond to a sym-
metrical comb of modes, centered around f, (see
Fig. 1). The uniform spacing of the modes by pre-
cisely f, is a result of the periodicity of the pulse
envelope function. We have verified this property
within the limits of our experiment with an uncer-
tainty of a few mHz for a 20 THz frequency interval
[10].

A
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Fig. 1. Two consecutive pulses of the pulse train emitted by a
mode-locked laser and intensity spectrum of the train. Within the
cavity, the envelope is traveling with the group velocity v, which,
in general, differs from the phase velocity of the carrier v,. The
carrier phase relative to the envelope changes from pulse to pulse
by A¢. The modes are offset from being integer multiples of the
pulse repetition rate f, by f, =(A¢/2w)f..

In general, the carrier frequency f, and therefore
the frequency of each mode f, is not an integer
multiple of the pulse repetition rate. The reason for
this is obvious, if an ideal pulse train consisting of a
pure amplitude modulated carrier frequency is as-
sumed: The envelope of the circulating pulse travels
with the group velocity, while the carrier phase
advances with its phase velocity. Thus, the carrier
phase will be shifted after each round trip with
respect to the pulse envelope by say A ¢ (see Fig. 1).
This phase shift can be calculated from the differ-
ence of the group velocity of the pulse and the phase
velocity of the carrier and can be chosen to obey
0 < Agp < 2. Clearly, the electric field emitted by
the laser is in general not periodic with the pulse
repetition time T=f"' so that it can not be ex-
pressed by a Fourier series in f,. The comb of laser
frequencies is therefore shifted by an offset fre-
quency f, from the integer multiples of f,. This shift
is given by

fo=(A(P/21T)T_l=(A‘P/2"T)fr- (3)

Since 0 <A@ <2, the offset frequency f, is
smaller than f, and by comparison with Eq. (2) the
frequency of the nth cavity mode is given by
fo=rnfi+fy=(n+Ap/2m)f,. (4)
where we set f,
n,.

In a real laser the carrier frequency is usually not
constant across the pulse. This so called frequency
chirp can be described by a complex envelope func-
tion A(t) =|A(t)le ' in Eq. (2). The phase varia-
tion across the pulse a(z) is the same from pulse to
pulse ie. a(t)=al(r—T), as confirmed by our
experiment proving the mode spacing constancy [10].
Independent of the particular shape of a(?) the pulse
is collecting a phase factor e 2™'/<" during the round
trip time 7, which equals e 2 ™'("*/oT) = ¢ 7i3¢ The
relation f,=(A¢@/2m)f still holds even though
A ¢ does not have the clear interpretation sketched in
Fig. 1. The mode spacing constancy is thus main-
tained even for a chirped pulse and Eq. (4) remains
valid. In our recent experiments we were able to
control both f, and f, independently, which sup-
ports the intuitive picture presented here.

= n_f, +f, with some large number
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broadened while maintaining the mode spacing by
self phase modulation in a nonlinear optical material.
Additional modes outside the original spectrum are
created from the existing modes by this four wave
mixing process: The frequency of one mode is sub-
tracted from the sum frequency of two other modes.
This x“-process is most efficient if all possible
combinations of original modes, that lead to a spe-
cific new mode, add up coherently. This is the case
if the phases of the original modes are adjusted to

gnm the shortest “Ll

sh se, i.e. the highest peak power.
The strong focusing of the pulses over an extended
length in a single mode optical fiber has been used
for this purpose [11]. Due to group velocity disper-
sion and self phase modulation the pulse is broad-
ened and the peak intensity is reduced as it travels
along the fiber so that the effective broadening comes
to an end. The useful fiber length is limited to a
value proportional to the initial pulse length squared.

Tf tha tnitial nuilce hag a nacative chirn and tha fiher
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a positive group velocity dispersion the pulse will
reach its shortest duration in the fiber enhancing the
process of self phase modulation. The group velocity
dispersion of the fiber imposes a large frequency
chirp on the pulses. As long as this chirp stays the
same from pulse to pulse the mode spacing remains
constant. To circumvent systematic uncertainties
caused by slow drifts of the ambient fiber tempera-
ture the beat blgﬂalb for puaSé‘: locmng, as described
below, are measured after the fiber passage. Fig. 2
shows the observed hroadenm_g of the spectrum of
pulses obtained from a commercial Ti:Sapphire
Kerr-lens mode-locked laser (Coherent model Mira
900 pumped by a 5 W frequency-doubled single-
frequency Nd:YVO, laser, Coherent model Verdi).
This set-up was used for an absolute frequency
measurement of the hydrogen 1S-2S transition [12].

Like f,, the frequency offset f, lies in the radio
frequency domain. Eq. (4) would therefore allow a

direct determination of the nnt cal freauencv f
girect cetermnation o7 ine oplical Ifrequency Jae

While the pulse repetition rate is easily measured the
frequency offset could be measured in principle by
cross correlation of subsequent pulses [17], but not
with radio frequency accuracy. As shown in Fig. 1
the peak electric field should depend on the relative
phase ¢ of the carrier to the envelope if the pulses
are sufficiently short. Highly noniinear processes like
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Fig. 2. Observed spectral broadening of 73 fs pulses (f, =76
MHz, 1.5 times the Fourier limited time-bandwidth product) after
passage through a 40 cm long single mode optical fiber (Newport
FS-F). Top: 8 mW average power from a Ti:Sapphire Kerr-lens
mode-locked laser is coupled through the fiber. Bottom: The same
with 225 mW average power. With our current set-up it is

p(\thlp to nhqep.lnnl{ a laser diode to the modes that are more

than 10 dB less intense than the peak of the spectrum.

high harmonic generation [18] and above threshold
ionization [19] could then be sensitive to ¢ and
should therefore be modulated with 2 f,. This would
allow a radio frequency measurement of f,. Assum-

nnlee chane in the time domain 2 of F(+) =
lJUlbD Dllal.l\-r 111 tlll.« (A3 yiw) UUlllﬂlll il AN Y

*The intensity pulse width (FWHM) is given 21y/In(2) =
1.677.
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tion after a process that depends on the Nth power of
the electric field will yield a signal proportional to

+ox —Nt?
f exp| —— cosV(2mf.t+ @) dt
)

—x

1 +x —Nt?\ N N
RYENETE

— i=0

Xcos([N—2j](2nf.t+ ¢)) dt

HIES

]]

Xexp( —(27fr)” )

xcos([N —2]¢). (5)

If N is an even number, which is usually the case if
the intensity of the nonlinear yield is measured (e.g.
N =4 for the second harmonic), then the largest
contribution (N — 2j = +2) to the signal is propor-
tional to

2N
+
N+2

g 2CmhT ’/Ncos(2<p). (6)

The second term, which is modulated with 2f,, is
exceedingly small compared to 1 unless a very short
pulse length and /or a high harmonic of the electric
field is used. For constant pulse-to-pulse energy the
result should be divided by this energy term (N = 2),
but the relative correction to the second term in Eq.
(6) is small. The creation of high harmonics of
femtosecond-pulses usually demands high pulse
powers. These can be created with the help of regen-
erative amplifiers which, however, reduce the repeti-
tion rate down to a few 100 kHz or less. A low
repetition rate, i.e. a dense frequency comb, is diffi-
cult to use for frequency metrology, as the number of
unwanted beat notes is drastically increased. Addi-
tionally, assuming unchanged average output power,
the available power per mode is reduced with the
repetition rate.

Another way to measure the offset frequency
becomes possible if the frequency comb contains at
the blue side the second harmonic of modes from the
red side. In this case two modes with frequencies

f=nf+f, and n,f, +f, with n,=2n, should
oscillate at the same time. By phase-locking a laser
diode to f which is then frequency doubled the beat
note 2 f — (n, f, + f,) =f, can be observed. A white
light continuum covering the visible range could for
example serve this purpose if it can be created with a
sufficiently high repetition rate. If the width of the
frequency comb is not wide enough a number of
optical frequency interval dividers [2] may be em-
ployed reducing the necessary span by a factor of
two for each installed divider.

This method of measuring an absolute optical
frequency f as an interval between f and its second
harmonic 2 f can be viewed as a special case of the
general principle. Other combinations of nonlinear
processes can be used to convert an absolute optical
frequency into a frequency gap whose measurement
with mode-locked lasers relies solely on the mode
spacing constancy. A prototype of such a new type

to hydrogen
1S-2S transition

(A 848.0 nm “)
3.392 pm 969.2 nm
He-Ne laser laser diode

f = 88.38 TIlz
3.5f

[T 4f

[ (AN l I '
7
optical fiber @

r:___.__.vJ\ mode locked
Ti:Sapph. laser

Fig. 3. Example for a new type of frequency chain (simplified
scheme) as used in our recent experiment to determine the hydro-
gen 1S-2S transition frequency at 121 nm (4 X 7f). The optical
frequency interval divider (big oval symbol) fixes the ratio of its
frequencies to f:4f:7f. Measuring the frequency of a stabilized
He—Ne laser as an interval of f/2 at 900 nm determines all other
frequencies in this system setup.

N
Af = f/2 I f
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of frequency chain, that has already been demon-
strated in our laboratory in an experiment to measure
the 1S-28S transition frequency in atomic hydrogen
[12], is shown in Fig. 3.

To measure large frequency differences with high
accuracy, the beat signal of a mode of the comb with
a CW laser must be detected in presence of a large
number of other modes that only contribute to noise.
A low noise beat signal can be achieved by mode
preselection with the help of a grating as shown in
Fig. 4. In this case the noise due to the unused
modes is reduced by preventing them from reaching
the detector. The shot-noise limited signal to noise
ratio of the beat signal with the nth mode on a
detector with a quantum efficiency n and a detection
bandwidth B, is calculated from [20]

77 tP/z(l_t)PLD
hvB, tY P +(1—1t)P,,’
k

S/N= (7)

where P, and P, are the power of the laser diode
and the nth mode respectively and hv is the energy
of a single photon. The transmission of the ad-
justable beam splitter used to match the beams is
given by ¢. The summation ¥, extends over all the
modes that reach the detector, this might be approxi-

grating

polarizer
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mated by NP, if the resolution Nf. of the grating in
combination with the detector aperture is such that
the power is approximately constant within the sum:

17 tPn(l-[)PLD
" hvB, NiP,+(1—1)P.,

S/N (8)

If we assume that ¢ is always adjusted to give the
optimum signal to noise ratio 7., = V/’PLD /(V‘"NP”
+ P ) we find that for N << P ,/P, the detec-
tion is limited only by the shot noise of the weak
signal P,

np,

—_— 9
hvB, ©)

(S/N)Opl =

As a rule, the grating must therefore remove enough
modes so that the total power of the remaining
modes is much smaller than the power of the laser
diode. In the wings of the frequency comb a rather
poor resolution is usually sufficient to achieve a
signal to noise ratio limited by the shot noise of the
weak signal P,.

To create the beat notes necessary for the determi-
nation of the Cs D, line and the hydrogen 1S-2S

—
7

F
node
locked laser

Fig. 4. Detection of a low noise beat signal with the mode-locked laser on a Si avalanche photo diode (APD). The relative intensity of the
matched beams is adjusted by rotating the polarizer that is placed after the polarizing beam splitter (PBS). To avoid possible beam pointing
changes and to provide the polarization for the optimal refraction efficiency of the grating the rotatable beam splitter may be replaced by a
fixed beam splitter and a half wave plate. In most cases, the width of the aperture shown is not critical and could be the area of the photo

diode itself.
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frequency we used a 15 X 10 mm? grating with 1800
lines/mm and a f= 15 mm lens at a distance of 50
cm from the grating. The aperture of the lens (diame-
ter of 5 mm) was sufficient for selecting one of the
modes in vicinity of the laser diode frequency and
reliably phase-locking the diode to it [21].

To use the mode-locked laser as a ruler to mea-
sure large optical frequency differences, the mode
spacing, i.e. the pulse repetition rate of the laser,
must either be measured very accurately or set to a
predefined value by phase-locking it to a radio fre-
quency reference. In principle, this can be done by
controlling the laser cavity length with a piezo driven
mirror. However, for most applications, it is desir-
able to phase-lock the pulse repetition rate and the
beat note of one of the modes with another laser
simultaneously. For this purpose it is necessary to
control the phase velocity of that particular mode
and the group velocity of the pulse independently. A
piezo driven folding mirror changes both the pulse
round trip time and the mode wavelength. Changing
the cavity length in this way, no extra dispersion is
added leaving the pulse to pulse phase shift Ag
constant. According to Eq. (4), the optical frequen-
cies are shifted by Af, /f, =Af /f.= —AL/L.

A mode-locked laser that uses two intra cavity
prisms to compensate the intra cavity group velocity
dispersion provides us with an elegant means to
independently control the pulse repetition rate. As
shown in Fig. 5, we use a second piezo-transducer to
tilt the cavity end mirror near one of the prisms. The
reflection thus introduces an additional phase delay
proportional to the frequency distance f— f, for all

folding Lo

mirror prism setup

. . . cavity
for negative GVD

K'end mirror

piezo controlled tilt

Fig. 5. The usual prism set-up at one of the end mirrors used to
compensate the group velocity dispersion can be used to change
the group delay time per round trip. This is done by introducing
an additional round trip phase delay that is a linear function of the
optical frequency.

frequency components f of the pulse. This displaces
the pulse in time and changes the effective cavity
round trip time. The frequency f, corresponds to the
cavity mode that coincides with the tilting axis on
the surface of the cavity end mirror. A similar scheme
has been used before in a rapid scanning optical
delay line [22].

Arguing in the frequency domain, the insertion of
an additional length proportional to f,, — f, for each
laser mode f,, simply changes the mode separation.
Ideally the absolute frequency f, is the one that is
phase-locked with the folding mirror. In this case the
tilt angle will change every frequency in the comb
except f, so that the control of the f, decouples
from the control of f,. However, the phase-lock of
f, with the folding mirror is not decoupled from the
control of the pulse repetition rate. Using this
method * with our commercial femtosecond system
we found that it operates well if the bandwidth that
controls the cavity length is as high as possible
(typically 10 kHz) while the bandwidth that controls
the cavity end mirror tilt () is low in order to
exploit the short term stability provided by the laser
cavity. The position of the tilt axis was not critical
and was situated even beyond the mirror. The mis-
alignment of the cavity due to the necessary tilting of
the end mirror was negligible. To reduce the neces-
sary servo bandwidth for phase-locking one of the
modes to a laser diode with a piezo transducer
controlling the cavity length, we used a prescaler that
divides the phase-locked beat frequency by 128. In
addition we used a large range (£ 32 ) digital phase
detector [21]. In principle, a fast phase-lock by an
intra-cavity electro-optic modulator seems to be
feasible as well, if the dispersion compensation in
the resonator is designed appropriately.

When phase-locking the pulse repetition rate to a
signal provided by a synthesizer one faces the prob-
lem of phase noise multiplication. It is well known
that the integrated phase noise intensity grows as N
when a radio frequency is multiplied by a factor of
N [23]. By the detection and phase locking process
of the pulse repetition rate additional phase noise is

? Patent pending.
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introduced. We reduced this noise contribution by a
factor of 1007 since we did not phase-lock the
fundamental pulse repetition rate but its 100th har-
monic. Further, we used a low servo bandwidth to
exploit the intrinsic stability of the laser resonator.
The small servo bandwidth and the intrinsic stability
of the laser resonator that is filtering the modes helps
to prevent the high frequency noise components
from propagating through the frequency comb [24].
In fact, using an externally referenced low noise
DRO (dielectric resonator oscillator, CTI Communi-
cation Techniques model XPDRO-6313) instead of a
synthesizer (Hewlett—Packard model 8360) for this
purpose did not improve the performance in any
noticeable way. Unlike the synthesizer the DRO
showed a small but significant frequency drift
attributed to drifts or instabilities of the DRO’s
internal phase locked loops to the reference. The
observed frequency drift relative to its reference
frequency was as high as several 100 mHz per
second at the measured frequency interval of 4 THz.

To unambiguously measure large optical fre-
quency differences with a mode-locked laser, it is
necessary to determine the number of modes be-
tween the two CW laser frequencies that form the
interval. If the pulse repetition rate is sufficiently
high a wavemeter could identify the modes, provided

it has a resolution better than f,. However, this is not
the case with a commonly used commercial waveme-
ter (e.g. Burleigh WA-20 Series model) in connec-
tion with a pulse repetition rate around 75 MHz
commonly employed in commercial femtosecond
systems. The observation of a frequency shift n X 6,
of one of the modes after changing f, by 6f, may be
difficult because it demands a resolution of 6f, to
distinguish between the mode number » and n + 1.
The shift n X 8f, could not be chosen too large if
one has to track it with a phase-locked diode laser.
This scheme becomes particularly difficult when us-
ing large mode numbers which is of course the main
interest.

When applied to a determination of some optical
reference frequency the mode number may be unam-
biguous if a previous measurement with sufficient
accuracy exists. If this is not possible another solu-
tion of the problem is to use an external cavity that is
adjusted to have a free spectral range of some multi-
ple N of f.. This cavity then, when operated on
resonance, would transmit only every Nth mode of
the frequency comb and is therefore increasing the
mode spacing by a factor of N. In the time domain,
one could argue that the pulse is bouncing N times
in the cavity until the next pulse arrives. The pulse
repetition rate is thereby multiplied by N. To make

transmission [arb. units]

Wﬂlﬂlﬂﬂﬂinmh....m. (Ll

I GARRA

piezo voltage [arb. units]

Fig. 6. The transmitted light from a mode-locked laser through a cavity of finesse F as a function of the piezo supply voltage that controls
the mirror separation. Far detuned the cavity will transmit one out of /2 F = 0.005 modes giving rise to the constant background. At the
central peak the ratio of the pulse repetition rate and the free spectral range of the cavity is exactly 1:20.
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sure that the free spectral range of the cavity is
indeed N times the pulse repetition rate the transmis-
sion through the cavity is observed. If the fraction of
the free spectral range and the pulse repetition rate is
some arbitrary number, the cavity will transmit on
average one out of 2 F /m modes from the frequency
comb where F is the finesse of the external cavity.
Taking into account the large number of modes in
the frequency comb the transmission is not changed
if the cavity length is scanned with a piezo mounted
mirror. If however the fraction of the free spectral
range and the pulse repetition rate is a small integer,
resonant fringes appear as shown in Fig. 6. The
transmitted intensity has a peak if the piezo con-
trolled mirror spacing allows the transmission of
every Nth mode and it vanishes if these modes are
blocked [9,25). Higher order ratios produce fringes
with smaller contrast. Although all peaks shown in
Fig. 6 correspond to a transmission of every 20th
laser mode for a certain spectral range, the matching
of the cavity resonance spacing to the comb of laser
modes is fulfilled best for the central peak. In this
case, dispersion in the external cavity limits the
spectral width of the transmission. The cavity used
by us allowed the simultaneous transmission of
modes 18 THz apart as necessary in our experiment.
Applying this mode number counting method to
much larger intervals would demand a cavity with
flat dispersion over a larger spectral range. To vali-
date this scheme we have used 26,500 modes of our
mode-locked laser and checked the resulting fre-
quency difference [10] by comparison with a fre-
quency comb produced by a fast electro optic modu-
lator [26].

If two frequency combs are available at the same
time the mode number can be determined most
conveniently by operating them at slightly different
repetition frequencies say f,, and f,,. If the differ-
ence is say 1 Hz then the beat frequency nf,, — nf,,
yields immediately the mode number.

In conclusion, we have provided and applied the
techniques necessary to operate a mode-locked fem-
tosecond laser as a ruler to measure large optical
frequency differences. Full frequency stabilization of
the comb of modes has been achieved, while the
mode spacing constancy had been confirmed on a
level of 3 parts in 10!7 for a 20 THz interval before.
This new approach to measuring optical frequencies

can be understood in an intuitive picture. The
reported techniques have made it possible to con-
struct a new type of frequency chain which has been
applied for an absolute frequency measurement of
the 1S—-2S transition in hydrogen. The next step is
the implementation of these ideas with all solid state
and diode lasers that will allow a continuous opera-
tion of such a chain as a reliable optical clockwork.
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