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Why Precision Light?

Optical Frequency Measurement in Pre-OFC Era

Understanding OFC

NTHU OFC

What can OFC do for us?

Outline
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Metrology

Frequency,Time and Length Standard

Physical Constants

Precision Probe for Sma# Effects and Internal 
Structure of Molecules

Temporal Variation of Physical Constants, QED Test etc.

Practical Applications

DWDM for Optical Fiber Communication, Quantum 
Information?

4Monday, March 16, 2009



Optical Frequency Measurement 
in Pre-OFC Era
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Frequency Chain for 40Ca 657 nm
Optical Frequency Measurement 243

laser produces a beat on a photo-diode, which phase-locks the color-center
laser.

The radiation of 228THz is again frequency-doubled using LiB3O5 to
produce radiation with a frequency near the Ca transition. As with the gas
lasers, all these laser phase-locks employ phase-tracking PLLs.

The complete frequency measurement system is given in Fig. 17. Figure 18
shows the Allan standard deviation of a recent measurement. As with the

Fig. 17. Frequency-measurement chain to the Ca intercombination line
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Frequency Chain for Hydrogen 1S-2S

Optical Frequency Measurement 243

laser produces a beat on a photo-diode, which phase-locks the color-center
laser.

The radiation of 228THz is again frequency-doubled using LiB3O5 to
produce radiation with a frequency near the Ca transition. As with the gas
lasers, all these laser phase-locks employ phase-tracking PLLs.

The complete frequency measurement system is given in Fig. 17. Figure 18
shows the Allan standard deviation of a recent measurement. As with the

Fig. 17. Frequency-measurement chain to the Ca intercombination line

Laser Shuttle between PTB & Hänsch’s Group
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Understanding OFC
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What is Optical Frequency Comb

A series of equal-spaced comb lines in &equency domain

f f f f f f f fff

...... ......
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How to Build a OFC
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How to Build a OFC

Cavity Enhanced Phase Modulation
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How to Build a OFC

Cavity Enhanced Phase Modulation

Mode-locking Lasers

Ti:sapphire (Ti3+:Al2O3): 800 nm

Cr:forsterite (Cr3+:Mg2SiO4): 1235 nm

Er-doped Fiber: 1550 nm
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Cavity Enhanced Phase Modulation

Frequency sidebands are 
generated by phase 
modulator and enhanced by 
Fabry-Pérot cavity

Origina#y constructed for 
picosecond pulse generation 
in 1972 and re-implemented 
by M. Kourogi, K. 
Nakagawa, M. Ohtsu in 
1993 for &equency 
measurement
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Cavity Longitudinal Modes

11Monday, March 16, 2009



KOUROGI er al.: OFC GENERATOR FOR OPTICAL FREQUENCY DIFFERENCE MEASUREMENT 2695 

Fabry-Perot mirro La” 

Fig. 2. The construction of the present optical frequency comb generator. 
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Fig. 3. Experimental setup. LD’s, optically fed-back multi-quantum-well distributed feedback lasers at 1.5 pm wavelength; FI, 
Faraday isolator; PD’s, photodiodes; PBS’s, polarized beam splitters; HW’s, half wave plates; DBM, RF double balanced 
mixer; OSC’s, RF oscillators. 

measurement of the beat signal between one sideband of 
LDR generated by the OFC generator and LDx, we used 
an optical feedback method [14] to reduce their spectral 
linewidths. Their 3 dB-linewidths Avx and AvR were es- 
timated to be about 1 kHz from the experimental results 

of optical phase locking which are shown later in this sec- 
tion. The laser power Pi of the LDR incident into the OFC 
generator was about 7 mW. The value of vR - vx was 

controlled within 0.5 THz by controlling the temperatures 
and the injection currents of the lasers. An optical bal- 
anced-mixer-receiver is known as a reliable photo-detec- 
tor for heterodyne signal detection because it conserves 
local oscillator power and cancels excess intensity noise 
[15]-[17]. Thus, we used a balanced-mixer-receiver. The 
optical balanced-mixer-receiver consisted of two photo- 
diodes with the quantum efficiency qPD of 0.8, two polar- 
ization beam splitters (PBS’s) and two half wave plates 

(HW’s). The laser powers detected by the two photo 
diodes of the optical balanced-mixer-receiver are adjusted 

by the half wave plate (HWb). A pin hole was used in 
order to achieve matching of the beam spot size of LDx 

and LDR. As a result, laser power Px from LDx to the 

optical-balanced-mixer-receiver was reduced to 3 mW, 
but this value was high enough to obtain shot-noise lim- 
ited signal. Additional circuits, composed of a radio fre- 
quency (RF) double balanced mixer, a low pass filter, an 
RF attenuator, and an RF oscillator ( O X p ) ,  inserted be- 
tween the optical balanced-mixer-receiver and LDx, were 
for the optical phase locking. 

In Fig. 4, curves A and B show the noise level of the 

beat signal detection without and with the optical bal- 
anced-mixer-receiver, respectively. The broken line 
shows the shot noise level. By an auxiliary experiment, it 
was confirmed that the principal contribution to the noise 
of the curve A was the intensity fluctuation of the LDx. It 
is seen that the noise level of the curve B was reduced to 
the shot noise level in a wide range of Fourier frequency. 
When the beat frequencyfH is in such a range, it is pos- 
sible to realize the shot-noise-limited detection of the beat 

signal between LDx and a sideband of LDR. In the follow- 
ing discussion, the noise level is assumed to be the shot 
noise level. 

Fig. 5 shows a typical spectral profile of the beat signal 
between the LDx and the 84th sideband of the LDR. The 
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Fig. 8. Spectral profile of a beat signal under optical phase-locked condi- 
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Fig. 7 .  Experimental results of the spectral envelope of the OFC. Broken 
lines are the limits of the sensitivity of the optical spectrum analyzer. (a) 
(a = 0, Afm = 0. (b) (a = 0, Afm = 5.5 MHz. (c) (a = 0.15s, Afm = 5.5 
MHz. 

to one sideband of LDR generated by the OFC generator 

for demonstration. The experimental setup is shown in 
Fig. 3 (in which the switch (SW) is on). Fig. 8(a) and (b) 

show the spectral profile of the beat signal under phase 
locked condition for which LDx was locked to 84th side- 
band of the OFC, i.e., v R  - vx = 0.487 THz. The reso- 
lution bandwidths of Fig. 8(a) and (b) were 1 kHz and 30 
Hz, respectively. This is the first report of an optical phase 
locking with a frequency difference as high as 0.5 THz. 
From the wing of the residual phase noise seen in these 
figures, short-term residual phase error variance was es- 

timated to be less than 0.01 rad2. From Fig. 8(b), the 

111. THEORETICAL ANALYSIS OF AN OFC GENERATOR 

From the experimental results, the maximum measur- 
able frequency difference has been roughly estimated to 

be 4 THz. In this section, we calculate the spectrum of 
OFC by taking into account the crystal dispersion, and 
then derive the maximum measurable frequency differ- 

ence. 
Fig. 9 shows an analytical model of the OFC generator 

used for our calculations. The EO crystal in the Fabry- 

Perot cavity is assumed to be composed of two parts. One 
part is a phase modulator without the crystal dispersion. 
The other part gives the dispersion effect to the laser beam. 
By using a linear approximation of the refraction index ne 
of the extraordinary ray in a LiNbO, crystal, the optical 
power Pok of the k th order of the sideband generated by 
OFC generator is 

linewidth of the beat signal was estimated to be narrower 2 

( 14  
Eok 

Pok = YFP lzl pi than 30 Hz since the resolution bandwidth is 30 Hz. 
Therefore, the present phase locking does not limit the 

accuracy of the frequency measurement, and the mea- 
surable range can be increased by applying optical phase 

in low Fourier frequency shown in Fig. 8(b) resulted from = ' + exp ( - c dv 
the low gain of the feedback circuit. If an active loop filter 

is used, further reduction of the residual phase noise can 

where 

locking to higher order sidebands. Residual phase noise j 4 ~ ~  (kfm)' dn, 

m 

Jk-q(2m)Ecq (1b) 
be expected. FSR - j 2 a )  q= -m 

j 2 ~ k A f ~  -~ 
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Mode-locked Lasers

Multi-longitudinal-mode in 
&equency domain and pulse 
operation in time domain
The modes are equal-spaced in 
&equency and phase-coherent
The &equency of each mode 
can be written as:
Fn = n × Fr + Fo

Fr: Repetition Frequency
=Longitudinal Mode Spacing
Fo: Offset Frequency
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odic envelope-function A(t), amplitude- and phase- 

modulating an underlying light field function oscil- 

lating with some optical carrier frequency f,. If the 

envelope function A(t) is strictly periodic, it can 

be expressed as a Fourier series in f,: A(t) = 

L, A,e ’ 71 i 4.f, ‘. The electric field is then 

E(t) = c A,e -~Zn1(fL+4fr)f + c.c, 

<,= -% 

The spectrum of Eq. (2) represents a comb of laser 

frequencies precisely spaced by the pulse repetition 

rate A_, 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 A_ 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 

1101. 

Fig. I. 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 ~1~ which, 

in general, differs from the phase velocity of the carrier L’,,. The 

carrier phase relative to the envelope changes from pulse to pulse 

by A q. The modes are offset from being integer multiples of the 

pulse repetition rate f; by f,, = (A qp/27r)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(p (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 I A cp 5 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 A_. The comb of laser 

frequencies is therefore shifted by an offset fre- 

quency f,, from the integer multiples of A.. This shift 

is given by 

f,= (A(p/2a)T-’ = (Acp/2~r)i.. (3) 

Since 0 5 A cp I 2n, the offset frequency fo is 

smaller than f, and by comparison with Eq. (2) the 

frequency of the nth cavity mode is given by 

f,,=nf+fo=(rz+A(p/2~)J;.. (4) 

where we set f, = n,f, +fO with some large number 

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) = 1 A(t>le- i a(r) in Eq. (2). The phase varia- 

tion across the pulse a(t) is the same from pulse to 

pulse i.e. o(t) = a(t - T), as confirmed by our 

experiment proving the mode spacing constancy [lo]. 

Independent of the particular shape of a(t) the pulse 

is collecting a phase factor e ~’ 71’ ‘L’ during the round 

trip time T, which equals e~‘~‘(“~+~~lT) = emi’*. The 

relation f, = (A (p/2~r)f, still holds even though 

A cp 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. 

J. Reichert et al. Opt. Comm. 172, 59(1998)
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Controlling Frequency of 
Mode-locked Laser

Fr

..................Fo

Fn = n × Fr + Fo

1 n-1 nn-2n-3n-4

Contro#ing Fr and Fo, Fn is fixed

~~
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Controlling Frequency of 
Mode-locked Laser

Repetition &equency Fr, 
equal to longitudinal 
mode spacing, can be 
contro#ed via round-
trip path length

Contro#ing the phase 
revolution to fix offset 
&equency

November 15, 2000 / Vol. 25, No. 22 / OPTICS LETTERS 1675

Precision phase control of an ultrawide-bandwidth
femtosecond laser: a network of ultrastable
frequency marks across the visible spectrum

Jun Ye, John L. Hall, and Scott A. Diddams*

JILA, University of Colorado and National Institute of Standards and Technology, Boulder, Colorado 80309-0440

Received June 30, 2000

We demonstrate that the stability of the current optical frequency comb generated by a Kerr-lens mode-locked
femtosecond laser is limited by the microwave reference used for phase locking the comb spacing. Hence
we implement precision frequency/phase control of the entire comb to the fundamental and second-harmonic
frequencies of a stable cw laser without any external microwave reference. The stability of a cw iodine-
stabilized laser is transferred to millions of comb lines (with an instability of 3 3 10213) covering more than
one octave of the optical frequency spectrum. In addition, the mode spacing of the comb can be used as
a stable microwave frequency derived directly from a stable optical oscillator. © 2000 Optical Society of
America

OCIS codes: 230.4910, 320.7090, 120.3930, 190.2620, 220.4840.

A revolutionary advance in optical frequency-based
high-resolution spectroscopy and precision metrology
has resulted from the recent introduction of ultra-
wide-bandwidth optical combs generated by ultrafast
lasers.1,2 The initial demonstration has proved that
the uniformity and accuracy of comb spacing reach
a level of 1 3 10217.1 The frequency of any comb
line can thus be expressed by an integer multiple of
mode spacing D (the pulse-repetition rate) plus an
offset frequency d that arises from the difference
between phase and group velocities of the pulses in
the laser cavity. With the comb bandwidth extending
an entire optical octave, this offset frequency can be
determined and controlled to any preassigned value,
thus stabilizing the relative phase between the pulse
envelope and the optical carrier.3 One can carry out
precise optical frequency measurements simply by
counting the mode orders of the comb.1,2 A single-step
phase coherent link between optical frequencies and
microwave standards, which is a great simplif ication
of the traditional frequency chains based on the
principle of harmonic synthesis, is now realized.2

It appears fitting that such an attractive measure-
ment capability has arrived at a time when optical
frequency standards based on a single ion or on a
collection of cold atoms are emerging as potentially
the most stable kinds of clocks.4 The unrivaled reso-
lution of the recent observation of a 6-Hz resonance
linewidth of a single Hg1 transition at 282 nm4 will
allow unprecedented stability near 1 3 10215 and
potential accuracy below 1 3 10217. Measurement
of such ultrastable optical frequency standards at
these levels requires exceptional, nearly unattainable,
frequency stability of the microwave/radio-frequency
standards that are used to set the value of D. Thus it
appears advantageous to use the femtosecond comb to
transfer the phase coherence from the optical spectrum
to the rf domain instead. In fact, such an arrange-
ment would constitute the necessary clockwork for a
primary atomic clock based on an optical transition.

Beyond capitalizing on the high stability of optical
standards, the process of frequency division is intrin-
sically a better technique for transferring clock signals
because it avoids the problem of multiplicative ac-
cumulation of phase noise.5 In this Letter we show

Fig. 1. (a) Ti:sapphire-based Kerr-lens mode-locked fem-
tosecond laser. The translating and tilting PZT’s used for
frequency/phase stabilization of the laser are also shown.
(b) Comparison of the two schemes: (left) using a rf clock
to stabilize the comb spacing and (right) generating a rf sig-
nal from an optical standard. (c) Implementation of the
frequency–phase lock system for the femtosecond laser.
SHG, second-harmonic generator; f!v, frequency–voltage
converter; other abbreviations def ined in text.

0146-9592/00/221675-03$15.00/0 © 2000 Optical Society of America

J. Ye et al., Opt. Lett. 25, 1675(2000)
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Another Way to Control
Offset Frequency

High intensity within the cavity of mode-locked laser

Optical Kerr Effect, n=n0+ n2I

Change intracavity intensity to control the offset &equency
J. Stenger et al., Opt. Lett. 25, 1553(2000)
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Detecting Offset Frequency:
f-2f Self-Referencing

Fr

..................Fo

1 Fn

~~

F2n×2
Fn=n×Fr+Fo

F2n=2n×Fr+Fo
Fn×2-F2n=2×(n×Fr+Fo)-(2n×Fr+Fo)=Fo

Fo

J. Reichert et al., Opt. Comm. 172, 59(1999)
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Spectrum Broadening via 
Microstructure Fiber
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Uniformity of OFC Mode Spacing

Th. Udem et al., Opt. Lett. 24, 881(1999)

882 OPTICS LETTERS / Vol. 24, No. 13 / July 1, 1999

this purpose we phase lock two laser diodes as much
as 20 THz [!2.9 times the spectral width (FWHM)]
apart. We employ a commercial laser (Coherent,
Inc., Model Mira 900) with a pulse length of 73 fs
as derived from an autocorrelation trace. Assuming
a sech pulse shape, the time–bandwidth product of
this laser is 1.5 times the Fourier limit. The appli-
cation of mode-locked lasers for the measurement of
optical frequency intervals was demonstrated in ele-
mentary form more than 20 years ago,10 and similar
ideas of absolute optical frequency measurements
have been presented in Ref. 11. This technique was
also used for a recent determination of the absolute
frequency of the cesium D1 line12 as well as for the first
phase-coherent UV-to-radio-frequency link.

To check whether the frequency comb emitted
by a mode-locked laser can satisfy the exceptional
demands of an all new optical clock we performed a
series of experiments. All of them make use of an
optical frequency interval divider, as illustrated in
Fig. 1. Second-harmonic and sum frequencies are
generated in KNbO3 crystals.

Our optical interval dividers are based on extended
cavity laser diodes13 that can be phase locked to a mode
of the mode-locked laser by stabilizing their radio-
frequency beat signals to a precisely known reference
frequency,14 the so-called local oscillator.

A low-noise beat signal between a particular mode
and the laser diode is obtained with the help of an
optical grating that preselects some of the modes in the
vicinity of the laser diode frequency. Even though the
signal-to-noise ratio achieved is typically near 30 dB in
a bandwidth of 1 MHz, it is possible that single optical

Fig. 2. The uniform distribution of the modes of a mode-
locked laser is verified by comparison with an optical fre-
quency interval divider. Inset, measured spectrum of the
frequency comb together with the 822.8- and the 870.9-nm
laser diodes drawn into it.

cycles are lost by the phase-locked loop. To prevent
such cycle-slipping events from entering our data we
continuously measure the in-lock beat frequencies with
a bandwidth (10-MHz bandpass) that differs from the
input bandwidth of the phase-locked loop (40-MHz low
pass). If the deviation from the given local oscillator
frequency is larger than some threshold we do not
include this data point in the evaluation, even though
some of the rejected data points are probably not
connected with cycle-slipping events.

In the first experiment, as sketched in Fig. 2, we
phase locked two laser diodes at 822.8 and 870.9 nm
to two modes of the mode-locked laser separated by
more than 20 THz. The local oscillator frequencies
were 20 MHz, with one laser having a positive and
the other a negative frequency offset. If the number of
modes between the two diode laser frequencies happens
to be an odd number, we expect another mode of
the frequency comb precisely at the center between
the two laser diodes. A third laser diode is then
phase locked at 20 MHz below the center mode of the
frequency comb. With the help of an optical interval
divider we can verify that the central mode is at the
expected position in frequency space, confirming the
uniform distribution of the modes in the frequency
comb. Because of the frequency conversions used for
setting up the divider stage we expect a beat frequency
of twice the local oscillator frequency. We measured
this frequency with a radio-frequency counter (Hewlett
Packard Model 53132A) by using gate times of 1, 10,
and 100 s, which yield resolutions of 1 mHz, 0.1 mHz,
and 10 mHz, respectively. The radio-frequency coun-
ter and the local oscillators were all referenced to
the same local cesium clock. In combination with
the 1-s gate time, a cycle-slipping threshold of 0.5 Hz
seemed to be sufficient; the result did not change
signif icantly when this value was decreased. For
the other measurements it was then appropriate to
reduce the threshold in proportion to the inverse of
the gate time, as a possible cycle slip is averaged
over this period. The results are summarized in
Table 1. The weighted average of the results obtained
with the various gate times is a 20.59 6 0.48 mHz
deviation from the expected 40 MHz. This verif ies the
uniform distribution of the modes within a relative
precision of 3.0 3 10217. The statistical uncertainty
in the measured average does not follow the expected
dependence on the inverse square root of the number
of readings and the inverse of the counter gate time.
The analysis shows that the scatter of data points
consists of a nearly Gaussian distribution, whose width
indeed follows the expected dependence, and a few
outlying points that increase in number with the gate

Table 1. Results from the Setup of Fig. 2 with Statistical Uncertainties Derived from the Dataa

Gate Mean Deviation (mHz) Relative Approved Cycle-Slip Number of
Time (s) from 40 MHz Deviation Reading Threshold Cycle Slips

1 20.6 6 2.4 1.2 3 10216 8442 0.5 Hz 202
10 21.93 6 0.73 9.5 3 10217 2936 50 mHz 257

100 0.54 6 0.67 3.4 3 10217 338 5 mHz 179
aOne additional point has been removed from the 100-s data set that was 825 mHz off but was not detected as a cycle slip.
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Accurate measurement of large optical frequency
differences with a mode-locked laser

Th. Udem, J. Reichert, R. Holzwarth, and T. W. Hänsch

Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

Received February 8, 1999

We have used the comb of optical frequencies emitted by a mode-locked laser as a ruler to measure differences
of as much as 20 THz between laser frequencies. This is to our knowledge the largest gap measured with
a frequency comb, with high potential for further improvements. To check the accuracy of this approach we
show that the modes are distributed uniformly in frequency space within the experimental limit of 3.0 parts
in 1017. By comparison with an optical frequency comb generator we have verified that the mode separation
equals the pulse repetition rate within the experimental limit of 6.0 parts in 1016. ! 1999 Optical Society of
America

OCIS codes: 120.3930, 320.5550.

Following the dramatic progress made in recent years
in the development of optical frequency standards
based on trapped ions1 or narrow atomic resonances
such as the hydrogen 1S 2S transition,2 precise and
reliable optical-to-radio-frequency conversion has be-
come the missing clockwork for the construction of a
future optical clock. These clocks possess a potential
accuracy far beyond the accuracy of the current state-
of-the art cesium clocks. In the past, phase-coherent
comparisons between optical and radio frequencies
were performed with harmonic frequency chains that
created successive harmonics from a well-known radio
frequency provided, for example, by a cesium atomic
clock. Only a few frequency chains that reach all the
way to the visible or the UV have been built so far.2 – 4

The use of a mode-locked laser in combination with
optical frequency interval dividers5,6 promises to have
the potential to provide an optical clockwork that has
the capability to operate reliably for an extended pe-
riod of time. A phase-locked optical frequency inter-
val divider can reduce an arbitrarily large frequency
difference between two input lasers by phase coher-
ently locking a third laser to the precise center of the
gap (Fig. 1). If n divider stages are used in cascade, a
large optical frequency gap can be reduced by a factor of
2n until it becomes accessible to radio-frequency count-
ing techniques. Such a chain of divider stages may be
used in the future to measure absolute optical frequen-
cies by determining the gap between laser frequencies
and their nonlinear conversion products. To measure
the laser frequency f this could be the difference be-
tween f and its second harmonic 2f (which yields
2f 2 f ! f ) or the difference between an auxiliary
frequency fa and the sum frequency fa 1 f .5,6 Such
a new type of frequency chain allows one to choose
a path from the optical region to a beat note in the
radio-frequency domain without ever leaving the op-
tical region.6 The frequencies of the laser oscillators
may be chosen such that diode lasers can be used exclu-
sively. However, to reach the radio-frequency domain
in this way would require a large number of interval
divider stages, unless the largest directly measurable
beat frequency is increased. Although the application
of optical-frequency comb generators7 (OFCG’s), which

are highly eff icient electro-optic modulators, for this
purpose has been proposed,8 we show here that mode-
locked lasers make it possible to measure even larger
frequency gaps.

The spectrum of a mode-locked laser may be thought
of as being due to strong amplitude modulation of
some carrier frequency. The modulation frequency is
the pulse repetition rate vg!2L, which is the inverse
round-trip time in a cavity of length L at a group
velocity vg. Therefore we expect a uniform comb of
sidebands or laser modes. Because the frequency of
each mode is determined by its phase velocity, which
is in general different from vg, the mode frequencies
are expected to be offset from being exact harmonics
of the pulse repetition rate. Although femtosecond
lasers with nearly quantum-noise-limited timing jitter
have been demonstrated,9 the accuracy and stability of
the frequency comb of longitudinal laser modes have
so far gone largely unexplored. We report on experi-
ments to check the accuracy of the comb of frequencies
emitted by a mode-locked Ti:sapphire laser. For

Fig. 1. An optical frequency interval divider receives two
input laser frequencies, f1 and f2. The frequency of a
third laser, f3, can be determined (or set with a phase-
locked loop) accurately relative to the midpoint "f1 1 f2#!2
by detection of the beat frequency between the second
harmonic 2f3 and the sum frequency f1 1 f2. The symbol
is used in Figs. 2 and 3.

0146-9592/99/130881-03$15.00/0 ! 1999 Optical Society of America
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Fig. 3. Verifying the uniform distribution of the modes of
a mode-locked laser on one side of its spectrum. Inset,
measured spectrum of the frequency comb together with
the 845- and 855-nm laser diodes drawn into it.

time. We believe that these points, which lead to the
increased statistical uncertainty, are due to cycles that
were lost by the counter connected to the divider stage.
Unlike the phase-locked beat signals, the beat signal
provided by the divider stage was not phase locked
but was measured with only one bandwidth (10-MHz
bandpass).

The (worst-case) specified systematic uncertainties
of the frequency counter are 4 mHz, 0.4 mHz, and
40 mHz for gate times of 1, 10, and 100 s, respectively.
Possible drifts of the ambient temperature may cause
Doppler shifts by slowly changing the mirror separa-
tion by !20l"K at a distance of 1 m. In our experi-
ment this effect may cause a systematic shift of 6 mHz,
provided that the ambient temperature changes by 1 K
within a measurement time of 1 h.

In a second experiment we reduced the frequency
difference between the laser diodes to 4.15 THz and
locked them asymmetrically with respect to the spec-
trum of the frequency comb, as shown in Fig. 3. The
measurement is performed in the same way as with the
20-THz frequency gap but with a gate time of 10 s only.
With 1703 remaining frequency readings after reject-
ing 326 suspected cycle-slipping events we find a fre-
quency deviation from 40 MHz of 20.70 6 0.61 mHz.

To prove that optical frequency combs emitted by
mode-locked lasers are useful tools for the precise de-
termination of large optical frequency differences, it is
not sufficient to verify the comb spacing. In addition,
one has to show that the mode separation can be mea-
sured or stabilized to the precision needed. To verify
that the mode separation equals the pulse repetition
rate, which can easily be measured or phase locked,
we performed an actual frequency-difference measure-
ment. The setup used for this purpose is similar to the
one shown in Fig. 3 but with the peak of the spectrum
of the mode-locked laser tuned to the center between
the 845- and 855-nm laser diodes and the local oscilla-
tors set with the same sign. We use 328 modes of an
OFCG separated by the modulation frequency fmod !
6.321 4 GHz to phase lock the centered laser diode pre-
cisely 328 3 fmod 2 100 MHz ! 2.0733192 THz apart
from the 855-nm laser diode (to 849.974 nm). By lock-

ing the 845-nm diode laser frequency at 54,205 modes
of the mode-locked laser above the 855-nm laser diode
(to 845.007 nm), we expect a beat signal of 44.1 MHz
at the divider stage if the pulse repetition rate is
set to 76.5 MHz with a phase-locked loop. The short-
term stability of the mode-locked laser cavity helps to
avoid the increase in phase noise that is due to the
large frequency-multiplication factor.15 To reduce the
multiplication factor we detected the 100th harmonic
of the pulse repetition rate with a fast detector and
phase locked it to 7.65 GHz provided by a synthesizer
(Hewlett-Packard Model 8360). With a total of 1859
nonrejected readings and 166 suspected cycle slippings
at a counter gate time of 10 s we found a frequency devi-
ation from 44.1 MHz of 2.2 6 2.5 mHz. This confirms
that the pulse repetition rate equals the mode sepa-
ration with an accuracy of at least 6.0 3 10216. The
fourfold larger statistical uncertainty compared with
the result of Table 1 may be due to additional phase
f luctuations caused by the OFCG.

Th. Udem’s e-mail address is thomas.udem@mpq.
mpg.de.
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Femtosecond Ti:sapphire ring laser with a 2-GHz repetition
rate and its application in time-resolved spectroscopy

A. Bartels, T. Dekorsy, and H. Kurz
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A Kerr-lens mode-locked femtosecond Ti:sapphire laser operating at a repetition rate of 2 GHz is demonstrated.
A mirror-dispersion-controlled unidirectional ring cavity delivers nearly bandwidth-limited pulses of 23-fs
length. Mode locking is self-starting without a hard aperture in the cavity. The advantages of this high-
repetition-rate oscillator in optical time-resolved spectroscopy are demonstrated. ! 1999 Optical Society of
America

OCIS codes: 320.7090, 320.7150, 320.7160, 320.2250.

The development of femtosecond high-repetition-rate
(HRR) lasers with repetition rates in the gigahertz
range opens a wide range of applications in femtosec-
ond technology. In optical communication systems
these lasers provide the necessary bandwidth for
wavelength-division multiplexing of a large number of
channels with a single time-division-multiplexed modu-
lator in a combined wavelength-division-multiplexing–
time-division-multiplexed technique.1 The bit rate
is set by the laser’s repetition rate, making a HRR
femtosecond laser highly desirable. In the domain of
measuring applications major improvements for time-
resolved spectroscopy are expected. HRR lasers allow
the reduction of peak intensities while maintain-
ing a high average power, which is important for
achieving high signal-to-noise ratios (SNR’s). The
high repetition rate is accompanied by a compact
cavity with a length of less than 20 cm. Compact-
ness is a key issue in the development of a handy
all-solid-state femtosecond spectroscopy tool, opening
femtosecond technology to broader applications. Key
questions in realizing HRR femtosecond lasers are
how to realize compact dispersion control and how to
maintain mode locking at reduced intracavity peak
intensities. Ramaswamy and Fujimoto achieved a
1-GHz repetition rate with a prismatic Ti:sapphire
(Ti:S) laser crystal and a prismatic output coupler for
dispersion control.2 The highest repetition rate with
a complete mirror-dispersion-controlled resonator of
which we are aware was 500 MHz, as demonstrated by
Stingl et al.3

To support solitonlike pulse formation in the cavity
one has to compensate for the positive group-delay
dispersion (GDD) introduced by the crystal by use
of intracavity dispersive elements with negative
GDD. The classic solution is an intracavity prism
sequence.4 For sufficient negative GDD an apex dis-
tance of typically some 10 cm per prism pair is needed.
This requirement makes it diff icult to reach repetition
rates greater than !200 MHz. Higher compactness
has been achieved with concepts involving the use
of a prismatic crystal and output coupler.2 Gires–
Tournois interferometer mirrors can provide negative
GDD without restrictions on the minimum optical
path length.5 However, these mirrors are resonant

structures and do not yield a f lat negative GDD over a
wavelength range broad enough to provide pulses sig-
nificantly shorter than 50 fs. The only dispersive ele-
ments that allow short cavities and simultaneously
provide a broad (typically 100-nm) constant nega-
tive GDD curve are high-ref lectivity chirped mir-
rors.6 These mirrors permit the generation of
sub-50-fs pulses at gigahertz repetition rates.

We report on a unidirectional mode-locked mirror-
dispersion-controlled Ti:S ring laser that delivers al-
most perfectly bandwidth-limited 23-fs pulses. The
oscillator works at a repetition rate of 2 GHz. This is
to our knowledge the highest repetition rate achieved
for a femtosecond-pulse laser with a pulse length sig-
nificantly shorter than demonstrated in the past at a
comparable repetition rate.2 We use a ring concept
similar to that introduced by Pelouch et al.,7 which was
already used with dispersive mirrors by Kasper and
Witte.8 The necessary compactness for a HRR laser
is achieved with chirped high-ref lectivity coatings on
all mirrors, including the focusing mirrors, except for
the output coupler. We demonstrate performance of a
HRR Ti:S ring laser operating at 1 GHz in an optical
time-resolved pump-probe experiment that is superior
to that of conventional !100-MHz systems.

A 2.2-mm-long highly doped Ti:S crystal with an ab-
sorption coefficient of !5 cm21 at 532 nm is mounted
at Brewster’s angle. A frequency-doubled Nd:YVO4
laser at 3.7-W output power is focused into the crys-
tal with f ! 30 mm. The astigmatically compensated
cavity, illustrated in Fig. 1, consists of chirped focus-
ing mirrors with f ! 15 mm, three f lat chirped mirrors
(M1–M3), and an output coupler with 99% ref lectivity.

Fig. 1. Cavity design of the 2-GHz mirror-dispersion-
controlled Ti:S ring oscillator: L, f ! 30 mm lens; F1,
F2, chirped focusing mirrors with f ! 15 mm; M1–M5,
f lat chirped mirrors; OC, 1% output coupler; M6, external
mirror.
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and laser plasma generated X-rays47, are possible. This increased pulse
repetition rate would improve signal-to-noise ratios by four orders of
magnitude compared with standard sources at kilohertz repetition
rates. This is important for low-power applications such as X-ray
imaging and microscopy48, femtosecond extreme UV and soft X-ray
photoelectron spectroscopy49 and ultrafast X-ray diffraction38,39. 

I have outlined a few examples of ultrafast lasers, but many other
applications already exist and many more will be developed in the
future. Many of these applications are only possible because of the
development of solid-state lasers and new modelocking techniques,
particularly Kerr lens and semiconductor saturable absorber mode-
locking, which will be discussed next.

Ti:sapphire laser and Kerr lens modelocking (KLM)
The success of passively modelocked dye lasers in the 70s and 80s50,51

(Fig.2) was partially due to the absence of the Q-switching problem pre-
sent in solid-state lasers. These dye lasers were the first to generate sub-
picosecond pulses52 and were the workhorses of research laboratories
for time-resolved spectroscopy. External pulse compression resulted in
6 fs pulses5 —a record that lasted for 10 years. 

In the late 80s, Ti:sapphire was a newly discovered solid-state laser
material that had the necessary broad gain bandwidth to support
femtosecond pulses54.By the end of the 80s, it was generally assumed
that everything about modelocked Ti:sapphire lasers was under-
stood, but there was a surprise to come. In 1990, two important
papers were presented at consecutive conferences. First, Ishida et al.55

presented a passively modelocked Ti:sapphire laser with an intracav-
ity saturable absorber dye that produced stable 190 fs pulses. Second,
Sibbett’s group presented 60 fs pulses from a Ti:sapphire laser that
appeared not to have a saturable absorber56. This second result—in
the absence of a visible saturable absorber—had an instant impact on
the research community, but the ultrafast laser experts realized that

the first result was also very surprising, even though a saturable
absorber was present. It was clear that the dye saturable absorber,
with a recovery time in the nanosecond range, could not support
ultrashort pulses with a Ti:sapphire laser as it could with dye lasers.
Sibbett’s modelocking approach5,56 was initially termed ‘magic mod-
elocking’, and it triggered a major research effort into understanding
passive modelocking of solid-state lasers. This form of modelocking
was soon explained57–59 and is now referred to as Kerr lens modelock-
ing (KLM) (Fig. 3). Ishida’s result was also explained by KLM: the
slow dye saturable absorber only provided a reliable starting mecha-
nism for KLM60. 

KLM allowed the community to shorten pulses to the few fem-
tosecond regime. Because the Kerr lens produces a ‘non-resonant’
saturable absorber, it is inherently broadband, broader than any
other saturable absorber available today. With ultrafast dye lasers,
pulses as short as 27 fs with around 10mW average power were gener-
ated61, but pulses around 5–6 fs with around 100 mW average power
can be produced with Ti:sapphire lasers62,63. In addition, very broad
tunability with shorter than 100 fs pulses became possible for the first
time. For time-resolved spectroscopy, these features had a major
impact, because, for the first time, such lasers could be used on a wide
range of materials . 

KLM has some significant drawbacks. Generally, KLM lasers are
not self-starting, that is, pulse formation does not start on its own,
and additional peturbation to briefly increase laser noise is required.
This is typically achieved by mechanically ‘shaking’ one of the laser
cavity mirrors. Restrictive cavity designs64,65 allow partial self-start-
ing, but this generally requires submillimetre precision for cavity
mirror alignments, a very clean environment to minimize intracavity
losses and a laser cavity operated close to the stability limit. In addi-
tion, optimization of self-starting conflicts with achieving the short-
est possible pulses, because, when the cavity is optimized, the Kerr
effect is too strong for very short pulses to react sensitively to long
pulses during the start-up phase. In the picosecond regime, KLM
lasers tend to be less stable because the Kerr lens becomes too weak.
Therefore, the search for alternative solutions for compact ultrafast
lasers continued.

Semiconductor saturable absorbers (SESAMs)
The breakthrough in the development of ultrafast lasers came with the
semiconductor saturable absorber2 (Box 2). In contrast to KLM lasers,
the saturable absorber can be optimized independently of cavity
design, allowing successful modelocking to be achieved with a broad
range of solid-state lasers and cavity designs. 

As early as 1974, a CO2 laser66, and in 1980 and 1984, a semicon-
ductor diode laser67 and a colour center laser68, respectively, were pas-
sively modelocked with a semiconductor saturable absorber. In all
these cases, the underlying physics of the modelocking process was
significantly different from modelocking ion-doped solid-state
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Figure 3 Kerr lens modelocking is obtained through a Kerr lens at an intracavity focus
in the gain medium or in another material, where the refractive index  increases with
intensity !n"n2 I(r,t), where n2 is the nonlinear refractive index and I(r,t) the radial-
and time-dependent intensity of a short-pulsed laser beam. In combination with a
hard aperture inside the cavity, the cavity design is made such that the Kerr lens
reduces the laser mode area for high intensities at the aperture and therefore forms an
effective fast saturable absorber. In most cases, however, soft-aperture KLM is used,
where the reduced mode area in the gain medium improves for a short time the
overlap with the (strongly focused) pump beam and therefore the effective gain. A
significant change in mode size is only achieved by operating the laser cavity near one
of the stability limits of the cavity.
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Control Repetition Frequency
 of OFC

Detect the repetition 
&equency by fast silicon PD 
and lock the &equency to 
the signal &om 1-GHz RF 
synthesizer by analog phase-
locked loop

PZT controls cavity length
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Femtosecond Ti:sapphire ring laser with a 2-GHz repetition
rate and its application in time-resolved spectroscopy
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A Kerr-lens mode-locked femtosecond Ti:sapphire laser operating at a repetition rate of 2 GHz is demonstrated.
A mirror-dispersion-controlled unidirectional ring cavity delivers nearly bandwidth-limited pulses of 23-fs
length. Mode locking is self-starting without a hard aperture in the cavity. The advantages of this high-
repetition-rate oscillator in optical time-resolved spectroscopy are demonstrated. ! 1999 Optical Society of
America
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The development of femtosecond high-repetition-rate
(HRR) lasers with repetition rates in the gigahertz
range opens a wide range of applications in femtosec-
ond technology. In optical communication systems
these lasers provide the necessary bandwidth for
wavelength-division multiplexing of a large number of
channels with a single time-division-multiplexed modu-
lator in a combined wavelength-division-multiplexing–
time-division-multiplexed technique.1 The bit rate
is set by the laser’s repetition rate, making a HRR
femtosecond laser highly desirable. In the domain of
measuring applications major improvements for time-
resolved spectroscopy are expected. HRR lasers allow
the reduction of peak intensities while maintain-
ing a high average power, which is important for
achieving high signal-to-noise ratios (SNR’s). The
high repetition rate is accompanied by a compact
cavity with a length of less than 20 cm. Compact-
ness is a key issue in the development of a handy
all-solid-state femtosecond spectroscopy tool, opening
femtosecond technology to broader applications. Key
questions in realizing HRR femtosecond lasers are
how to realize compact dispersion control and how to
maintain mode locking at reduced intracavity peak
intensities. Ramaswamy and Fujimoto achieved a
1-GHz repetition rate with a prismatic Ti:sapphire
(Ti:S) laser crystal and a prismatic output coupler for
dispersion control.2 The highest repetition rate with
a complete mirror-dispersion-controlled resonator of
which we are aware was 500 MHz, as demonstrated by
Stingl et al.3

To support solitonlike pulse formation in the cavity
one has to compensate for the positive group-delay
dispersion (GDD) introduced by the crystal by use
of intracavity dispersive elements with negative
GDD. The classic solution is an intracavity prism
sequence.4 For sufficient negative GDD an apex dis-
tance of typically some 10 cm per prism pair is needed.
This requirement makes it diff icult to reach repetition
rates greater than !200 MHz. Higher compactness
has been achieved with concepts involving the use
of a prismatic crystal and output coupler.2 Gires–
Tournois interferometer mirrors can provide negative
GDD without restrictions on the minimum optical
path length.5 However, these mirrors are resonant

structures and do not yield a f lat negative GDD over a
wavelength range broad enough to provide pulses sig-
nificantly shorter than 50 fs. The only dispersive ele-
ments that allow short cavities and simultaneously
provide a broad (typically 100-nm) constant nega-
tive GDD curve are high-ref lectivity chirped mir-
rors.6 These mirrors permit the generation of
sub-50-fs pulses at gigahertz repetition rates.

We report on a unidirectional mode-locked mirror-
dispersion-controlled Ti:S ring laser that delivers al-
most perfectly bandwidth-limited 23-fs pulses. The
oscillator works at a repetition rate of 2 GHz. This is
to our knowledge the highest repetition rate achieved
for a femtosecond-pulse laser with a pulse length sig-
nificantly shorter than demonstrated in the past at a
comparable repetition rate.2 We use a ring concept
similar to that introduced by Pelouch et al.,7 which was
already used with dispersive mirrors by Kasper and
Witte.8 The necessary compactness for a HRR laser
is achieved with chirped high-ref lectivity coatings on
all mirrors, including the focusing mirrors, except for
the output coupler. We demonstrate performance of a
HRR Ti:S ring laser operating at 1 GHz in an optical
time-resolved pump-probe experiment that is superior
to that of conventional !100-MHz systems.

A 2.2-mm-long highly doped Ti:S crystal with an ab-
sorption coefficient of !5 cm21 at 532 nm is mounted
at Brewster’s angle. A frequency-doubled Nd:YVO4
laser at 3.7-W output power is focused into the crys-
tal with f ! 30 mm. The astigmatically compensated
cavity, illustrated in Fig. 1, consists of chirped focus-
ing mirrors with f ! 15 mm, three f lat chirped mirrors
(M1–M3), and an output coupler with 99% ref lectivity.

Fig. 1. Cavity design of the 2-GHz mirror-dispersion-
controlled Ti:S ring oscillator: L, f ! 30 mm lens; F1,
F2, chirped focusing mirrors with f ! 15 mm; M1–M5,
f lat chirped mirrors; OC, 1% output coupler; M6, external
mirror.
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The development of femtosecond high-repetition-rate
(HRR) lasers with repetition rates in the gigahertz
range opens a wide range of applications in femtosec-
ond technology. In optical communication systems
these lasers provide the necessary bandwidth for
wavelength-division multiplexing of a large number of
channels with a single time-division-multiplexed modu-
lator in a combined wavelength-division-multiplexing–
time-division-multiplexed technique.1 The bit rate
is set by the laser’s repetition rate, making a HRR
femtosecond laser highly desirable. In the domain of
measuring applications major improvements for time-
resolved spectroscopy are expected. HRR lasers allow
the reduction of peak intensities while maintain-
ing a high average power, which is important for
achieving high signal-to-noise ratios (SNR’s). The
high repetition rate is accompanied by a compact
cavity with a length of less than 20 cm. Compact-
ness is a key issue in the development of a handy
all-solid-state femtosecond spectroscopy tool, opening
femtosecond technology to broader applications. Key
questions in realizing HRR femtosecond lasers are
how to realize compact dispersion control and how to
maintain mode locking at reduced intracavity peak
intensities. Ramaswamy and Fujimoto achieved a
1-GHz repetition rate with a prismatic Ti:sapphire
(Ti:S) laser crystal and a prismatic output coupler for
dispersion control.2 The highest repetition rate with
a complete mirror-dispersion-controlled resonator of
which we are aware was 500 MHz, as demonstrated by
Stingl et al.3

To support solitonlike pulse formation in the cavity
one has to compensate for the positive group-delay
dispersion (GDD) introduced by the crystal by use
of intracavity dispersive elements with negative
GDD. The classic solution is an intracavity prism
sequence.4 For sufficient negative GDD an apex dis-
tance of typically some 10 cm per prism pair is needed.
This requirement makes it diff icult to reach repetition
rates greater than !200 MHz. Higher compactness
has been achieved with concepts involving the use
of a prismatic crystal and output coupler.2 Gires–
Tournois interferometer mirrors can provide negative
GDD without restrictions on the minimum optical
path length.5 However, these mirrors are resonant

structures and do not yield a f lat negative GDD over a
wavelength range broad enough to provide pulses sig-
nificantly shorter than 50 fs. The only dispersive ele-
ments that allow short cavities and simultaneously
provide a broad (typically 100-nm) constant nega-
tive GDD curve are high-ref lectivity chirped mir-
rors.6 These mirrors permit the generation of
sub-50-fs pulses at gigahertz repetition rates.

We report on a unidirectional mode-locked mirror-
dispersion-controlled Ti:S ring laser that delivers al-
most perfectly bandwidth-limited 23-fs pulses. The
oscillator works at a repetition rate of 2 GHz. This is
to our knowledge the highest repetition rate achieved
for a femtosecond-pulse laser with a pulse length sig-
nificantly shorter than demonstrated in the past at a
comparable repetition rate.2 We use a ring concept
similar to that introduced by Pelouch et al.,7 which was
already used with dispersive mirrors by Kasper and
Witte.8 The necessary compactness for a HRR laser
is achieved with chirped high-ref lectivity coatings on
all mirrors, including the focusing mirrors, except for
the output coupler. We demonstrate performance of a
HRR Ti:S ring laser operating at 1 GHz in an optical
time-resolved pump-probe experiment that is superior
to that of conventional !100-MHz systems.

A 2.2-mm-long highly doped Ti:S crystal with an ab-
sorption coefficient of !5 cm21 at 532 nm is mounted
at Brewster’s angle. A frequency-doubled Nd:YVO4
laser at 3.7-W output power is focused into the crys-
tal with f ! 30 mm. The astigmatically compensated
cavity, illustrated in Fig. 1, consists of chirped focus-
ing mirrors with f ! 15 mm, three f lat chirped mirrors
(M1–M3), and an output coupler with 99% ref lectivity.

Fig. 1. Cavity design of the 2-GHz mirror-dispersion-
controlled Ti:S ring oscillator: L, f ! 30 mm lens; F1,
F2, chirped focusing mirrors with f ! 15 mm; M1–M5,
f lat chirped mirrors; OC, 1% output coupler; M6, external
mirror.
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High Precision Local Oscillator

GPS Disciplined Rb 
Frequency Standard

A#an variance: 
2×10-12@1000 s
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!"#$%& "'()*)'+&,-./'.012&3450*5-*&6)47&896&:753.&09)3.

· Low phase noise 
(<−130 dBc/Hz at 10 Hz) 

· Time-tags or phase-locks 
to a 1 pps input 

· 72 hour Stratum 1 level holdover 

· RS-232 for diagnostics, control and
calibration 

· 20 year lamp life 

· PRS10 ... $1495 (U.S. list)
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Signal of Offset frequency

Span: 100 MHz Span: 10 MHz
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CO2 Transitions Absolute 
Frequency Measurement

Table 4.4: Measured P -branch lines on (0001-0000) band

P branch line Gas pressure Present result HITRAN04 difference
(mTorr) (kHz) (MHz) (kHz)

P (56) 40 68 834 038 921(15) 68 834 039(3) -775
P (54) 40 68 900 642 151(11) 68 900 642(3) -667
P (52) 40 68 966 529 482(10) 68 966 530(3) -463
P (50) 30 69 031 700 054(9) 69 031 700(3) -184
P (48) 30 69 096 152 910(9) 69 096 153(3) 81
P (46) 30 69 159 887 185(9) 69 159 887(3) 338
P (44) 30 69 222 902 134(9) 69 222 901(3) 652
P (42) 30 69 285 196 804(10) 69 285 196(3) 937
P (38) 30 69 407 621 923(9) 69 407 620(3) 1459
P (36) 2 69 467 750 707(9) 69 467 749(3) 1709
P (34) 2 69 527 155 865(11) 69 527 154(3) 1972
P (30) 2 69 643 791 832(10) 69 643 789(3) 2334
P (28) 2 69 701 020 989(10) 69 701 019(3) 2490
P (26) 2 69 757 523 218(12) 69 757 521(3) 2655
P (22) 2 69 868 343 412(10) 69 868 341(3) 2828
P (20) 2 69 922 659 782(9) 69 922 657(3) 3130
P (18) 2 69 976 245 898(12) 69 976 243(3) 2963
P (16) 2 70 029 101 083(14) 70 029 098(3) 3089
P (14) 2 70 081 224 268(12) 70 081 221(3) 3068
P (12) 2 70 132 614 878(10) 70 132 612(3) 3075
P (10) 2 70 183 272 067(10) 70 183 269(3) 3103
P (8) 2 70 233 195 001(10) 70 233 192(3) 3098
P (4) 2 70 330 835 136(10) 70 330 832(3) 3108
P (2) 30 70 378 550 790(10) 70 378 548(3) 3135

ing data of P and R branch including the value from HITRAN database are listed

in Table 4.4 and Table 4.5 respectively. Because of the lack of precise data in HI-

TRAN database [3] before 2004, the 1σ uncertainties of reading value of 56 transition

lines were not better than 3 MHz. Therefore two order of magnitude improvement in

frequency uncertainty was achieved dramatically.

Once we had the capability to obtain the absolute frequency of those transitions

precisely, a lot of tiny physical phenomenon which can result in the shift on the center

frequency will be possible to observe. In this experiment, we tried to observe the

pressure shift effect by selecting P (36) transition line as a target. The result of CO2

pressure versus the absolute frequency of P (36) is plotted in Fig. 4.7. An ambiguous

frequency shift of 460 Hz/mTorr was identified shown as a solid line in Fig. 4.7 without

considering the measuring uncertainty. On the contrary, if we took the measuring

50

Table 4.5: Measured R-branch lines on 0001 ← 0000 band
R branch line Gas pressure Present result HITRAN04 difference

(mTorr) (kHz) (MHz) (kHz)

R(62) 40 71 523 708 501(11) 71 523 709(3) -386
R(60) 40 71 500 327 965(15) 71 498 830(3) -620
R(58) 40 71 476 187 894(11) 71 476 189(3) -710
R(56) 40 71 451 288 976(10) 71 451 290(3) -695
R(54) 40 71 425 631 898(11) 71 425 632(3) -516
R(52) 40 71 399 217 159(10) 71 399 217(3) -331
R(50) 20 71 372 045 466(11) 71 372 046(3) -125
R(48) 20 71 344 117 501(10) 71 344 117(3) 126
R(46) 20 71 315 433 898(9) 71 315 434(3) 365
R(44) 20 71 285 995 348(10) 71 285 995(3) 655
R(42) 20 71 255 802 495(10) 71 255 802(3) 920
R(40) 20 71 224 856 328(8) 71 224 855(3) 1489
R(38) 20 71 193 156 751(9) 71 193 155(3) 1577
R(36) 2 71 160 704 945(10) 71 160 703(3) 1705
R(34) 2 71 127 501 715(12) 71 127 500(3) 1928
R(32) 2 71 093 547 578(17) 71 093 545(3) 2135
R(30) 2 71 058 843 255(10) 71 058 841(3) 2327
R(28) 2 71 023 389 424(10) 71 023 387(3) 2462
R(26) 2 70 987 186 808(9) 70 987 184(3) 2603
R(24) 2 70 950 236 211(9) 70 950 233(3) 2776
R(22) 2 70 912 538 109(9) 70 912 535(3) 2826
R(20) 2 70 874 093 451(11) 70 874 091(3) 2953
R(18) 2 70 834 903 061(8) 70 834 900(3) 3262
R(16) 2 70 794 966 952(8) 70 794 964(3) 3016
R(14) 2 70 754 286 639(8) 70 754 284(3) 3040
R(12) 2 70 712 862 655(9) 70 712 860(3) 3119
R(10) 2 70 670 695 563(9) 70 670 692(3) 3095
R(8) 2 70 627 786 288(10) 70 627 783(3) 3145
R(6) 2 70 584 135 435(12) 70 584 132(3) 3093
R(4) 2 70 539 743 863(9) 70 539 741(3) 3109
R(2) 2 70 494 612 370(8) 70 494 609(3) 3212
R(0) 20 70 448 741 463(8) 70 448 738(3) 3130
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6,7Li 2S-3S Two-photon Transitions

Figure 4.3: 7Li 2S-3S F=2-2 two-photon spectrum.

Lorentz(ν) =
2

π

σL

4(ν − ν0)2 + σ2
L

, (4.6)

Gauss(ν) =
1√
2π∆

exp(−(ν − ν0)2

2∆2
), (4.7)

where ν0 is the center frequency of the spectrum. The errorbar of the histogram is

given by the average deviation:

σ = 〈|yi − 〈y〉|〉 (4.8)

of the averaged signal of the same laser frequency within the binning. To test the fitting

program, we use the two kinds of the binning, 0.2 MHz and 0.5 MHz. The fitting data

of the transition line for 7Li F=2-2 is listed in Table. 4.1. The fitting center shifts

smaller than 300 kHz with the different binning. The transition frequencies with the

binning 0.5 MHz are discussed bellow.

The result of the setup with the enhancement cavity did not success yet. There

are some problems need to overcome. The cavity which we made is the near-planar

resonator. The high-order transverse mode are clustered on the side of the axial mode

33
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What can OFC do for us?
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Optical Clock

Fr

..................Fo

1 ~~
Optical Clock Transition FOC

Fr=(FOC-FO)/N
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Coherence Link between Far 
Separated Lasers

..................Fo

1 ~~

Laser 1 Laser 2

Potential Applications: EIT, CARS, DFG, OPO
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Direct Frequency Comb 
Spectroscopy (DFCS)

Direct absorption spectroscopy

Cavity enhanced spectroscopy

Cavity ringdown spectroscopy

Two-photon spectroscopy
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