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Abstract—We now appreciate the fruit of decades of develop- of these independent currents into a new and beautiful reality
ment in the independent fields of ultrasensitive spectroscopy, ultra- in which all these technical advances combine to make a
stable lasers, ultrafast lasers, and nonlinear optics. But a new fea- frequency comb of octave bandwidth with some 3 million

ture of the past two or three years is theexplosionof interconnect- b ts of -k f . F
edness between these fields, opening remarkable and unexpecte(jrequency comb components or well-known irequencies. For

progress in each, due to advances in the other fields. For brevity, Mmeasuring optical frequencies, this single-laser self-calibrating
we here focus mainly on the new possibilities in the field of optical frequency synthesizer is ideal, both for metrologists interested

frequency measurement. in frequency standards and as well for the physicist interested

Index Terms—Femtosecond lasers, frequency control, frequency IN the properties of some special quantum transition in a special
synthesizers, measurement, optical frequency comb, optical fre- element. The ultrafast community, in return, has received

guency measurement, stabilized laser. a bounty from the merger in that it can now use the new
frequency-domain-based tools to control femtosecond pulse
|. INTRODUCTION AND OVERVIEW generation with accurately controlled carrier-envelope relative

_ ) phase. Recent work also shows the capability of frequency
SYSTEMAT|C work in standards labs worldwide, overmethods to stabilize the timing of femtosecond laser pulses;
hirty years, has shown reliable progress in the art @len pulses of different repetition rates emitted by separate
stable lasers and measurement of their frequencies. By n@yers. Precision frequency-offset phase locking between sepa-
lasers are controlled in théf/f ~ 107'° domain using rate ultrafast lasers has also become possible. The near future
numerous attractive quantum resonators, including YIo™, il show explosive growth of these synergies in scientific ap-
Sr*, Hg", and Mg, Ca, Sr.J, CHy, 0sQ;, C;HD, and GH:.  piications, and in the stimulation of practical designs including,
In the past, a few major labs have developed articulated Chaﬁb‘-ihaps, use of more nonlinear base materials for photonic

of phase-related oscillators, organized to phase-coherenilystal fibers. Surely this will continue to be an exciting time.

connect optical oscillators locked to these narrow optical reso-

nances with frequency standards in the microwave/RF domain. II. INTRODUCTION TO THE SPECTROSCOPY

In the meantime, an independent research community has L

evolved reliable self-mode-locked lasers for ultrafast sciend®, Background and Scientific Interest

based on the remarkable properties of the Ti: Sapphire laserThis paper is intended mainly to be a summary of the most

Still another group has developed special photonic-crystaimarkable recent progress in the field of stabilized lasers and

optical fibers for tight confinement and dispersion-free opticgheir measurement. But it may be useful to quickly sketch the

propagation over a wide wavelength band. The completdijstory of this field which began in the mid 1960s with the sta-

unexpected development of the last two years is the confluerzglization of a laser to its Doppler gain center. Soon, the nar-

rower Lamb dip in a pure neon discharge was preferred for
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mass to reduce transit broadening and relativistic Doppler shifterfully low temperature, although the density may be too high
As tunable lasers developed, one could begin to think of atoniar the best spectroscopic precision [18]. But this is the sign of
systems which would be especially suitable or meaningful toproblem that we are glad to welcome to the lab. At present,
investigate, mainly H, D, He, positronium, and muonium. Opt seems reasonable to expect line-center accuracy for the hy-
tical cooling techniques soon appeared, followed shortly by ogrogenl S—-2 S transition in the dozens of hertz range, out of the
tical trapping, and have led to the preparation of atomic saiftwo photon transition) frequency of 2500 THz, corresponding
ples with approximately a million atoms at such small velode an (in-) accuracy in the range of a few parts in“f17]. Un-

ities (~<1 m/s) thatmilliKelvin or microKelvin may be the fortunately, even before this level, unwelcome complexity such
appropriate temperature scales. The currently active list of f&s the extended character of the proton’s charge distribution in-
vorite atomic systems includes basically everything about tidrvene [19].

[2], He [3], and weak/narrow “clock” transitions in Fg[4], Helium [3] offers an access to the study of splittings asso-
[5], Int [6] Srt [7], Yb™T [8], Bi [9], Ag [10], Ca [11], [12], ciated with the spin-orbit interaction, which are interesting in
Mg [13], Sr [14], [15], and Ba. Resonance natural widtlis view of their dependence upon the fine-structure constamt

in the few kilohertz to the sub-hertz domain are, in principld,/137. A representative total experiment would measure Ryd-
available according to one’s selection of a favorite atomic traherg series over both singlgt S and triplet2® S metastables
sition, corresponding to a natural decay timén the 100us states which would lead to values for their energies and separa-
to 1-s domain. In principle, one could obtain about 4j(ih- tions.

teractions per second with approximately only twofold broad-

ening by the interrogation process. So, if we collect all the avaff- Prototype Optical Frequency Standards

able information-bearing photons, for a single measurement aryrning to optical frequency standargsr se one type of
S/N ~ /N should be available. Normalizing to a standargromising approach can be based on overtone transitions of
1-s measurement time gives 8V ~ /N x+/(1/27). Anop-  simple molecules [20]. For H-containing organic molecules, the
timum frequency control system could find the center of the re‘Sjesigner" features include a choice of color range: 3,
onance with a precisior1/(S/N) in 1 s. Taking the resonance] 5 ;,m, 1030 nm, 790 nm, 640 nm, i.e., vibrational changes by
linewidth into account then leads to a frequency uncertainty 2, 3, 4, 5 quanta. Overtoned¢ > 1) have shorter transition
§f(1s) ~ év/(S/N) = (2/N7)'/2. Just as an example, thewavelengths, but suffer corresponding consequences of weak-
400+:s lifetime of the C&S,—°P; transition at 657 nm ideally ening the transition strength by a facte00—10 000-fold. A
could provide a<100 mHz laser stability at 1 s, using® atoms. good feature is that the natural lifetime is some few milliseconds
Noting that the transition frequency is 456 THz, this leads tofgr all of these fundamental and overtone transitions, limited by
rather attractive 1.6< 10716 projected fractional stability! A Av = —1 fluorescence near Am. Thus, narrow lines could
Stability within a factor of 25 of this ideal value has recently)e possible, except that the thermally moving molecules just fly
been reported [12]. No wonder people have become interesggpht on through our light beam, and thus terminate their co-
in this art form. Of course, so many atoms in a small volumigerent interaction. One direct approach is to magnify the beam
may bring some problems, collisional shifts, etc. Another agiameter, giving a 1-kHz linewidth fap, = 8 cm using a CH
proach is to use just a single ion, such asigth 7 ~ 160ms,  transition, which was sufficient to resolve the recoil splitting
which leads to a possible stability of about 1.8 Hz at 1 s [4]. Thg1]. Also, if one has adequaf®/V, a beautiful tradeoff is pos-
transition frequency in this case is 1065 THz+{ 282 nm), so  sible by using lower laser power to narrow these lines; this oc-
one can expeet2 x 10~*° stability at 1 s [5]. Different issues curs because only the slowest molecules can experience much
affect the accuracy of various stabilized laser systems basedsgfuration [22]. Velocity selection to narrow the line by 13-fold
atom traps or on single trapped ions, so many different syste{iigs demonstrated in,El; at JILA [23], and optical widths in

are under active study worldwide. For example, with a singifie 10-Hz domain for the CH3.39+:m fundamental line were
trapped Y~ ion, the electric octupol@S, ,,—*F/, transition achieved by Bagayev using both slow molecule selection and
has been estimated to have a lifetime~dfO years [16]. So, at expanded light beams [24]. New understanding and a new mod-

least line@ will not be the main problem in this case. ulation strategy has led to dramatically improved detection sen-
, sitivity for weak transitions in molecules located within a high
B. Measurements of Simple Atoms finesse cavity [23], [25]. This so-called “NICE-OHMS” method

Turning to focus upon resonances in simple atomic systerhgis produced a record sensitivity 0661012 integrated ab-
of course we first must consider hydrogen. As a frequency stawrption, in a 1-s averaging time. Applied to the extra-weak
dard, atomic hydrogen is probably not an ideal choice: it is basiembination band, + 33 in CoHD, it was possible to obtain
cally too hard to make and keep as an atom, too sensitive to eleecneasuremerfi/N of 7670 in a 1 s averaging time, leading to
tric fields, too light and too fast-moving at usual temperaturea.measured laser frequency (in-)stability ok 201 at 1 s. A
But it is simply the fundamental atom and so it is essential—l&0-fold stronger @H transition is at 1037 nm in thg5 band,
us addfascinating—to study. Prof. Hadensch’s development ofeading us to expect an even bettetV when laser source is-
hydrogen atom spectroscopy has been a spectacular storysfoes are addressed. A first observation of, and locking onto this
more than a quarter century, down to the present linewidth iesonance, was recently reported [26].
the range of 1 kHz, basically limited by the gas temperature of Our “final” stabilized laser prototype for this discussion is
a few degrees kelvin [17]. The recent achievement of BEC the Nd: YAG monolithic laser, frequency-doubled and locked
hydrogen by Prof. Kleppner's group at MIT provides a wonento transitions in moleculag hear 532 nm. For example, using
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Fig. 1. Beatrecord between two comparablestabilized Nd lasers. Servo control of the modulator's RAM was switched oe=af. Other laser's modulator
was not stabilized.

modulation transfer spectroscopy with thg hyperfine struc- hydrogen measurement represents an unprecedented (in-) accu-

ture component of the R(56) 32-0 band!8fl,, we obtain a racy of only 1.8x 1014 [17]. Recent excellent results on Mg

S/N of 8700 in 1 s, corresponding to an (in-)stability of«4 and Ca at NIST [31] push this frontier even further, to .0

10~'* for each b-stabilized laser425 Hz) [27]. Fig. 1 shows 10~'# for Hg™.

the measured time record of the beat frequency between two

comparable systems [28]. The average drift over the record is Ill. OPTICAL—MICROWAVE CONNECTION

3.2 Hz/h in the IR. This is not what we will want for a funda- Traditional Optical Frequency Chains

mental standard yet, but it is not a bad intermediate result. Tﬁé

beginnings of a high-resolution iodine frequency atlas were in-In brief, the second point of this paper is that, despite the

dicated [27]. Study of these several hyperfine spectra reveaf$ellent frequency stability obtainable in the optical domain,

an interesting rotational variation of the electric quadrupole coti-has had but little impact in the frequency standards commu-

pling constant [29]. nity. That was because—until the last year of the last millen-
Of course, other groups are busy as well and Fig. 2 shows flieEm—there was basically no realistic way to accurately con-

present stability versus averaging time for a number of the b&&ct the optical and microwave domains. Of course, there have

optical and RF sources. Of particular note are the OsRults Peen a few harmonic synthesis frequency chains built up in na-

where~1 x 10~13 stability over some years has been showtional metrology labs. But the scale of required effort has been

by absolute frequency measurements [30]. The first phase-&e same for 28 years: approximately five people and five years

herent frequency measurement into the visible domain (657 nf@j @ single precise optical measurement. A review of all such

was the absolute frequency of Ca atoms stored in a magnétgguency chain measurements was given by Jennings [32] and

optic trap, reported [11] by the Physikalisch-Technische Buffcently updated by Knight [33]. Recent measurements of this

desanstalt (PTB), Braunschweig, Germany, colleagues in 198&¢ include the Ca transition by PTB [11] and the" Sre-

Then, the National Research Council (NRC) chain was extend@¢ency by the NRC (Ottawa, Canada) [7]. In Garching, H [34]

in Ottawa, Canada [7] in 1999 to reach the Sransition at 674 and Int frequency measurements were made with a closely re-

nm. Also in 1999, the Ifi transition at 236.5 nm was measuredgted optical frequency interval divider chain [35].

at the Max Planck Institute for Quantum Optics [6]. An ini- _ _

tial frequency measurement has been reported fdr [8h The B: Direct Synthesis—The Femtosecond Way

recent frequency measurement of H 1 S-2 S in Garching wasThese measurements were hard, detailed work. Now, after

based on comparison with the transportable Cs fountain clatie breakthroughof using femtosecond laser frequency combs,

built by the Laboratoire primaire du Tems et des Frequencigequency measurementis “easy.” The new millennium and fem-

(LPTF) and the Ecole normale Superieure, Paris, France. Ttheecond techniques have changed all our previous step-by-step
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Fig. 2. Allan frequency stability of current best frequency sources. Some curves without points indicate expected performance levels, basbdroteimei
measured stability. Unfortunately, new noise sources can contribute at longer times, as may be seen ir@®0Caend Nd/L experimental curves. The Ca
(laser) curve shows basically only the instability of the laser’s reference cavity.

approaches. Now we can make a “rough” frequency measuseggests the remarkably fragile and delicate parameter space
ment of an unknown stable CW optical source in just minutese have to enjoy.

“Rough” in this context means accuracy better than one part inThe useful connection between the repetitive pulse train and
a million million: <1 x 10-!2. This incredible progress resultsits frequency implications appears to have been realized at al-
from independent progress in diode-pumped intensity-stalsiost the same time by Hansch in Garching and Chebotayev
solid-state pump laser technology, from development of tlire Novosibirsk. Basically, the rigorous periodicity in time will
remarkable Ti: sapphire laser with self-organizing mode lockingean a periodicity in the spectral domain: the spectrally broad-
[36], explanation of its origin as a time-dependent Kerr-lerdzgand “white” light is not white at all, but rather is intensely
gating [37], refinement of its design [38] to produce adequatedgructured, if only we use adequate resolution to see the struc-
short and powerful pulses and, in the latest stage, the avaiire. Because the pulse’s time domain shape contains exceed-
ability of special small-core microstructured optical fiber [39ingly little power in between the pulses, the Fourier spectrum
with designer dispersion characteristics—most notatdyo shows hardly any power in between the repetitive spectral peaks,
group velocity dispersion near the 800-nm laser pulse centroighich we can call the “femtosecond Laser Comb.” Prof. Hansch
The laser pulses are energetic enough that, with théd-fs made use of a “picosecond laser” spectral comb for frequency
duration, peak powers exceed a quarter MW. The fiber corensasurements already in a 1978 publication [41]. The current
small enough that this power maps into an intensity of a quartgsoch began in 1999, when “The Garching” group used the nat-
TW/cm?, which produces &eriouslevel of nonlinearity. We ural comb produced by a commercial 70-fs laser, with its spec-
estimate the peak nonlinear phaseshift is more than 30 raditnas span of~20 THz. This corresponds t&10% fractional
during passage through 15 cm of microstructure fiber. The pulsandwidth. Their first femtosecond comb experiment used the
envelope goes from zero to maximum and back in about 12 €H,-stabilized laser as the absolute frequency reference for a
corresponding to a “modulation” bandwidth in the 100-THmeasurement of the Cs;0Oine [42]. By twice doubling the
range. So, this deep, fast, phase-modulation process is desti@ed frequency, one comes to 848 nm, where heterodyne mea-
to blast FM sidebands all across the visible and near IR. Fgrement established the location of the whole comb relative to
lowing Rankaet al. [40], we can observe “white” light being methane. Then at 895 nm another heterodyne with comb lines
produced by the magic rainbow fiber. The reason that this drastistablished the location of the Cg Ine’s laser relative to the
violence is interesting and useful in metrology is that it is strictlpomb, albeit at some 244 000 comb lines’ distance. Using a filter
repetitive, thanks to the stable repetition rate of the Kerr-legavity to select one mode in every 20 soon made clear the exact
mode-locked laser and the high-amplitude stability of its outputteger number of the comb lines involved and thus the unknown
Clearly, with such a deep nonlinear modulation, to suppresquency.

AM noise, we need each successive femtosecond peak to be thEhe next step was to use the Frequency Interval Divider con-
same intensity to within a tolerance of 1 10fthere were more cept [35] for a new measurement of the H 1 S-2 S transition
amplitude variation between pulses, we would not have eathquency. It happens that the needed optical frequency at 486
pulse exiting with its spectral phases stableta radian. This nmis near seven times the ¢ltandard, so the Garching chain
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already had a laser at 1/2 the 486-nm frequency, i.e., at 972 raorresponds to the slipping rafe.. = frep * ¢/27. Here,N
which is about 44 THz from the 848-nm reference. Basicallygpresents the integerb x 10°) harmonic number of the op-
the scheme [43] was to use two different synthesis factaxs (4ical comb line relative to the repetition rate. Also, it is worth
and 3.5¢) with the known CH IR standard to define known noting that we estimate the total carrier-envelope phase shift to
visible frequency locations, and then measure their separatissmsome ten’s of cycles: represents the noninteger remainder
in terms of comb-line intervals, i.e., the measurable repetitigyart of this phase.

frequency. In effect, one was measuring the,Gitandard as  An important technology challenge is to be able to servo-con-
well as the hydrogen tl’ansitioﬂ'.hus, here for the first time, trol the repetition rat@frep and the frequency Oﬁ:sqt:eo inde-

one had a direct synthesis from RF to the optical domsiimce pendently. Dual to the view of..,, as the pulse repetition rate
the frequency of the 3.3pm reference laser could itself be des the view off,.,, as the (common) beat frequency between the
termined by counting comb lines. But the approach did negghges. As shown in Fig. 3, an elegant scheme was applied by
phase-coherent loops and auxiliary lasers to regenerate the pygr Hansch’s group to control this frequency: to make the beat
o.pt.|cal harmonics of the reference laser, and also some '”t_erff@lquencies larger between adjacent cavity modes, basically one
divider stages because the comb from the laser was margingllyi(s (5 introduce a phase-shift that increases proportional to
narrow’—a fractional bandwidth of “only” 10% or so. the frequency displacement of the considered mode [43]. Such a
result is obtained naturally by delicately rotating the flat mirror

in the spectrally dispersed intracavity region located after the

We have argued that a periodic temporal behavior is mappgésm pair [45]. An adequate differential distance per mode is
into a spectrum with equally spaced components, separatediyoduced well before the mirror is macroscopically rotated out
the temporal pulse-repetition frequengy,. Thisis true. How- ¢ gptical alignment, and yields a tuning respofige,, = kj.
ever, the comb lines are not necessarily harmonics of the reggne pivot of the twist were in the midpoint of the dispersed
tition rate or, equivalently, a huge extension of the comb towagdectrum, the angle changewould produce a change of the
zero frequency would reveal that there is a frequency offset repetition rate nearly independent of the “carrier,” i.e., central
of the closest comb lines from zero frequency. How can thiptical frequency.. If the pivot point is displaced, some length
happen? This situation is a consequence of our being alittle {9gange will also be coupled into the changefinand so also
quick in stating that the pulses are exactly periodic. Actuallyyq Foco-
the laser cavity contains air and a laser crystal with an index ofthe other degree of freedom can initially be taken to be the
refraction much different from zero. So we are sure the cavifyyity length, which will typically be tightly locked using a rea-
phase- and group-velocities are unequal. But this is not so igynaply fast piezo transducer. This “piston” action will produce
portant, since the cavity length 61 m supports many modes. 5 global extension of each of the standing wave patterns by the
What counts is the group velocity dispersion, which operatesdgme distancél, with resulting frequency shif&f/ f = —61/1,
return different spectral components around the cavity with difzhereas the “twister” action changgs,, and so every comb
fering time delays. Considering the enormous bandwidth of thige shifts by an equal amount relative to its neighbor. Thus, the
pulse, there must be some dispersion of the materials comprisifgister-induced shift of all comb components will be scaled
the laser system, and it is necessary to provide compensatignheir respective distance from the pivot point. The optimum
via optical tricks [44]. A prism pair, with judicious choice of ethod of orthogonalizing these corrections is still a subject of

spacing, can cancel the large linear index term (phase quadrgdigsstigation. For an example, see [57].
with frequency) by careful adjustment of the insertion depth of

one of the compensating prisms. Thoughtfully matching and

an optimum choice of the Ti: sapphire crystal length with the IV. OPTICAL BANDWIDTH BEYOND 1 OCTAVE
chosen prism material can result in effective reduction of the

next (cubic) phase term, as shown by Murnane and Kaptefw The Femtosecond Laser Alone

[38]. These techniques taken together result in stable Kerr-lengy 7 - sapphire laser provided pulses-ef2 fs and a band-
mode-locked operation of the laser, with a minimum pulsewidtfqih ~.180 nm, centered near 800 nm. Yet our superstable
~10 fs_- _ Nd:YAG laser had its fundamental output at 1064 nm, just

So, in summary, the narrow pulses are obtained when g of range. Following the fiber-based broadening resuits of
group velocity dispersion is minimized across the pulse’s frgthers, we were pleased to find the output pulse bandwidth ex-
quency spectrum. But this criterion does not strongly control thénded usefully to the red after passing a few meters of standard
other dimension for laser oscillation: the oscillation of each frggo-nm fiber. This was sufficient to enable beats to be obtained
quency ordinarily corresponds tdPhaseVelocity eigenmode. petween the femtosecond laser comb and the 1064-nm reference
Since, in general, we have phase velogitgroup velocity, we |aser, across a 104-THz interval [46]. Then, the known Rb refer-
can see that the envelope function will not be stable with respegice at 778 nm could serve as frequency standard to determine
to the underlying optical oscillation frequencies. The result #ae Nd frequency. To make sure of the spatial collimation, both
that there is a phase slip between “carrier” phase and the enfiglds were propagated within the same fiber which led us to be-
lope peak for each of the successive pulses emitted by the laseme aware that the strong impulse could write sidebands onto
Denoting this pulse-to-pulse slip phasedywe will have each any CW beam it was traveling with. Additional measurements
optical comb frequency to be given fyr = N fiep+ feeo. This  showed the origin to be cross-phase modulation [47].

C. Controlling the Frequencies of the Femtosecond Comb
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B. Broadening the Optical Bandwith With NonLinear Photonigepetition rate is more stable than the best sources available in
Crystal Fiber the RF domain. Thus, after frequency multiplication into the vis-
ible domain, customary RF sources are not useful as a means to

But aserlo_usbandmdth increase came by using the Mitabilize the laser in the short term. But a slow servo control of
crostructure fiber [39] generously provided by J. Ranka an o . . . .
) ) . the repetition rate is quite helpful in reducing the laser frequency

R. Windeler at Lucent Bell Labs; the JILA group was imme- . ; L2
noise and drift resulting from laboratory vibrations and thermal

diately able to repeat their Bell Labs demonstration of octav Fift of the laser cavity for Fourier frequencies beleg00 Hz

bandwidth generation [40]. Using the highly stable Nd: YA .
laser descrigbed before[wi couldgmeasu?e 'E/he beat frequenx\{ gre the equivalent levels exceed those of the RF reference. In

between the fundamental 1064 nm and a nearby comb-lifid optically refgren_ced approach, it is natural to establish tight
and, at the same time, with a second detector, the beat betm)é’&ﬁs of comb lines in th? IR and green t_o the ne_e_xrby 1064- and
that CW laser’s second harmonic and a nearby comb line in the<™NM stable frequencies from our iodine-stabilized Nd: YAG
green. Knowing the approximate 532-nm frequency alreawer (see Fig. 4): For this locking, each of the heterodyne beats
from previous measurements allows one to find the integi§r'€generated with a phase-locked tracking voltage-controlled
comb order numbers, with confirmation from the signs of thescillator, which could be shortened to phase-tracking oscillator
beats and/or changing the pulse repetition frequency. Basicéﬁ’yTo)- Its output is a constant amplitude sinewave with its phase
this measurement gives us the CW Nd: YAG laser frequengynamically tracking the apparent phase of the beat signal plus
w, as the difference between the fundameatahd the second its noise. Ordinarily, we find the SNR is20 dB, i.e., some
harmonic2w, which interval is then measured in terms of the-10 dB above the 10.6-dB threshold of signal/noise within the
comb-line spacing. This spacing is rigorously the femtosecoffd O’s servo bandwidth (typically 30 kHz) which represents the
laser’s pulse repeat rate, which we were controlling via a statfgking threshold for<1 cycle slip/s [49]. At present, we can
Rb clock guided relative to NIST UTC via common-view GPSock the 1064-nm beat withir:1 Hz using the “length” PZT,
(Now a commercial Cs clock provides even better stabilityhile the 532-nm beat frequency noise can simultaneously be
with the same accuracy confirmation technique.) In esseniveld to~180 Hz or less using the “twister” PZT. This results
this was like the Garching 1999 frequency metrology schemig,some 4 million stable lasers covering an octave bandwidth,
but this time only the stable reference laser and a singhgth the least stable of these being.80 Hz for the ones near
broadband femtosecond laser was required. We measuredtttege532-nm end [50]. New control-mode orthogonalization con-
HeNe 633-nm laser and the Rb-stabilized laser at 778 nm,depts are expected to improve this situation.
addition to the iodine-stabilized doubled Nd : YAG [48].

One clear family of concerns for frequency metrology inC- Self-Referencing Femtosecond Laser
volves the characteristics of the femtosecond laser itself: theAn important possibility brought by the octave bandwidth is
pulse rep-rate stability and the optical frequency stability. It ifie capability to directly measure and stabilize the comb’s offset
interesting and potentially important that the former is actualfyequencyf.... In this approach, with a BBO crystal we ob-
difficult to measure completely: that is, at short times, the lastin the doubled frequencies of a number of modes from the
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Fig. 4. Locking the entire femtosecond comb by using a super-stable optical frequency reference.

can be heterodyned with comb lines near the green limit of t

IR end of the spectrum. After doubling, these comb frequenci [ 15.fs Laser |-{ fup servo a0y
] A

. - ) . Synthesizer
PCF’s output. In this photodetector’s output, we find the diffel i fep —
ence of optical frequencieg:* (N fiep + feco) — (2N frep + v YERn ?°“|:.b POSItion faeees
Jeeo) = foeo- A nice scheme is to stabilize this offset frequenc ‘ O? N9 Sevo
to be a rational fraction of the repetition rate [51]. From th o e
frequency standard’s viewpoint, basically any stable frequen M(I)crt(i):at“n#;)tg:e faom=7/8 frep
could be chosen. However, from the time-domain viewpoir = P
the choice off.., as a phase-coherent submultiple %f;, is x— Self-referenced continuum
interesting because it leads to a periodicity of the pulse’s ci grrasmns
rier-envelope offset phase, with the pulse waveform repeati Visible (f,;) Y
exactly afterm = fiep/feco PUlSES. Now the optical output | f'to 2f lock
pulse stream does have a strict periodicity and so can be r _ . ¢
resented by a Fourier harmonic series with a repetition rate Infrared (fn)‘o Eif 0 2f, Filter  Polarizer ; 'ceo™ AOM

factor m below the basic pulse rate. In other words, the fre

guency offset of the comb system is now controlled tghg = _ _ eo m
feep/m. Fig. 5 shows the schematic of this measurement a* Relative carrier-envelope phase: A = 2 = 27"'1'6—
stabilization system [51]. Note the use of an acousto-optic mc . rep

ulator in one arm to frequency shift the spectrum and there't_). i ) )
. . . .. . 5. Self-referencing optical frequency synthesizer. By heterodyne
avoid the excess noise at dc. With digital frequency-based cQkkasurement of a cluster of green comb lines present in fiber-broadened output

trol of the phase slip per femtosecond pulse, we could confispectrum against green comb lines generated by frequency doubling the fiber's

the stabilization by measuring the Corresponding time dom%ﬁqoutput, we recover the femtosecond laser comb’s frequency offset from true
armonic comb position. Servos control the laser offset and repetition rate to

“carrier-enve_lope phase” cha_nge per pulse. By cross-correlatmgduce an effective RF-to-visible harmonic generator.
one pulse with its second neighbor, the expected phase-step in-

crements were clearly demonstrated [51]. Thus, we have the )

tools for some physics experiment which may display some séf- Summary of JILA Measurements Using Combs

sitivity to the “carrier-envelope phase,” in that it can be supplied One useful effort has been the measurement at JILA of many
with selected pulses with any choice of 16 phase-steps set aciafdbe “traditional” optical frequency references. So far, this in-
2 pi. Speaking on the frequency domain side again, it is worthudes the HeNejlstabilized laser at 633 nm, two Rb-stabilized
emphasizing again that this system represents a “gear-tiglaSers at 778 nm, and the 1064nm/532 nm Nd: YAG laser sta-
optical-to-microwave phase-locked connection, ready to syilized via strong resonanceslinn All of these transitions have
thesize millions of optical frequencies from a suitably stableeen measured previously, typically by means of “secondary”
RF input. A suitable description of this RF/optical clockworkérequency standards such as the;£0sQ, system at 10.m.
system may be to say it is “Self-Calibrating.” Basically, for thén Fig. 6, we summarize these JILA frequency measurements
m = 0 setting, all optical output comb frequencies will be exachade using “femtosecond comb technology.” In all cases, one
harmonics of the input RF frequency. finds agreement with the values promulgated by the accepted
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Fig. 6. Frequency measurements made with the femtosecond laser comb. All offsets referred to CIPM recommended values. (a) Frequency offset of green
532-nm . component:;, in R(56) 32-0 band. (b) Measured frequencysktabilized 633-nm HeNe laser. (c) Frequency of 778-nm diode laser stabilized via Rb
two-photon absorption. (d) Histogram of Rb measurements. Almost all the width arises from FM noise of Rb-based RF reference clock.

“experts” in the field, those scientists charged with this opticBlureau of Weights and Measures transfer lasers shows that the
frequency metrology in the national metrology labs of basicallyominal frequency of the “as maintained” HeNe reference needs
all of the developed countries. Collectively, tt@®nsultative to be revised upward by7 kHz.

Committee for Length (CCLlgerves under the aegis of the

ternational Bureau of Weights and Measuyregated in Sévres, E. The Possibilities of Frequency Errors

France, just outside of Paris. Their most recent document [52]a fundamental issue for the use of such a comb-based “clock-
provides recommended values—and uncertainties—of frequ@fbrk” mechanism for physical measurement is the question
cies for a large number of stabilized reference lasers. This d@ghether there could be, in some unexpected way, a possibility
ument can be expected to be importantly upgraded followirigat the predicted frequency relationships are not quite exact,
this September’s meeting when all the new femtosecond comReaning that there would be some kind of frequency errors in
based measurements will be considered. the comb output. The Garching group has presented a number
Of course, the major labs can dedicate more effort to tlg tests based on different physical comparisons, such as a
maintenance and improvement of these working standards, wigihtosecond laser comb versus a Kourogi comb, and several
the result that, by employing extra care and performing auxiliag¥sts using interval divider stages [43]. Of course, no problem
measurements, the CCL-published uncertainties can often betgfs been discovered: all measurements show the accuracy to be
fectively reduced. Such working uncertainties may be threefalgeal to within the measurement precision, which in some cases
to fivefold smaller than the CCL recommended ones. Interesias been reported to be in the 16 range or even less. Another
ingly, one finds uniformly by our measurements that the CClprofitable avenue for testing the comb accuracy issue can be
stated uncertainties values are sufficient. The CCL (2001) mebased on physical argument. For example, surely we do not ex-
bers will note that the shifts of frequency required in their fusect to find a different mode spacing/repetition rate coming from
ture recommendations document (analogous to [52]) are just the fiber output end as a function of wavelength, for example,
same order as the “reduced” uncertainty these specialists mighthe emitted light. Some number of pulses enter the fiber each
regard to be made possible by extra careful work. The HeNecond and, if there is no damage or other accumulative process
value, resulting from a collaboration with the NRC (Ottawa) andnderway in the fiber, surely we can expect the same number of
the International Bureau of Weights and Measures (Paris), wasitted pulses each second. However, possibly the broad comb
reported recently [53]. It was possible to show equivalence fafrmed in these nonlinear interactions could not be representable
the JILA femtosecond comb and the NRC chain results at the a single comb: we consider that the frequency offsgt
sub-kilohertz level, basically using a well-maintained Heble/lcould be different as a function of wavelength. Two scenarios
laser as a transfer standard. Connection via the Internatiosafjgest themselvesimmediately. If the process causing the color
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conversion were not step-by-step, but were rather discontinudgspossible to learn to deal with the appreciably broader reso-
across some wavelength gap, perhaps the carrier-envelope offisgeices we can obtain in a simple cell; as shown in Fig. 2 already
frequency of the second partial comb could have another valo@e can obtain impressive stability, reaching into the mid'$0
For example, at high excitations one can observe that blue ligltmain. But the long-term stability and frequency repeatability
is present in the fiber within a few millimeters, while the usefure just not yet at the levels needed: rarely do we find an optical
lightwe need at 532 nm seems to develop more slowly. Or Ramsystem in which the stability is still nicely improving with aver-
scattering to the red, followed by cross-phase modulation, cowading time beyond, say, 1000 s. An equivalent statement is that
also generate an isolated comb portion with a shifted offggt we can make a complete readjustment of the system optics and
However, in exploring the obtained frequency values while theectronics and will find a new lock frequency, offset typically
laser intensity is changed, one finds no detectable effect of thig an amount which corresponds to the stability value at a few
type. Another concern could be that the fiber has been seriousconds’ integration time, or less. Even more instructive is to
shocked by the passage of the powerful main pulse: atoms hawe an intelligent and skilled colleague in another lab build his
still dephasing from the coherent superposition states formed‘ttsteam” system and bring it to our lab for an “intercomparison”
physically accomplish the intensity-dependent phaseshift. Prab-test the independent reproducibility of systems based on the
ably the green light is always slightly late leaving near the outpthliest practice” of two independent labs [55]. Invariably, the fre-
end of the fiber, trailing the higher velocity 800-nm primanguency offset between the two systems is larger than one could
pulse. Always each green pulse will find the fiber in the processmve expected—and not by jugi.
of relaxing back to a thermal situation. If the index of refraction What are the main reasons behind this experience? Realisti-
were then to be ramping back down toward the calm fiber limi¢ally, the art of stabilized lasers is not yet complete. Sometimes
perhaps we can expect the green portion of the spectrum to htheedifferences arise from engineering deficiencies, while from
a blue-shifted value of....., relative to the main spectrum. A testtime to time still another physics “gottcha” shows up. In de-
of this idea using an interval divider scheme and intermediatign, one direction leads toward high SNR by using a strong
709-nm laser is being prepared. The equivalent Garching téag, higher gas pressure, and higher laser power. Here, one can
showed no problems, but the utilized frequency range was lés&l a broader resonance, more robust operation, and a smooth
and the length of material experiencing the powerful pulse whsat large dependence of frequency shift upon operating param-
much reduced (2 mm of Ti: sapphire crystal versus 15 cm efers. Defects of modulation purity and modulation width-de-
microstructure silica fiber). At this point, the summary of alpendent shifts (associated with a small asymmetry of the res-
experience to date is that no accuracy problem whatsoever baance profile) are the usual line center reproducibility limits.
been detected for frequency measurements. The classic case here is the ubiquitous HeNe red laser stabilized
In practice, starting with a microwave standard to obtainwith molecular iodine. Except that the usual line is not at all
known optical comb output, we noted already that it will betrong, but it is broad+5 MHz) and, of course, convenient. A
useful to make this repetition rate locking with a compromisgability of 1 x 10! is obtained at 1 s and the best performance
speed, in order to conserve the superior short-term stability aproaches ¥ 1072 at 10* s. Reproducibility is~5 x 1012
the laser. Indeed, in the future, it will likely be the reverse di53]. The next performance step may be the iodine-stabilized
rection which will be of interest for metrology, as the shomid: YAG frequency-doubled laser. Now the operating linewidth
and medium-term performance of optical standards basedisi®.5 rather than 5 MHz. Because it is a very strong absorbing
ultranarrow optical resonances already match or exceed neédirlg, the pressure may be reduced more than an order of magni-
all RF sources [31]. Of course, the present standard—the @de. This leads to a stability ef5 x 10~1* at 1 s, improving
atomic beam standard since 1967—is the Cs microwave tran4 x 10~%° at 500 s [27]. The lower linewidth means that any
sition at 919, 263, and 1770 Hz. While atomic fountain techmodulation problems are smaller because the modulation width
nigues have lengthened the interaction time-tos, new accu- is reduced, and the remaining errors influence a narrower line.
racy-degrading problems appear likely to provide an accuradyfrequency reproducibility of & 10~*2 is straightforward and
limit ~1.5 x 10~ [54]. How long will it be until all this op- can readily be made twofold or threefold better.
tical resonance and laser technology will bring us a new defini- Looking at the future, it will be interesting to try tunable
tion of the second? The near future will be rich indeed. lasers with the longer lived iodine transitions to higher vibra-
tional levels, as the upper level lifetimes are known to increase
dramatically as the dissociation limit is approached. Toward this
end, we have already built such a system and discovered in io-
Regarding the existence of a true “Optical Clock,” we are néline some interesting sub-Doppler spectra near 500 nm [56].
quite ready yet to deliver the “true line-center” information thathe molecular overtones with expanded beams will be inter-
will make this second paradigm shift possible or mandatory. F$ting. And a few “forbidden” lines beckon us ...
fundamental standards, one good avenue is clear. we simply
learn to deal with resonances of increasingly narrow widths.
(For example, we have recently learned from NIST colleagues
that frequency repeatability of a fewl0~1® has been obtained The authors are pleased to acknowledge their interactions
over months with the HY resonance.) This narrow-line ap-with many colleagues in this work. Particularly precious is the
proach was noted earlier, with Ytand its 10-year lifetime rep- goodwill and cooperation between groups that has made this
resenting the penultimate limit. Still, one wonders if it woulcdhew epoch possible. Long-term NIST colleagues L. Hollberg

V. CLOSING
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and C. Oates and their colleagues generously shared their idgas
and remarkable Ca results with the authors, as did J. Bergquist
and his group with their spectacular Hgesults. K. Vogel and 14]
S. Diddams participated in some of the recent NIST work ancE
were, along with D. Jones, enthusiastic and valuable contrib-
utors in earlier phases of the authors’ JILA work. Other indis-1*°
pensable JILA colleagues are H. Kapteyn and M. Murnane, who
have patiently helped us come up to speed with the femtosecomt]
sources and background knowledge. The JILA authors enthu-
siastically thank their colleagues at the Max Planck Institutg17)
for Quantum Optics (Garching) for their generous and open ex-
change of ideas, information, and people. Collaboration across
the Atlantic with Prof. Hansch’s group has been materially aided
by an active exchange quantum (scientist) known as T. Udenft8]
they thank him, his boss, and their colleagues for a great run. Of
course, the authors would be nowhere without the broad spegro;
trum enabled by the generous contribution of some “Rainbow
Fiber” by J. Ranka, R. Windeler, and A. Stentz of Lucent Tech-
nology/Bell Labs. There surely are many other people who haveoj
contributed important ideas, talents, and results either directly
or into the worldwide knowledge base. If, regrettably, this brief

. . [21]
paper has omitted proper reference to their work, the authors
hope they can take comfort and even celebrate what they all
collectively have achieved in the last several years: optical frel??l

quency measurement has come of age!
[23]
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