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ABSTRACT

We describe in detail an optical clockwork based on a 1 GHz repetition rate femtosecond laser and silica microstructure
optical fiber. This system has recently been used for the absolute frequency measurements of the Ca and Hg" optical
standards at the National Ingtitute of Standards and Technology (NIST). The simplicity of the system makes it an ideal
clockwork for dividing down high optical frequencies to the radio frequency domain where they can readily be counted and
compared to the existing cesium frequency standard.
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1. INTRODUCTION

Emerging optical frequency standards based on laser-cooled atoms and ions promise superior stability and accuracy over
existing microwave standards™**. However, until recently an appropriate clockwork for dividing down the very fast optical
oscillations to a countable frequency had been missing. As demonstrated in just the past year, frequency dividers based on
mode-locked femtosecond lasers provide a convenient, robust, and accurate means of phase-coherently linking optical
frequencies to standards in the microwave domain®®"°°, The basic concepts that make this possible are as follows. The
spectrum emitted by a mode-locked laser consists of a comb of regular spaced continuous waves that are separated by the
pulse repetition rate f,. The frequency of the n™ mode of the comb is given by f, = nf; + f, wheref, is the frequency offset
common to all modes that is caused by the difference between the group and the phase vel ocity inside the laser cavity™ ™,
This expression reveals that the easily measured f, is directly linked to an optical frequency (f,) provided that f, is known. If
the frequency comb of the laser covers an entire octave, then f, can be measured by frequency doubling an infrared mode and
heterodyning it with an existing mode in the visible portion of the comb”®. The heterodyne signal yields the difference 2(nf,
+ o) — (2nf + f,) = f,. Only with the arrival of novel microstructure silica fibers has the required octave-spanning spectrum
been attained with high-repetition-rate, low-power femtosecond lasers***®. This breakthrough has revolutionized optical
frequency metrology and opened the door to a new generation of atomic clocks based on optical transitions. In this paper we
describe in detail an optical clockwork based on a high repetition rate (1 GHz) femtosecond laser and novel microstructure
optical fiber. The described system has recently been used to make absolute frequency measurements of the Ca and Hg*
optical standardsat NIST. A summary of these resultsis also presented.

2. THE OPTICAL CLOCKWORK

2.1 Thefemtosecond laser and microstructur e fiber

The femtosecond Ti:Sapphire laser, shown schematically in Fig. 1, is based on a commercial system produced by
GigaOptics'®. The laser cavity is a simple “bow-tie” design with 3 cm radii of curvature mirrors surrounding the 1.5 mm
highly-doped Ti:sapphire crystal, which is optically excited with the 532 nm radiation from a diode-pumped solid-state laser.
The two curved mirrors and the flat high reflector all employ special negative dispersion coatings as required for stable
soliton-like mode-locked operation of the laser. Coarse adjustment of the repetition rate to near 1 GHz is achieved with a
translation stage on which the flat high reflector is mounted, while a piezoelectric transducer (PZT) behind the same mirror
provides fine adjustment. In the present setup, the excess heat from the pump laser is removed by a thermoelectric cooler
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which is subsequently water-cooled. At this point, we have not employed active temperature stabilization. All the laser
components are mounted on astedl plate (30 x 30 cm?) that rests on several layers of vibration-isolating rubber, and theentire
laser is enclosed in a sealed thick-walled aluminum box to minimize environmental perturbations. The inner walls of this
box are further covered with lead-lined foam to damp acoustic resonances.
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Figure 1: Diagram of the 1 GHz femtosecond laser and the octave-spanning spectrum produced by the microstructure
optical fiber. The input spectrum to the fiber is shown as a dashed line for comparison.

Under continuous wave (CW) operation, the laser is bi-directional. However, with proper cavity alignment, Kerr-lens mode-
locking (KLM) can be initiated by tapping on one of the mirror mounts. When mode-locked the laser then runsin either of
the clockwise or counter-clockwise directions with near equal probability. If oscillation occurs in the direction that is not
desired, mode-locking is stopped and the laser is restarted. |f necessary, this stopping and restarting is repeated a few times
until the output isin thedesired orientation. The typical mode-locked output power is~650 mW with 5.5 W of pump power.
Onceit is mode-locked the laser runs almost indefinitely, although over periods of many hours the slow thermal drift of some
cavity components may require slight re-adjustment of the optics to maximize the output power. One distinct advantage of
the ring geometry is that the laser is largely immune to the back-reflected light that arises, for example, from the tight
focusing of the laser beam into an optical fiber.

The—-3 dB spectral bandwidth of pulses emitted from the laser is approximately 15 THz, which is sufficient to support pulses
of ~25 fs in duration. In order to broaden the optical spectrum to the required octave, the output of the laser is c@upled int
15-20 cm long mce of microstructure optical fiber. An aspheric lens with focal length of 1.45140w, 0.55 NA) is used

for focusing into the fiber, and coupling efficiencies approaching 50% have been obtained (~300 mW of continuum output
from the fiber). However, we have observed that the coupling efficiency tends to degrade over a period of about one week—
presumably because of optical damage. Efficient and very stable coupling into tiien~diaimeter fiber core are essential

to the operation of the optical clockwork. In addition to a high-quality coupling stage, we have found that the fiber must be



held very close to its end. Otherwise, the fiber tip may oscillate and bend under the force of the tightly focused light. To
prevent such difficulties, after cleaving it we pot the end of the fiber in epoxy, leaving only ~50 microns of the fiber tip
exposed.

The unique dispersion properties of the microstructure fiber provide guidance in a single spatial mode (~1.7 um diameter)
with zero group velocity dispersion near 770 nm**. Because temporal spreading of the pulseis minimized, pesk intensitiesin
the range of hundreds of GW/cm? are maintained over a significant propagation length, thus providing enhanced spectral
broadening due to self-phase modulation. In fact, the 800 nm output of the laser isin the anomal ous dispersion regime of the
microstructure fiber such that the up-chirped pulses (due to normal dispersion in the output coupler and focusing lens) should
re-compress to minimum duration in the first few centimeters of thefiber. For thisreason no attempt is made to re-compress
the pulses before launching them into the fiber. The fiber is also hirefringent, and the output spectral width and content
depend strongly on the polarization of theinput light. We therefore use an achromatic half-wave plate prior to coupling so as
to optimize the output spectrum. A typical output spectrum containing ~ 250 mW of total power is shown in the lower half
of Fig. 1. No complete models of the nonlinear processes that yield this spectrum have been reported; however, the large
gaps are likely the result of destructive interference and/or phase mismatch in the four-wave mixing processes that produce
the broadening.

Although not resolved in the data of Fig. 1, this spectrum consists of a comb of optical modes spaced by 1 GHz. It isworth
pointing out that, in contrast to more typical femtosecond lasers having f, on the order of 100 MHz each mode of the 1 GHz
comb has 10 times more power (assuming the same total average power). Furthermore, it has been observed that broadband
amplitude noise (whose physical origin has not been fully described) that appears on the output light of the microstructure
fiber is very much reduced with the lower energy pulses from the 1 GHz system. For example, with a 100 MHz femtosecond
laser producing only dightly shorter pulses, this broadband noise was observed to increase ailmost 30 dB when the coupling
was increased from only 25 mW to 60 mW. In order to avoid the excessive noise with the lower repetition rate system oneis
obliged to couple less light (25-30 mW) into the fiber, which again means less power per mode. On the other hand, for the
1 GHz system the same 250 pJ per pulse is obtained with a tenfold increase in the average power. Thus, with the required
octave coverage from the microstructure fiber, the typical frequency domain power per mode with the 1 GHz system could be
100 times greater than that attained with a 100 MHz system that delivers similar pulses. In practice, we find this to be
qualitatively true.

2.2 Contralling the femtosecond comb

Asshown in Fig. 2, we measure and phase-lock both f, and f to synthesized frequencies derived from a hydrogen maser that

has its frequency calibrated by the NIST primary cesium standard. Approximately 5 mW of the output of the microstructure

fiber isfocused onto a P-1-N photodiode and the photocurrent generated at f, isfiltered, amplified, and mixed with the 1 GHz

output of a synthesizer (HP 8662A)". The mixer’s output is then further filtered and amplified before being applied to the
PZT element behind the flat cavity high reflector (see Fig. 1). Measurements indicate that the phasé fwisefree-
running femtosecond laser falls below that of the HP 8868thesizer at an offset of approximately 1 kHz fifgfa We
therefore employ the minimum phase-lock bandwidth required to suppress the large fluctuations at low frequencies (typical
bandwidth< 1 kHz). With a larger locking bandwidth, broadband noise from the synthesizer actually degrades the
femtosecond laser comb, which only needs to have servo corrections for the acoustic and thermal fluctfatidbsésof
important to note that we derive the signal for lockirfgom the light that has passed through the fiber so that we can alsoin
principle correct for any slow variations or shiftsimlue to the thermal heating and expansion of the fiber.

To measure and contr§ the infrared part of the comb from the fibéd={060 nm) is split off by a dichroic mirror and
frequency-doubled into the green portion of the visible spectrum in a 2 mm long angle-tunegdiydbdd. This frequency-

doubled light is spatially combined with the green part of the original comb using a polarizing beam splitter. An important
detail is a variable optical delay used to match the path lengths of the two arms of the Mach-Zender interferometer at the ~10
pm level. The time-domain interpretation of this requirement is that high-contrast interference will be observed only if the
two pulses overlap temporally. Equivalently, in the frequency domain we obtain the greatest signal-to-noise-ratio (S/N) if
multiple pairs of modes contribute to the heterodyne signal. This occurs when the phase delay is made equal in the two arms
of the interferometer for the greatest number of modes.

After the visible beams from the two arms of the interferometer are recombined, a second rotatable polarizer projects the
polarization of the combined beams onto a common axis so that they can interfere on a photodiode. This polarizer is also
used to adjust the relative power of the two beams for optimum S/N in the heterodyne signal. A 10 nm wide optical bandpass
filter (or alternatively a small grating) prior to the photodiode helps to select only that part of the frequency comb that



matches the frequency-doubled light, thereby reducing noise from unwanted comb lines®. The generated photocurrent is
filtered and a digital phase-lock loop (PLL)™ is employed for phase-locking f, to a synthesized frequency derived from the
same hydrogen maser used in locking f.. In the current implementation, f, is digitally divided by 64 to increase the locking
range of the PLL to £32 1t This division may not be required for phase-locking f, in all circumstances, but it doesimprove
the robustness of the lock. The error signal generated from the PLL is used to control the 532 nm pump power with an
electro-optic modulator (EOM) oriented as a Pockels cell combined with a polarizer (see Fig. 1)°. In order to operatein a
regime where the pump power varies approximately linearly with voltage applied to the EOM, it is necessary to apply a bias
of about 1.2 kV, which resultsin aloss of approximately 2 W of pump power. (Recently we have demonstrated that a fused
silica acousto-optic modulator can perform the same function as the EOM/polarizer combination, but with significantly less
loss of pump power.) As expected, changing the pump power also changes the intracavity power of the femtosecond laser.
In the simplest picture, this has the effect of modifying the nonlinear Kerr phase shift in addition to shifting the pulse
spectrum, which in turn changes the group velocity. As the phase and group velocities of the pulse change by differing
amounts, this has the net effect of varying f, over some limited range (~15 % of f;). Experimentally, wefind a given change
in the pump power AP yields [4f,JAP/+0.26 MHz/mW, and only very small changes in the pump power are sufficient to
phase-lock f,. Asjust pointed out, this means of controlling f, directly affects f, by changing the group velocity. In this case
the tuning coefficient is L4f,/AP/+1 Hz/mW. These can be compared to the tuning coefficients for the PZT element that is
used to contral f;, which are [Af,JAV/F83 kHz/V and [/Af/AV[E3 Hz/V, where the PZT trandates approximately 0.75 nm
per Volt. Although the two control loops are clearly non-orthogonal, this has not proved detrimental to the performance of
the system for measuring optical frequencies. As will be shown, the current limit for such measurements is the stability of
the hydrogen maser.
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Figure 2: The sdf-referenced optical frequency synthesizer used for absolute measurements of the Hg™ and Ca optical
frequency standards. The entire optical apparatus sits on atransportable optical breadboard with dimensions of 120 cm by 60
cm. PBS: polarizing beam splitter. H-Maser: hydrogen maser.

3. MEASURING OPTICAL FREQUENCIES

When both f, and f, are phase-locked, the frequency of every mode in the comb is known with the same precision as the

hydrogen maser. At NIST, the maser has its average frequency calibrated with an uncertainty of approximatbly 2-10
comparison with the local cesium fountain clock. In the frequency comb one then has available hundreds of thousands of
precision optical oscillators across the entire visible and near-infrared spectrum. As illustrated in Fig. 2, the appropriate
portion of the comb can be spatially overlapped with the light of unknown frequency from an optical standard. Again, as
already described, it is convenient to combine the two fields in orthogonal polarizations and then use a rotatable jgblarizer an



optical bandpass filter to optimize the S/N. The heterodyne beat f, between a single element of the comb and an unknown
standard yields the optical frequency foy = fo, + mf, + f,, where mis alarge integer, that can be determined from a lower-
resolution measurement (a laboratory wavemeter, for example).

In making high-precision measurements of the Ca and Hg' optical standardsit is critical to avoid errors due to cycle-dipsin
the phase-locks and the counting of f,. We detect cycle dips in both of the phase-locks by monitoring f, and f, with
additional counters (Counters 1 and 2 in Fig. 2)%. We sdlectively discard any measurement of f. for which the measured f,
or f, deviate from the expected value by more than 1/ 7., Where 7yqe iSthe counter gate time in seconds. We avoid miscounts
of f, by using an auxiliary counter to record the ratio r between f, and f,/4, where the division by 4 isimplemented digitally.
Any measurements of f, where the auxiliary counter gives a result that does not satisfy (r-4)-f, < 10/ gy are discarded. We
rely on the assumption that the two counters recording f, and r, if in disagreement, do not make the samemistake. This
increased threshold is required because the ratio counting yields a resolution much lower than that of the direct counting of f;
and f,. Nonetheless, this corresponds to an acceptable measurement window for the optical frequend§74b§;aTe2-E@Jr
each data point the three additional countir&,(andr) are started before the countingydnd operated with 50 ms longer
gate times to ensure temporal overlap.
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Figure 3: Stability of the femtosecond-laser-basedasurement system as determined in a measurement of the Ca optical
frequency standard. The squares are the measured Allan Deviation of the heterodyne between the Ca standard and on
element of the femtosecond comb. The line is the stability of the hydrogen maser to which the femtosecond system is phase-
locked.

The stability of the femtosecond-laser-basedasurement system, which is phase-locked to the hydrogen maser as just
described, can be evaluated in a frequency measurement of either the Catandgrd. The result for the case of the Ca
measurement is shown in Fig. 3. For short gate times, the measurement stability mirrors that of the hydrogen maser;
however, for gate times30 s, we begin to see a departure of the measurement from the maser stability. Since the optical
standards have stabilities well below 110" (1 measured in seconds), their contribution to the Allan Deviation is
negligible. It is believed that the source of instability at longer gate times is the synthesizer that is used to multiply the 5
MHz maser signal up to 1 GHz. Recently, we have measured the temperature-dependent fractional frequency shift of the HP
8662A" used in these experiments to be ~2*1(K-hr), which is consistent with the order of magnitude of the deviation

seen in Fig. 3. Once the absolute frequency of the hydrogen maser has been calibrated with the cesium fountain clock, the
same measurement that produces Fig. 3 also yields the frequencies of amel i@goptical standards. The complete details

are reported elsewhéteso here we provide just the final measured values, whicfygrel 064 721 609 899 143(10) Hz

andfc, = 455 986 240 494 158(26) Hz. For the Hipasurement, the statistical uncertainty is only 2.4 Hz, but we state a 10



Hz overall uncertainty in the absence of a full evaluation of the standard. These values now represent two of the most
precise optical frequency measurements ever made and demonstrate the utility of the femtosecond-laser-based clockwork in
the evaluation of optical standards of the highest performance.
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