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Residual stability of a fiber-based frequency comb
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Abstract: We present measurements of the residual frequency stability across a fiber frequency
comb by comparison through a Ti:sapphire frequency comb. We find 6 x10™ stability at one

second and 1 x10™ at 1000 seconds.
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Femtosecond frequency combs have revolutionized the field of optical metrology and will enable the practical use of
optical clocks.[1] The recent advent of robust and compact fiber-laser based frequency combs in the 1 to 2
micrometer region, which employ reliable, readily available and inexpensive telecom components,[2-5] has
simplified the task of transferring comb wavelengths within the 1550 nm band. Implicit in the task of transferring
optical clock frequencies at very high stabilities is the need to establish the relative stability of both the fiber
frequency comb and any fiber link that it is transferred over. To this end we have investigated the frequency stability
across a fiber laser frequency comb over times between 0.1 and 7400 seconds. Our results demonstrate a factor of
~20 improvement over previous fiber comb stabilities[5, 6] and show that the stability performance of these combs
is comparable to that of mainstay Ti: Sapphire combs.[7]

Our Er:fiber comb is based on a stretched-pulse passively mode-locked ring resonator with a 50 MHz
repetition rate.[8] The output is amplified and passed through a piece of highly nonlinear fiber, producing an octave
of comb light spanning over 1 to 2 micrometers. The offset frequency is detected with a collinear f to 2f
interferometer[4] and stabilized through feedback to the pump power by use of a phase-lead technique for extended
feedback bandwidth.[9] We stabilize the second comb degree of freedom by locking a comb tooth to a cavity
stabilized laser at 1126 nm.[10] We then measure the known frequency of a stabilized laser at 1535 nm against a
comb tooth to determine the residual stability of the fiber frequency comb.
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Figurel (a): The fiber comb, 1126 nm cw laser, and 1535 nm cw source with associated doubling and Ti:Sapphire transfer comb,
are in three different labs and connected using Doppler cancelled fiber links. (b): Example of counted data for a 1 second gate time.

Our measurement system, shown in Fig. 1(a), is laid out over three labs linked by over 700 m of optical
fiber. Each fiber link is stabilized by use of a Doppler cancellation technique.[11] The cw 1126 nm light is split,
and one part passes through a link to the fiber comb and provides the above-mentioned stabilization. The other part
passes to a separate laboratory where it provides stabilization for a Ti: Sapphire comb.[12] Locked to this comb at
767.5 nm is a frequency-doubled 1535 nm cw fiber laser. This 1535 nm light, thus stabilized, is transferred through
a third link where it is compared to the fiber comb. A heterodyne beat note between this 1535 nm light and an
adjacent comb tooth is obtained by use of a balanced detector; it is the stability of this beat note that is of interest.

This beat note at 1535 nm is counted, along with the repetition rates and optical and offset frequency locks
of both combs, by use of 11-digit frequency counters referenced to a common microwave source. (This source also
references the various synthesizers used in other parts of the system.) Counter gate times between 0.1 and 30
seconds are used, and a total of over 2 hours of data was obtained. A sample of the count data at one second is
shown in Fig. 1(b). Knowledge of the various mode numbers and offset lock signs and frequencies of the two
combs, as well as the offset lock frequencies of the links, allow the expected beat note to be calculated (by extended-
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precision calculations). The measured beat note agrees with the predicted value to within 2.2 parts in 10", averaged
over 7400 seconds (~ 2 hours).

The Allan variance of the beat note, displayed in Fig.2, represents the combined stability of the fiber comb
and all other components involved. The variance shows a stability of ~6 x 10™"" at one second and falls off roughly
as 1/7°¢ across the entire span, where 7 is the measurement time ranging between 0.1 and 1000 seconds. It is
interesting to compare this measured stability with the predicted stability from the various in-loop measurements of
the phase-locked frequencies. For both the Ti:Sapphire and fiber-laser frequency combs, the offset frequency lock
and lock to the 1126 nm light show counter-limited stabilities (at one second) of 1- to 3 x 108, Similar counter-
limited stabilities are measured for the in-loop fractional frequency noise on the individual fiber optic links. Based
on these results, one might expect a stability of our measured beat note of ~6 x 108 at worst, or 10 times lower than
observed. As already noted in tests of the Ti:sapphire frequency comb,[7] the discrepancy can be explained by
thermally induced drifts in short sections of out-of-loop fiber or air paths located immediately before the combiners
that provide the beat signals. Indeed, measurement of the out-of-loop noise of one of the links returned a fractional
noise of 1.7 x 10, and similar levels are expected for out-of-loop sections in other parts of the system.
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Figure 2: Allan deviation of optical beat signal (squares and line) versus comparison of optical clock frequencies at high stability
measurement time. Also shown is a fit with a 1/t%6 slope. levels.
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