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Optical frequency combs based on erbium-doped fiber lasers are attractive tools in precision metrology due to their
inherent compactness and stability. Here we study a femtosecond Er:fiber comb that passively eliminates the carrier
envelope phase slip by difference frequency generation. Quantum statistics inside the all-fiber soliton oscillator gov-
erns its free-running performance. Active stabilization of the repetition rate supports a subhertz optical linewidth and
does not necessitate additional intracavity elements. Direct locking to an optical atomic frequency standard enables
generation of a 100 MHz microwave signal with a stability of 3.4 mHz maintained over 15 mi©2015 Optical Society

of America

OCIS codes: (120.3940) Metrology; (140.4050) Mode-locked lasers; (320.7100) Ultrafast measurements; (130.7405) Wavelength
conversion devices.
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1. INTRODUCTION electronic control loop utilizing an RF source is therefore needed,

Years after the first demonstration of high-resolution spectrosc&é?mat'ca"y reducing the complexity and enhancing the quality
in the frequency domain with femtosecond lds2fgie num- o the long-term performgnce. Recently, we der_nonstrated a pas-
ber of applications of frequency combs in precision metrol0§§)"3|y phase-locked Er:fiber system with amplified DFG at the
is ever growing]. Recently, a relative precisiorlof® was gndamental wavelength of 1SSQ nm and quantified its car-
reached using the transfer oscillator condgpCiirrently, ~ fier-envelope-phase (CEP) stabilify]. [Ultrabroad spectral
one of the main goals of research is focused on finding new igRMPonents required for the DFG are achieved from dispersion-
plementations for long-term stable, precise, and robust corfilnaged highly nonlinear germanosilicate fisgrs\[phase-
sourcesH|. Realizations based on fiber lasers are especially knci@Ple pulse train spanning from 136 THz (2200 nm) to
for extraordinarily long-term stability due to nearly monolithic370 THz (810 nm) can be generated with this approach.
design with minimal free-space components. The appeal of tiigning the output of the DFG to the Er:fiber gain window allows
technology as the tool of choice for hands-off operation has grofehn reamplification via standard telecom components, providing
rapidly since the first demonstration of self-referefghard an intense and fully coherent output of phase-stable pulses
active frequency lockir@).[Recent progress is based on all-fibe{15,16]. Inherent stability of the CEP is especially appealing
implementations df-to-2f interferometry and feedback loops for space-based applicati@id B] and high-power fiber systems
exploiting fast intracavity actuat®4(. This approach sup- aiming at sensitive experiments in extreme nonlinear Ifjtics [
ports polarization-maintaining fiber oscillators mode locked Byery recently, a DFG comb from an Yb:fiber oscillator mode
saturable absorbers. A different scheme has been demonstdaigded via nonlinear polarization rotation was stabilized to a line-
for solid-state lasers via frequency stabilization with an acoustidth of 1 kHz by coupling to an external reference c2fjity [

optic modulator outside the cavity][ The advantage of extra- In this work, we present a compact and passively phase-stable
cavity active elements is that they do not compromise oscillatrfiber frequency comb. The self-starting all-fiber oscillator is
performance: the feedback-induced cross talk between tnede locked by a semiconductor saturable absorber. Together
orthogonal variables of the comb, namely, the repetition rateith a fully polarization-maintaining design, these characteristics
(f «p and the carrieenvelope offset (CEO) frequerfcyg(), enable excellent long-term performance and reliability. Detailed
is virtually absent. A completely passive approach is to eliminatelysis of the free-running system reveals quantum-limited op-
the CEO frequency via extracavity difference frequency geneseation. The comb is stabilized without introducing additional
tion (DFG) between spectral components of the amplified anidtracavity elements. A subhertz linewidth is achieved via locking
frequency-broadened oscillatg}. In this case, optical feedback to an external single-frequency laser. A microwave signal with
is based on an ultrafast nonlinearity, which provides maximfahctional stability &.4x 10 1! over a 15 min time span results
bandwidth at the full repetition rate of the pulse train. Nofrom direct referencing to a two-photon transitiGtiRi.
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2. EXPERIMENTAL SETUP AND sharing all but two optical elements. This implementation enables
CHARACTERIZATION outstanding long-term stability in comparison to a conventional
Mach Zehnder geometry. The output of the HNF is spatially

The layout of the system is presented inlFibhe master os- . . )
cillator is a robust Er:fiber laser consisting only of poIarizatioHlSperS?d by the first SF10 prism, and wavelengths apowe 1.3
ntaining fundamental and soliton spectral components, are

maintaining (pm) components with no free-space parts. Self-staft-

ng and sible mode locking isgranted by a pigaed saraffET 70 2 AT e BT B T T
absorber mirror. This oscillator emits up to 5 mW of averag P y d

power at a repetition rate of 100 MHz and a center frequencof curvature of this mirror, thus ensuring reversal of spatial

of 193 THz (1556 nm). Overall negative intracavity dispersioqISperSIon of the spectral components. Residual pump at

. . . ~ 1 1550 nm withf -5 # Ois blocked by a razor blade placed before
of 12000 fS supports a train of s_ohton pulses with a bandw'.dthSMZ. Our design ensures that the soliton pulse duration of 30 fs is
tunable between 12 and 18 nm via the current of the pump dlod%

The average power is boosted to 600 MW by means of a sina_ haffected due to the proximity of the pulse center frequency to

A . 7 L e zero-crossing of the group velocity dispersion in SF10 at
pass amplifier relying completely on polarization-maintaining 1210 nm. Instead. the dispersive wave is compressed to 25 fs
ber. Controlled self-phase modulation is used to broaden the s '

" i idth of 60 bling the t | %f) n double passage through the prism sequence. The collimated
spectrum 1o a width o nm, enabling the tempora Corm:)restﬁspersive wave is spatiotemporally overlapped with the soliton on

sion of the pulses to a duration of 120 fs via a silicon prisrg spherical mirror (SMfL, = 20 cr). Subsequently, both com-
sequence. The amplified pulse train is coupled into a dispersign. .+ are focused (SI,‘ﬂ3,—_ 25 C.n? into a 2 mmylong lith-

managed highly nonlinear germanosilicate fiber 1 cm in leng niobate crystal with a fan-out poling period ranging from 21

[13], resulting in an ultrabroad spe.ctrum.spanning from the, 35um. The phase-stable output with F90of average power
soliton at 136 THz (2200 nm) to the dispersive wave Covering Ue generated via difference frequency mixing and coupled back
to 370 THz (819 nm), with 35_ mW and up to 80 mW Qf average ntg a fiber for amplification to 2.5 mW. The pulse train is then
power, respectively. The soliton pulse propagates in a regionsgfi in two parallel branches. One is amplified to an average
anomalous dispersion and leaves the highly nonlinear fibgs, er of 630 mw, which is, to the best of our knowledge, the
(HNF) already bandwidth-limited, whereas the dispersive walgihest power yet reported for a single-mode-pumped fs Er:fiber
requires dispersion management. A special arrangement is imglésr. Subsequently, the output pulses are compressed to a dura-
mented to simultaneously compress the dispersive wave and;gglof 110 fs with the target of direct locking to a rubidium vapor

the relative timing between the two pulses (se®) Aigmax-  ce|l. The other branch is used for beat experiments and locking of
imizes the common path between both spectral components &yjected comb lines to single-line lasers.

dispersive
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Fig. 1. Schematic of the phase-stable Er:fiber system. An optical pulse train at a 100 MHz repetition rate is generated in an all-fiber oscillator (
saturable absorber mirror; WDM, wavelength division multiplexer) and amplified in a polarization-maintaining Er:fiber amplifier (feteB3RA 1). It e
free-space section (right) where it is first compressed by a silicon prism sequence and then frequency broadened in a dispersion-maaaged highly
fiber (HNF) to a coherent supercontinuum spanning more than one octave. Compactness and stability are optimized by a special SF10 prism con
that simultaneously controls short pulse duration and temporal overlap between a dispersive wave and the solitonic part of the contifeuum. A raze
removes residual pump light at 1550 nm. Difference frequency mixing in a periodically poled lithium niobate crigstgtt{RF2 Niym) results in a
frequency comb without carriemvelope offset (CEO). Active linewidth narrowing is accomplished by locking the beat signal between the amplifi
phase-stable comb and a single-frequency laser at 193 THz to a radio frequency. The pump current is exploited as an actuator to control the fi
signal at low frequencies. An extracavity electro-optic modulator (EOM) eliminates residual phase jitter at high frequencies. Albtbkite stability
system is ensured by locking the repetition rate of the offset-free comb to an atomic two-photon tréiRiitmsilirOmange lines depict electronic
connections carrying error (solid) and feedback (dashed) signals used in active stabilization loops. The setup contains spherical amigiors SM1, S
SM3 with focal lengths of 20, 7.5, and 2.5 cm, respectively, and a collimating lens$ 1= WBhcm
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3. BROADBAND STUDY OF THE COMB line in Fig.2(b). The white frequency noise found over a broad
LINEWIDTH range from 200 Hz up to 300 kHz suggests that the origin of the

To investigate the linewidth of our phase-stable comb, we p inewidth is due to the quantum statistics of the laser emission

: - : ; 3]. Analysis of the phase noi24] ndicates a linewidth of
form beat measurements with various narrow-linewidth sourcegs: .
First, we employ an Er:fiber single-line laser operating at 193 T e comb at 2128 nm (ﬁi.z KHz Furthgr insight may be_
(1556 nm) with a spectral bandwidth of less than 2.5 kHz ovquf"ned from careful inspection of the origin of thg 91 kHz line-
1 ms of observation time. The pulse train is mixed with the singIEr/-'dth of the phase-stable comb at 1556 nm. This value results

: : : : ' Irom nonlinear mixing between the comb lines at 860 and

line laser in a fiber coupler. After passing a bandpass filter wit . X : ,

bandwidth of 0.5 nm, both are overlapped on a pigtailed InGaAs 0 nm. Anticorrelated changes. in the I.mew'dth of these com-
Qents are expected for a breathing motion of the comb about its

photodiode. The beat between the single-frequency laser and PR

Er-fiber oscillator reveals a reference-limited linewidth beldg ", reauencdl, as it results from the timing jitter of the

. . . repetition rate in agreement with our measurements. Without
10 kHz at an observation time .Of 1.2 ms when recorded W'tf%aking into account the technical noise contributions below
an RF spectrum analyzer. The linewidth of the phase-stable

guency comb is instead determined ®@lhe 6 kHz at a wave- 23)0 Hzéwth I?:o?r?o tﬂg 'Str?ével?na:\%\‘/??j; 5\(/351:0H_the
length of 1556 nm [inset of Fizfa). While this performance is ¢ F ¢ soF *DFG:- ’

ready attractive f CEO-stabilized all-fiber laser s St860 nm component is determined t&Be: 13 kHz The com-
aready attractive for a LEL-stabilized afl-l SYS'Red measurements reveal a guadratic increase in the linewidth
[9,21], it also raises the question of the mechanism of the incregs&y o comb away from the vertex close to the carrier frequency

in the linewidth observed in comparison to the oscillator perfof P .
. . . . . t th b performance is
mance. To uncover the origin of this broadening, a full undelf-Flg 2(a]. This finding indicates that the comb p !

. S . . . dominated by the GordaHaus jitter P6] of the oscillator origi-
standing of the spectralf dr:StT_'b,\l:[t:'qn of tge Imevl;ndtr:h_m thenating from the amplitude-to-phase conversion of the shot noise.
supercontinuum output of the Is mandatory. FOr this pur-y i consistent with the fact that fluctuations of the average pho-
pose, we use an additional single-line laser (Nd:YAG emitting

. ) X T 8h number at the output of an ideal solitonically mode-locked
282 THz with a Imevwdth of 1. kHz over an observation time .Oflaser should be governed by quantum Stat&cs [
100 ms) to characterize the dispersive as well as the solitionic par,Qext’ we alter the pulse energy circulating in the oscillator by

of the spectrum. Beat experiments on the ultrabroad Specm{fﬂanging the pump current. Emitting clearly soliton-shaped

generating the phase-stable pulse train are summarizedS[meCtra [inset of Fig(b], the FWHM varies from 12 to 18 nm

Fig.2(a) The spectral width of the oscillator at 1556 nm is de\han the pump current is increased from 370 to 880 mA

termine_d to bg below 10 kHz, largely Iir_nited_ by t_he performanc&ig. 3(a). These changes in the bandwidth should have pro-
of the single-line laser. In contrast, the linewidth increaSels to 1, effects on the linewidth if the performance of the oscillator
4 kHz at a wavelength of 1064 nm. In additio8pa- 4 kHz is quantum-limited28]. Therefore, the linewidth of the phase-
linewidth is revealed by the beat note between the frequengyapie comb is monitored together with the linewidth of the comb
doubled soliton at 2128 nm (141 THz) and the Nd:YAG refer-jjheq at 1064 and 2128 nm. Upon increasing the pump current,
ence. To further investigate this c_ontext, we st_udy the RF noisg: gpserve pronounced narrowing of the optical linewidth by a
spectrumS,(f ) of our system [Fig2(b). To this end, an  ¢50¢0r of 3, commensurate with the increase in the bandwidth
adequately sampled time series of 400 ms of the beat signgi§ 3(a). This behavior is drastically reversed upon reaching
recorded with an oscilloscope. This allows for phase retrieval V\étBump current of 730 mA, and already at 850 mA the linewidth
a modified Takeda algorith?]. The obtained noise spectrum gyceeds the value at the mode-locking threshold. The optimal
of the beat note between the oscillator (blue line) and the sing|grewidth occurs at the point of balance between the quantum-
line laser (green line, manufacturer data) is reference-limited. figited reduction of the GordoHaus jitter and the eventual

RF spectrum of the DFG output at 1550 nm is depicted as a red

910
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Fig. 2. (a) Measured linewidth (open circles) and parabolic fit (blue 1540 1560 1580 100 ) 290 300

line) versus optical frequency of the supercontinuum output from the Wavelength (nm) Linewidth (kHz)

highly nonlinear fiber. Inset: Characteristic beat note of the phase-stabig. 3. (a) Output spectrum of the oscillator for pump currents from
comb with a single-line reference at 1556 nm recorded at a resoluti8n0 to 910 mA. Due to the soliton condition, the bandwidth increases
bandwidth of 1 kHz at 12 ms sweep time. (b) Frequency noise specfram 12 to 18 nm with an increase in the pump current. (b) Decrease in
of the beats of the reference with the oscillator (blue) and the phase-stéiddinewidth of the phase-stable pulse train at a wavelength of 1550 nm
comb (red) in comparison to the reference performance (green, data freith an increase in the pump current due to the commensurate reduction
manufacturer). Note the characteristic flat spectrum of the comb, inda Gordon Haus jitter. Inset: Output spectrum of the oscillator at a
cating white frequency noise (see dashed line). A small deviation alymwep currentl() of 715 mA highlights an excellsath shape (note

300 kHz is explained by the performance of the reference. the logarithmic ordinate scale).
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onset of soliton fission due to the high circulating peak power_ya)
inside the laser cavity. To exclude the intensity noise of the pums
diode as a potential origin of this behad#]; the linewidth g
measurements are repeated at the same nominal pump powe&
but with changed relative intensity noise (RIN) levels. This is ac-a
complished by insertion of a fiber coupler between the
pump diode and the WDM (Fid), allowing for constant optical
output with drastically changed pump current. We observe
negligible influence on the linewidth when the outlined changes
in the pump current and RIN levels of our excitation diode laser
are implemented. We emphasize that the quadratic linewidth o )
dependence away from the center frequency of the co . 4. Characterization of the actl_Jator performance for locking of thg
[Fig.2(a], the white frequency noise spectrum of the comb bed} 25¢-Stable comb on a CW laser: (a) RF spectra, (b) frequency noise,
[Fig. 2(b)], and the decrease in the linewidth with the increasin C) |ntegra_tedlphasejltte_r. PID settings are constant for all measurements.

. . i o olor coding: free-running (black), only pump current control (blue),
spectral bandwidth of the oscillator (Bjigwrovide independent oy EOM (red), and a combination of pump current and electro-optic
verifications for the quantum origin of the noise of our oscillatopodulator with a final phase jitter of 1.6 rad (green).
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4. ACTIVE LINEWIDTH NARROWING

For a variety of applications not only a fixed CEO frequency buif the actuators is illustrated in BigThe free-running case is

also a narrow optical linewidth is mandatory, supporting, for edepicted with black lines. When only the pump current is con-
ample, subhertz precision in optical spectrosgdipygr[low- trolled (blue spectra), the phase jitter is greatly reduced to 5 rad. At
noise RF frequency standadds3p)]. In addition to fixing cgq the same time, the comb linewidth slightly increases. This effect is
of the comb, the repetition rate has to be stabilized. Traditionallyue to the nonlinear feedback inside the cavity leading to ampli-
the CEO frequency in fiber-based oscillators is controlled Hication of relaxation oscillations that manifest as a maximum in the
changing the refractive index of the gain medium with the pumpequency noise at 34 kHz. When only the EOM is active, the RF
power. The repetition rate is influenced by the variation in thepectrum shows significant narrowing, as the noise at frequencies
length of the laser cavity, altered, e.g., by a mirror placed orpalow 100 kHz is efficiently addressed (red spectra). Since the
piezo actuator or a fiber stretcher. Additional actuators suchgeM provides a dynamic range of phase shift of 25 rad, the rep-
electro-optic modulators (EOMs) may be inserted in the oscillatefition rate may be controlled only for short time intervals.
to achieve maximum bandwidth. However, all these control elgherefore, the integrated phase jitter is hardly lowered as compared
ments exhibit considerable cross talk when operating jointly ify the free-running case. Both actuators can be adjusted to co-
side the all-fiber CaVity, rendering electronic control of the Congberate perfect|y_ Contro”ing the current of the pump diode re-
tedious. Furthermore, any additional intracavity active compgoves the noise efficiently at low frequencies, while the EOM
nents would be detrimental for quantum-limited operation 0gompensates any timing jitter above 20 kHz. This leads to an even
the laser, potentially spoiling the high-quality performance @firther reduction in the overall phase jitter from 5 to 1.6 rad when
our solitonic oscillato2T]. The fact that only the repetition rate integrated from 4 MHz to 1 Hz. We take a closer look at the
has to be controlled in dugeo = 0 comb allows us to elegantly  siapjlized performance by analyzing the locked linewidth at the
circumvent those issues. We can completely chg,;mlthout ultimate resolution of our spectrum analyzer. Fiysteows

adding any extra components to the mode-locked laser oscillajgg, getails of the RF spectrum corresponding to the green graphs
Influencing the intracavity power by changing the current of the

pump diode from 500 to 750 mA allows us to correct the rep-
etition rate by as much as 100 Hz with a modulation bandwidth

of 70 kHz when employing a phase lead techniz@le [ 0 ; ; G ;
Additional bandwidth can be provided by an extracavity electro- é 10

optic phase shifte33]. In our comb, high-frequency phase noise 52“ 1 :z S 20

is present due to the quantum origin of its free-running perfor- & 20l g 30

mance. Fortunately, very little dynamic range is required to carry> o -40

out phase correction with a fiber-coupled EOM inserted betweeng 54| % 50

the oscillator and the amplifier (Rjg.To demonstrate the capa- & 2 60

bilities of our stabilization scheme, we first achieve active Iockiné 40+ -500 0 500 |
and optical linewidth narrowing using a Rb-stabilized RF wave-g Frequency (kHz)
form synthesizer. A beat note between the amplified phase-stab‘re -50 1
comb and a single-line reference at 1556 nm is generated and

locked onto a fixed RF reference. The power of the relevant comb -60}

mode is 30 nW, and the RF beat signal exhibits a signal-to-noise 35 20 0 0 10 20 30
ratio of 35 dB when detected with a resolution bandwidth (RBW) Frequency (Hz)

of 1 kHz. Itis split into two parts. One branch provides feedbackig 5. Resolution-limited RF spectrum of an actively narrowed beat
for two proportionalntegralderivative (PID) controllers, and petween the phase-stable comb and CW reference laser. RBW and video
the other portion is used for analysis of the RF spectrum, freandwidth (VBW) are set to 1 Hz for both measurements. The span is
guency noise, and phase jitter of the beat note. The performareHz and 1 MHz (inset). Note the logarithmic scale of both ordinates.
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in Fig.4 on a logarithmic scale over a range of 60 Hz and 1 MHz.
The measured linewidth of the beat is instrument-limited and
below 1 Hz, while the noise is suppressed over 40 dB.

VD

PPL
1550 nm
() e S

feedback
signal

5. DIRECT LOCKING TO AN OPTICAL ATOMIC
FREQUENCY STANDARD

Since the repetition rate remains the only parameter in our systen «
=

BSRb
vapor cell

WS

that needs active control, absolute locking of this quantity to an
optical frequency standard represents the next attractive task w
seek to accomplish. For compact applications in harsh environ:
ments, atomic absorption lines provided by gas reference cells a
a robust, maintenance-free, and cost-effective choice with goo
fractional stability. We therefore demonstrate direct locking of
the repetition rate to a two-photon transition (TPT) in isotopi-
cally puré®Rhb. The TPT is a known candidate for high-stability 778 nm
frequency measuremer@4],[ where a dipole-forbidden transi- !
tion possesses a natural linewidth of only 660 &5z If

may be excited not only by one but with all combinations of dif-
ferent comb lines, provided they are pairwise two-photon resos ~ 0 ) >80 nm

nant. Nonlinear absorption is therefore greatly enhanced wher- 770 775 780 785 grating 2400 I/mm

pumping with a femtosecond comb if it is CEO-stable and sym- Wavelength (nm)

metric with respect to the TPT frequency. Furthermore, a baclkig. 6. Setup for Doppler-free locking to B, °Ds/, two-pho-
ground-free detection of the absorption is achieved via fluorescentoptical transition of tféRbatom. The passively phase-stable comb
decay of théP;, 5, , transition at 420 nm. The possibility of is frequency doubled to a wavelength of 778 nm with a periodically poled
spurious detection events is minimized by spectral filtering afiglium niobate crystal (PPLN, length 1 mm, poling period.t8)4nd
near-IR-blind detection. A pulse duration of 110 fs out of thdhe beam diameter extended to 1.8 iy} prior to the focusing
phase-stable erbium-doped fiber amplifier (EDFA 2) with zjgeement. The center frequency at 778 nm (green) is blocked, and the

average power of 630 mW at a repetition rate of 100 MHz allo am is spectrally separated in a gratlng-baged pulse shaper. The long
red) and short (blue) wavelength parts (see inset for measured spectra)

for efficient second-harmonic generation of the pulse train to @, % o, overlapped spatiotemporally in a vapor cell fillé§Riith
center wavelength of 778 nm. In this process, the brightnegg,qrescence at a wavelength of 420 nm is emitted after excitation of
of the comb lines is dramatically increased through spectral cQfs two-photon transition and collected with a photomultiplier tube
pressiondg]. With lengths of the periodically poled lithium nio- (PMT), providing the error signal for the active locking operation.

bate (PPLN) crystals between 1 and 40 mm, a resultant average

power of 150 mW is distributed over a spectral bandwidth rang-

I(? %4f:10r:1n (GO\TvrQr (Ce?rrrrifgg gilﬂ? ;oapivm%e;hrir;c;ggu?:\gl?oé\?s of our pump current modulation is measured. To absolutely
: P P g stabilize the repetition rate, the detected fluorescence is now used

. i c
for dl_recf;tslockmg of the frequency comb to*tBig, °Ds/, as an error signal for a PID controller. The quality of the PMT
TPT in ®°Rb [37]. No single-line reference laser is required. L . . .

output is high enough that no modulation, e.g., in a lock-in

We use a 6-nm-broad spectrum centered at a wavelength, eme, is needed. The set point is adjusted to the steepest slope

K . . . X C
778 nm. This pulse train is dispersed by a grating with 240% the TPT, and the pump current is controlled to fagk A

lines/mm. The spectral parts around 776 and 780 nm are thef i itors th it te at e i f
focused from opposite sides infteRib vapor cell by lenses with requency counter monitors the repetition rate at a gate ime o

focal lengths df = 15 cm (Fig. 6). Filtering out the central
wavelength of 778 nm avoids excitation with two photons propa-

PMT

arb. un.)

NJrm. intensity

gating in the same direction, thus ensuring Doppler-free operag (a) 10
tion. Temporal overlap is achieved with a variable delay lineg T3 == — =, 5 =
(VD). Two-photon absorption is monitored with a photomulti- <038 \,& %
plier tube detecting the fluorescence emission at a wavelength gos6f ~ ~ ° \ %
420 nm. The 240 ns lifetime of this transitid§ fenables feed- 04 _ X 59
back at a high bandwidth. The spot size of the overlapped exci€ .} *transfer function 3

tation beams is 80m, and the average power is 30 mW in each = o L.oLEMTfeedback ¢ -10

108 104 1050 5 10 15

branch. To determine the transfer function of this detection Frequency (Hz) Time (min)

scheme, we modulate the current of the pump diode of the os- ) ianafd
cillator. The photomultiplier tube (PMT) signal gives access {g9: /- (@) Normalized two-photon fluorescence signaFiRinde-
the feedback bandwidth when the position of the comb toot ected with NIR-blind PMT is depicted as a function of the modulation

. . - . requency of the diode pump current. A roll-off bandwidth of 70 kHz is
is varied with respect to the maximum slope of the TPT. Th easured. (b) Deviation of the repetition tte,() from the mean

change in the PMT output due to intensity variation is negligiblgajye when locked to the two-photon transition via the diode pump
as compared to the induced frequency variation, since baihirent (gate time of 300 ms). The standard deviation of 3.4 mHz
EDFAs are operated in saturation. The results are summarizgekted level) is equivalent to a fractional stabili8/4of10 1* of

in Fig.7(a) A 3 dB roll-off at 70 kHz limited by the bandwidth f ., = 101382728.712 Hz
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300 ms. A typical measurement of the repetition rate acquire8 L. C. Sinclair, I. Coddington, W. C. Swann, G. B. Rieker, A. Hati, K.

over a time interval of 15 min is shown in Hilg). The standard Iwakuni, and N. R. Newbury, “Operation of an opfically coherent
frequency comb outside the metrology lab” Opt. Express 22, 6996—

deviation is 3.4 mHz, corresponding to a fractional stability of ,,.¢ (2014).
3.4x10'" Note that the short-time fractional stability of 10. b.D. Hudson, K. W. Holman, R. J. Jones, S. T. Cundiff, J. Ye, and D. J.
the frequency counter we use *sl0 11at1s, contributing a Jones, “Mode-locked fiber laser frequency-controlled with an intracavity

significant part of the variationfip,, we measure. electro-optic modulator;” Opt. Lett. 30, 2948-2950 (2005).
11. S.Koke, C. Grebing, H. Frei, A. Anderson, A. Assion, and G. Steinmeyer,
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