Appl. Phys. B
DOI 10.1007/s00340-013-5439-9

Applied Physics B

Lasers and Optics

A frequency-stabilized Yb:KYW femtosecond laser frequency
comb and its application to low-phase-noise microwave generation

Stephanie A. Meyer * Tara M. Fortier -
Steve Lecomte * Scott A. Diddams

Received: 15 February 2013/ Accepted: 16 March 2013
© Springer-Verlag Berlin Heidelberg 2013

Abstract We present an optically stabilized Yb:KYW fs-
laser frequency comb. We use an f~2f nonlinear interfer-
ometer to measure the carrier envelope offset frequency
(fo) and the heterodyne beatnote between the comb and a
stable CW laser at 1068 nm to detect fluctuations in the
comb repetition rate (fi.p). Both of these degrees of free-
dom of the comb are then controlled using phase-locked
loops. As a demonstration of the frequency-stabilized
comb, we generate low-phase-noise 10 GHz microwaves
through detection of the pulse train on a high bandwidth
photodiode. The phase noise of the resulting 10 GHz
microwaves was —99 dBc/Hz at 1 Hz and the corre-
sponding Allen deviation was <2.6 x 107" at 1 s, mea-
sured by comparison to an independently stabilized
Ti:sapphire frequency comb. This room-temperature,
optically based source of microwaves has close-to-carrier
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phase noise comparable to the very best cryogenic micro-
wave oscillators.

1 Introduction

The optical frequency comb has brought about a revolution
in optical frequency metrology over the last decade [1, 2].
The underlying comb in the output spectrum of a femto-
second (fs)-laser can be used in many applications if sta-
bilized in its two degrees of freedom: the optical comb
spacing, fp, and offset frequency, fy. When stabilized, the
output provides a frequency ruler across hundreds of ter-
ahertz in the optical domain. It can be used to measure
other optical frequencies with straightforward RF fre-
quency metrology techniques or as a light source for
spectroscopy. This frequency comb technology has enabled
the measurement and comparison of state of the art optical
atomic clocks to unprecedented accuracy [3]. The optical
frequency comb has been applied to a variety of scientific
and technological problems, such as breath-analysis [4],
astronomical spectrograph calibration [5], atomic and
molecular spectroscopy [6] and attosecond pulse genera-
tion in the XUV domain [7].

Many applications will require compact, efficient, reli-
able and inexpensive comb sources at application-depen-
dent optical frequencies. Also, higher repetition-rate
combs approaching 10’s of GHz are preferred for use in
microwave photonics, communications and astronomical
spectrograph calibration. To date, the majority of work in
this field has employed frequency combs based on
Ti:sapphire or Er: and Yb:fiber femtosecond lasers. The
Yb:KYW laser (and the related Yb:KGW) used in our work
has some distinct advantages relative to these other sour-
ces. For example, the Yb:KYW/KGW laser has some of
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Fig. 1 a A schematic representation of the Yb:KYW comb system.
The pump diodes were PM fiber coupled and fiber Bragg grating
stabilized at 980 nm. The 10-at. % doped Yb:KYW crystal was
Brewster cut for E||a with 1-mm optical path length. M1 and M2 are
chirped mirrors with radii R = 5 cm. The SF10 prisms and a —375 fs?
Gires-Tournois-Interferometer (GTI) mirror provided negative dis-
persion. M3, an R = 20 cm chirped mirror, focussed the laser light
onto a semiconductor saturable absorbing mirror (SAM) to initiate
and stabilize mode-locking. The output coupler (OC) of 5 % provided
the output beam for amplification with a Yb:fiber amplifier, followed
by compression with a volume phase hologram and roof prism and
nonlinear broadening in a microstructured fiber. fr, and its higher
harmonics were detected with a fiber-coupled high bandwidth
photodiode (PD). b Octave-spanning spectrum generated in micro-
structured fiber. Also shown are f and 2f used for the nonlinear
interferometer and the wavelengths of a variety of optical references
under research at various institutions that overlap with the broadened
spectrum

the same desirable properties of Ti:sapphire, such as high
average power [8], multi-gigahertz repetition rates [9-12]
and low cavity losses. It also benefits from direct diode
pumping and is one of the most efficient femtosecond-
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solid-state lasers, with pump-to-output efficiency of >60 %
[13]. While diode-pumped Yb: and Er:fiber lasers have
been reported with gigahertz repetition rates, they typically
have longer pulse widths, lower powers [15, 16] and higher
cavity losses; many of these factors can contribute to a
comb with intrinsically greater timing-jitter noise when
compared to lower-loss solid-state femtosecond lasers,
such as the one demonstrated here [17]. Finally, the
broadened output spectrum of Yb-based combs overlaps
well with many of the optical standards under development
in the clock community, as can be seen in Fig. 1b. These
features make the Yb:KYW fs-laser an interesting and
worthwhile system to explore for precision frequency comb
applications.

In previous work, we demonstrated the generation of the
octave-spanning spectrum necessary to measure f; using
J~ 2f interferometry and then detected and stabilized f, with
subradian in-loop integrated phase noise [18]. In this paper,
we build upon previous work by stabilizing the second
degree of freedom of the comb, f.,, to obtain the first
optically stabilized Yb:KYW frequency comb. We locked
frep t0 a cavity-stabilized CW laser. The resulting fre-
quency-stabilized comb was used to generate a 10 GHz
microwave signal with high stability and exceptionally low
close-to-carrier phase noise [19-21]. This type of low-
phase-noise 10 GHz signal is useful for many scientific and
technical applications, but it is also a particularly stringent
test of the comb’s performance.

2 The Yb:KYW comb

The Yb:KYW fs-laser and its f, stabilization have been
described in detail elsewhere [18]; we give a brief over-
view and highlight any differences here. Figure la shows
the schematic for the laser and stabilization. The fs-laser
has an X-fold cavity which uses a SESAM in one arm to
initiate and stabilize soliton mode-locking and SF10 prisms
for dispersion control in the second arm, along with the
output coupler. When mode-locked the laser emits 250 mW
of power at 1030 nm using a total pump power of 830 mW
from PM fiber coupled diode lasers at 980 nm. The pulses
are ~300 fs, with a corresponding optical bandwidth of
~4 nm and thus a time-bandwidth product of 0.34. The
pulses are at a repetition rate of 160-190 MHz (scalable
without changing the properties of the output), with
186 MHz being used for the results presented herein. Since
the previous reports we added optical isolators between the
fiber-coupled pump diodes and the femtosecond laser (not
shown in figure), eliminating optical feedback between
pump lasers and permitting better alignment and overlap of
these beams in the Yb:KYW crystal. In addition, we
improved the 980-nm transmission of the two R = 5 cm
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mirrors around the Yb:KYW crystal, resulting in a pump-
to-laser output efficiency of 25 % in mode-locked
operation.

Self-referencing via an f~2f scheme requires an octave-
spanning spectrum. To that end, a Yb:fiber amplifier
increased the average power while the optical spectrum
was simultaneously broadened via self-phase modulation in
the fiber. The pulses were re-compressed with a single
volume phase hologram combined with roof prisms [22,
23] down to 113 fs, i.e. shorter than the input pulses due to
the extra spectral bandwidth. The compressed 300 mW of
average power generated the octave-spanning spectrum
shown in Fig. 1b in a 75-cm long microstructured fiber
with 945-nm zero dispersion wavelength and a core
diameter of 3.2 um. The fiber was end-sealed and termi-
nated with FC/APC connectors to allow long-term use. The
resulting spectrum from 650 nm to 1450 nm allowed
detection of f using an f~2f interferometer with a signal-to-
noise ratio (SNR) of 40 dB in 100 kHz resolution band-
width (BW). A phase-locked loop (PLL) locked f, to a
reference frequency with feedback to the input modulation
port on the current controller of one of the pump diodes as
an actuator. The modulation of the pump power had
~180 kHz bandwidth. However, the resulting servo
bandwidth for f, was limited by the Yb:KYW crystal’s
upper state lifetime to ~45 kHz. To counteract this effect,
a phase lead pushed the servo bandwidth out to 100 kHz, as
indicated by the servo bumps on the RF spectrum of the f,
beatnote shown in Fig. 2a. The increased servo bandwidth
led to the in-loop phase noise profile shown in Fig. 2b, with
an integrated phase noise of 0.3 rad (0.1 Hz-1 MHz),
which is about a factor of three above what was measured
in a 200 MHz Ti:sapphire system [24] and lower than what
has been reported for typical Er:Fiber systems with com-
parable repetition rate and integration bounds [25].

With f; controlled, we needed to measure and lock fi, to
a reference frequency to fully stabilize the optical comb. A
locked comb reproduces the stability of the reference, so
we chose to leverage the excellent short-term stability and
low phase noise of a cavity-stabilized CW laser as the
comb’s reference. Technically, when we lock the comb to a
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Fig. 2 a RF spectrum at 3-kHz resolution bandwidth and b residual
phase noise and integrated phase noise of the locked f; beatnote
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Fig. 3 a RF spectrum at 3-kHz resolution bandwidth and b residual
phase noise and integrated phase noise of the locked fieye beatnote

CW reference we are locking one comb mode to the ref-
erence. However, since all modes of the comb are tightly
locked in phase by the mode-locking process, controlling
one mode of the comb effectively controls all the modes.
This results in the stabilization of the second degree of
freedom in the comb, which is frp. In our case, the
Yb:KYW comb was referenced to CW light at 1068 nm
that also serves as the local oscillator for the Al™ optical
clock at NIST [3, 26]. For our measurements, the light was
not stabilized to the ion’s clock transition. Nonetheless, the
o

fractional frequency instability of this light is 7 <1 x

10~15 at 1 s of integration. The reference light came from
another lab to the Yb:KYW comb through ~300 m of
noise-cancelled optical fiber [27]. A simple interferometer
overlapped the 1068 nm light with a 4-nm wide portion of
the comb. We detected the heterodyne beat, fiec,r With an
SNR of 35 dB in 100 kHz resolution BW.

The detected fiey signal was locked to an RF reference
by using a piezo electric transducer element mounted
behind one of the cavity mirrors as an actuator within a
PLL. The microwave spectrum of the locked fies is Shown
in Fig. 3a. Figure 3b shows the measured residual phase
noise on fyeyr. The integrated phase noise was 0.4 radians
(0.1 Hz-0.5 MHz). With the two comb parameters locked,
we focussed on the application of the stabilized comb to
low phase noise microwave generation.

3 Low-phase-noise microwave generation
and characterization

With the Yb:KYW comb now frequency-stabilized, several
applications are possible. As a first demonstration, we use
the comb to generate 10-GHz microwaves with phase noise
comparable to that achieved with the lowest noise micro-
wave oscillators of any type. Such low-phase-noise
microwaves have a variety of scientific and technical
applications. These include serving as local oscillators
for Cesium fountain clocks [28], remote synchronization
for X-ray free electron laser facilities [29], low noise
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waveform synthesis [30], high speed analog to digital
conversion [31] and very long baseline interferometry
radio astronomy [32]. To generate low-phase-noise
microwaves, the comb serves as an optical-to-microwave
frequency divider. As already described, the comb is
locked to a stable optical reference, the stability of which is
reproduced in the repetition rate of the optical pulse train,
with some added noise sources as discussed below. This
stable optical signal is converted to an electronic signal
with a high bandwidth photodetector. The RF spectrum of
the photocurrent contains harmonics of the repetition rate,

any of which has the same f /" of the CW laser reference.

Here, we focus on the 54th harmonic of the Yb:KYW laser
repetition rate to provide a low noise signal near 10 GHz.

The potential stability of the repetition rate of the sta-
bilized Yb:KYW laser is evident from simple analysis of
the equation governing the optically stabilized comb. The
m-th comb element is locked to the optical reference fre-
quency, Vo, With an offset beat frequency fiea, such that:

Vopt + foear = mfrep + fo- (1)
Solving for the repetition rate gives

Vopt + f beat — ﬁ)
frep = .
m

(2)

For the optical lock at 1,068 nm, m is ~ 1.6 million,
which provides significant leverage in dividing down the
optical-domain frequency noise. Here, we focus on long
timescales of >1 s. Consider the effect of frequency
fluctuation of Vop, foear and fp on the repetition rate. The
fluctuations of the cavity-stabilized laser are 6f <0.3 Hz in
1 s averaging, corresponding to a fractional instability of
<1 x 10", For the locked parameters, we have measured
Ofp and Ofpes to be few mHz in 1 s averaging. So, the
frequency fluctuations on the locked comb’s f., should be
dominated by the optical reference. Thus, df, should be
less than 1 pHz and the fractional frequency fluctuations
should mimic the optical reference at these longer
timescales. A corresponding reduction is realized when
one considers the phase fluctuations, where the optical-to-
microwave division ideally reduces the phase noise power
spectral density by a factor of m”. In our generation of
10-GHz microwaves, we measure the phase noise of the
54th harmonic of the repetition rate, so the noise in our
measurement is larger by that factor.

The optically referenced Yb:KYW comb was antici-
pated to produce microwave signals with significantly
lower phase noise than can be measured with standard
techniques. Therefore, we required a second 10-GHz
source with comparable or better phase noise, which in this
case was provided by a 1 GHz Ti:sapphire comb that
was frequency-stabilized by an independent optical fre-
quency reference at 578 nm [42]. The stabilization and
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Fig. 4 A schematic representation for the microwave measurement
PD photodiode

characterization of the Ti:sapphire (Ti:S) laser has been
described elsewhere [34]. The set-up for these measure-
ments is shown in Fig. 4. The Yb:KYW and Ti:S frequency
combs were on different optical tables with the microwave
detection on the same (floating) table as the Ti:sapphire
comb; the Yb:KYW comb’s table was not floating. The
light from the Yb:KYW comb was transported to the
photodiode in 5 m of single mode fiber. Each comb was
detected using a fiber-coupled InGaAs top-illuminated
photodiode. An integrated GRIN lens shaped the optical
beam to illuminate the diode uniformly [35, 36]. The
photodiode bandwidth was 22 GHz at 1550 nm and the
responsively was 0.26 A/W at 900 nm.

In the photodetection process, relative intensity noise
(RIN) on the optical pulse train can be converted to phase
noise on the electrical microwave signal via amplitude
modulation to phase modulation (AM-PM) conversion [36,
37]. We measured an increase in the laser RIN after the
nonlinear fiber, thus we chose to place the photodetector
for the microwave generation directly at the output of the
Yb:KYW laser.

The signals from the photodiodes at 10 GHz were iso-
lated with bandpass filters, amplified and mixed down to an
intermediate frequency of 23 MHz. The phase noise of the
23-MHz signal, which contained the combined noise of
both 10-GHz sources, was input into a digital phase noise
measurement system referenced to a low-noise 10-MHz
quartz oscillator. The results are shown in Fig. 5. Using this
10-GHz phase noise, the Allan deviation was calculated as
2.6 x 107" at 1 s averaging, a promising result. For
comparison, we show the 10-GHz phase noise of the Ti:S
comb as well as the projected noise contribution from the
1068-and 578-nm optical references, as determined from
recent measurements [34]. Compared to a previous result,
scaled from 2 to 10 GHz, we had ~ 20 dB noise suppression
throughout the frequency range by using light before the
microstructured fiber to detect the f, harmonic [38, 39].
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Fig. 5 a The phase noise of the 10-GHz signal generated with the
Yb:KYW and Ti:sapphire combs (i), along with the limit of the
Ti:sapphire reference (ii) and the optical references (iii). b The phase
noise limitations at various frequencies, including the noise on the RF
reference used for the phase noise measurement (iv), the relative
intensity noise (v) and the residual comb noise (vi)

We investigated which noise sources dominated the
measured phase noise at various frequency offsets from the
10-GHz carrier. Above 100 kHz, we are limited by shot
and thermal noise. Due to saturation [40], the photodiode
provides only —25 dBm of microwave power in the 10-GHz
harmonic with 7.1 mA of average photocurrent. Near
10 kHz the contribution due to the residual comb phase
noise limited the measurement, as shown in Fig. 5b. This
limitation was 10 dB above what is possible with optimi-
zation of the f; PLL. Using the measured RIN and scaling it
to match the 10 GHz phase noise data, we see that RIN
noise via AM-PM conversion was likely contributing to
noise in the 10-1000 Hz range and near 100 kHz. The
phase noise at frequencies less than 100 Hz nearly follows
the Ti:S 10-GHz phase noise, except for the bump in the
1-10 Hz range. This bump was the result of the 10-MHz
RF reference used by the phase noise measurement system,
as shown in Fig. 5b. Since the RIN and residual comb

noise in the 1-10 Hz range are 30 and 40 dB (respectively)
below the currently measured limit, we expect much lower
phase noise to be detected in this range once the 10-MHz
reference limitation is lowered.

4 Conclusions and outlook

In this paper, we demonstrate a frequency-stabilized Yb-
doped crystal frequency comb. The resulting comb should
be a low-noise, compact, efficient and high repetition rate
source for many present and future comb applications. As a
first demonstration, we applied this comb to the generation
of low-phase-noise microwaves. Our first results at 10 GHz
are promising and can be improved in the future by making
a few straightforward changes to the system and mea-
surement. For example, the low-frequency noise (1-10 Hz)
is impacted by the measurement system itself, and is
therefore not fully representative of the phase noise of the
10 GHz signal itself. This can be improved by using a
lower phase noise RF reference to improve the measure-
ment sensitivity. At frequencies >10 kHz, improvements to
the fy servo would reduce both the impact of the residual
noise and the AM-PM via reductions in the RIN. In addi-
tion, the shot and thermal noise floor can be improved by
using cavity filtering [40] or pulse interleaving techniques
[41, 42]. With the demonstration of mode-locked
Yb:KYW(KGW) lasers at multi-GHz repetition rates [9—
12], including a self-referenceable Yb:KGW laser at
1 GHz [43], we anticipate fully stabilized Yb-doped crystal
combs at even higher repetition rates in the near future,
which could improve on these 10 GHz microwave results
even further.

Acknowledgments The authors would like to thank Till Rosen-
band, Jim Berquist, Chris Oates, Andrew Ludlow, Nathan Lemke, and
Yanyi Jiang for providing the stable CW laser light for these
microwave measurements. We would also like to thank Discovery
Semiconductors for providing the photodiodes and Jennifer Taylor for
characterizing them. This work was supported by NIST and DARPA
and is a contribution of the US Government. It is not subject to
copyright in the USA.

References

1. J.L. Hall, Rev. Mod. Phys. 78, 1279 (2006)

2. T.W. Hiénsch, Rev. Mod. Phys. 78, 1297 (2006)

3. T. Rosenband et al., Science 319, 1808 (2008)

4. M.J. Thorpe, D. Balslev-Clausen, M. Kirchner, J. Ye, Opt.
Express 16, 2387 (2008)

5. G. Ycas et al., Opt. Express 20, 6631 (2012)

6. L. Coddington, W.C. Swann, N.R. Newbury, Phys. Rev. Lett.
100, 013902 (2008)

7. A. Baltuska et al., Nature 421, 611 (2003)

F. Brunner et al., Opt. Lett. 49, 1162 (2002)

e

@ Springer



S. A. Meyer et al.

9.

10.

11.

12.
13.

14.

15.

16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.

P. Wasylczyk, P. Wnuk, C. Radzewicz, Opt. Express 17, 5630
(2009)

S. Yamazoe, M. Katou, T. Adachi, T. Kasamatsu, Opt. Lett. 35,
748 (2010)

M. Endo, A. Ozawa, Y. Kobayashi, Opt. Express 20, 12191
(2012)

S. Pekarek et al., Opt. Express 20, 4248 (2010)

T.C. Schratwieser, C.G. Leburn, D.T. Reid, Opt. Lett. 37, 1133
(2012)

I. Hartl et al., Advanced solid-state photonics, OSA technical
digest series (CD) (Optical Society of America, 2009), paper MF9
J.J. McFerran, L. Nenadovic, W.C. Swann, J.B. Schlager, N.R.
Newbury, Opt. Express 15, 13155 (2007)

H. Byun et al., Appl. Opt. 49, 5577 (2010)

R. Paschotta, Appl. Phys. B 79, 163 (2004)

S.A. Meyer, J.A. Squier, S.A. Diddams, Eur. Phys. J. D 48, 19
(2008)

S.A. Diddams et al., IEEE J. Sel. Top. Quantum Elec. 9, 1072
(2003)

J.J. McFerran et al., Electron. Lett. 41, 11 (2005)

J. Millo et al., Appl. Phys. Lett. 94, 141105 (2009)

T.-Y. Yang et al., Appl. Opt. 24, 2021 (1985)

M. Lai, S.T. Lai, C. Swinger, Appl. Opt. 33, 6985 (1993)

0. Miicke et al., Opt. Express 13, 5163 (2005)

W.C. Swann et al., Opt. Lett. 31, 3046 (2006)

B.C. Young, F.C. Cruz, W.M. Itano, J.C. Bergquist, Phys. Rev.
Lett. 82, 3799 (1999)

@ Springer

27.
28.

29.

30.

31.
32.

33.
34.
35.

36.
37.

38.
39.
40.
41.
42.

43.

L.-S. Ma, P. Jungner, J. Ye, J.L. Hall, Opt. Lett. 19, 1777 (1994)
G. Santarelli, C. Audoin, A. Makdissi, P. Laurent, G.J. Dick, A.
Clairon, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 45, 887
(1998)

A. Cavalieri et al., Phys. Rev. Lett. 94, 114801 (2005)
A. Leven et al., IEEE/LEOS Summer Topical Meetings 174
(2007)

G.C. Valley, Opt. Express 15, 1955 (2007)
S. Doeleman, Frequency standards and metrology, in Proceed-
ings of the 7th Symposium (2008)

Y.Y. Jiang et al., Nat. Photonics 5, 158 (2011)

T.M. Fortier et al., Nat. Photonics 5, 425 (2011)

A. Joshi, S. Datta, D. Becker, IEEE Photon. Technol. Lett. 20,
1500 (2008)

J. Taylor et al., IEEE Photonics J. 3, 140 (2011)

E.N. Ivanov, L. Hollberg, S.A. Diddams, IEEE J. Sel. Top.
Quantum Elec 9, 1059 (2003)
S.A. Diddams, S. A. Meyer, S. Lecomte, Joint Mtg. IEEE Intl.
Freq. Cont. Symp. EFTF Conf. (2009)
S. A. Meyer, S. A. Lecomte, J. Taylor, and S. Diddams, CLEO
Europe (2009)

S.A. Diddams et al., Opt. Express 17, 3331 (2009)

A. Haboucha et al., Opt. Lett. 36, 3654 (2011)

H. Jiang, J. Taylor, F. Quinlan, T. Fortier, S.A. Diddams, IEEE
Photon. J. 3, 1004 (2011)

S. Pekarek et al., Opt. Express 19, 16491 (2011)



	A frequency-stabilized Yb:KYW femtosecond laser frequency comb and its application to low-phase-noise microwave generation
	Abstract
	Introduction
	The Yb:KYW comb
	Low-phase-noise microwave generation and characterization
	Conclusions and outlook
	Acknowledgments
	References


