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Abstract. We describe the detection and stabilization of the carrier envelope offset (CEO) frequency of
a diode-pumped Yb:KYW (ytterbium-doped potassium yttrium tungstate) femtosecond oscillator that is
spectrally centered at 1033 nm. The system consists of a diode-pumped, passively mode-locked femtosecond
laser that produces 290 fs pulses at a repetition rate of 160 MHz. These pulses are first amplified, spectrally
broadened and temporally compressed to 80 fs, and then launched into microstructured fiber to produce an
octave-spanning spectrum. An f − 2f nonlinear interferometer is employed with the broadened spectrum
to detect and stabilize the CEO frequency through feedback to the pump laser current. These results
demonstrate that such a Yb-doped tungstate laser can provide an efficient, compact, high-repetition-rate
optical frequency comb with coverage from 650–1450 nm.

PACS. 42.65.Re Ultrafast processes; optical pulse generation and pulse compression – 42.55.Xi Diode-
pumped lasers

1 Introduction

There is little doubt of the significant impact that fem-
tosecond laser optical frequency combs have already made
in the areas of precision optical metrology, optical clocks,
and precision spectroscopy [1,2]. However, the pursuit
of the best laboratory implementation is a continuous
one, and will likely be application dependent. Interest-
ingly, among the hundreds of femtosecond lasers that have
been described in the literature, only a handful have been
self-referenced and applied to optical frequency metrology
experiments. From a broader perspective, this apparent
under-sampling of the available resources would suggest
there is likely something to be gained by exploring new
femtosecond laser systems for use in frequency metrology-
and spectroscopy-related experiments. From a more fo-
cused perspective, there are certain advantages and draw-
backs to existing frequency comb systems that one would
like to optimize for each particular application (e.g. size,
cost, low repetition rate, excess noise, transportability,
etc.).

In this article, we describe a promising frequency comb
system based on an ytterbium-doped potassium yttrium
tungstate femtosecond laser (Yb:KY(WO4)2 or more com-
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monly Yb:KYW). The frequency comb consists of a direct-
diode-pumped femtosecond oscillator, a low-power fiber
amplifier, continuum generation in microstructured fiber,
and subsequent f−2f self-referencing leading to control of
the carrier-envelope offset frequency [3,4]. As will be dis-
cussed in the following, this system has the particular ad-
vantage of being compact, low cost, robust, low power, and
power efficient, which was part of our motivation for devel-
oping it. Our initial results show relatively low levels of fre-
quency noise on the generated frequency comb, indicating
that with reasonable improvements to the servo control
the frequency noise properties of a Yb:KYW frequency
comb should be reducible to levels already achieved with
other systems.

Two of the most widely used femtosecond laser fre-
quency combs are based on Ti:sapphire and Er-doped fiber
laser oscillators. For frequency metrology, Ti:sapphire
frequency combs have the principle advantages of high
repetition rates (up to 6 GHz [5]), very low residual fre-
quency noise [6–9], and octave-spanning spectra directly
from the laser [10–12]. The main disadvantages of the
Ti:sapphire frequency comb are its bulk-optic design, re-
quiring careful alignment and clean operating conditions,
and the relatively large, expensive, and inefficient pump
source at 532 nm. These are not fundamental limitations,
but rather practical design constraints that may (or may
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not) be an issue in various applications. For example, a
Ti:sapphire based comb can also operate with a low-power
(1 W), small-footprint pump source [13]. Frequency combs
based on Er-doped fiber lasers offer an attractive alterna-
tive to Ti:sapphire [14–17]. Such femtosecond fiber lasers
are pumped directly with diodes at 980 nm or 1490 nm,
making them efficient and compact. Emission at 1550 nm
makes them well suited for fiber optic transmission, and
the use of integrated fiber components minimizes align-
ment issues while taking advantage of the wide variety
of robust and low-cost components designed for telecom-
munications systems. Moreover, improved active stabi-
lization techniques have reduced the close-to-carrier fre-
quency noise to similar levels achieved with Ti:sapphire
lasers [18,19]. However, the main drawbacks of fiber fre-
quency combs are the need for external amplification, rela-
tively low repetition rate (which has thus far been limited
to a few hundred megahertz [20]), and the reduced spec-
tral overlap with several promising optical frequency stan-
dards. For some applications, the predicted higher noise-
floor [21], associated with the lower cavity quality factor
(Q) and amplified spontaneous emission in the laser and
external fiber amplifier, could also be detrimental.

While there has been extensive development of fem-
tosecond lasers based on Yb-doped crystals, fibers and
glasses, to our knowledge the application and properties of
these systems as frequency comb sources has been investi-
gated in only a few cases [22,23]. Here we focus our atten-
tion on Yb:KYW, but one could expect that similar argu-
ments would apply to many of the other Yb-doped hosts.
As a femtosecond laser source, Yb-doped hosts have much
to offer [24]. Importantly, they can be directly pumped by
common high-brightness laser diodes. The quantum defect
is low, which leads to higher efficiencies and lower thermal
loads on the crystal. The low lying states of the Yb ion
have a relatively simple energy structure that avoids prob-
lems such as concentration quenching and excited state
absorption, thus permitting high doping concentrations
in glasses and crystalline hosts. Passive mode-locking via
Kerr Lens Modelocking (KLM) [25,26] and/or a semi-
conductor saturable absorber mirror (SESAM) [27–29] is
now routine in such Yb lasers, making for robust op-
eration. Though high power versions have been demon-
strated [30], our goals of compactness, efficiency and high
repetition rate led us to develop a system pumped with
single-mode fiber coupled, low-power (<1 W) laser diodes.
Repetition rates up to 300 MHz have been achieved with
Yb:KYW using KLM [25], and still higher repetition rates
should be achievable. The emission bandwidth of crys-
tals such as Yb:KYW is significantly narrower than that
of Ti:Sapphire, so that the oscillating bandwidth typi-
cally supports minimum pulse durations of around 100 fs
(a value comparable to those of Er:fiber sources). How-
ever, spectral broadening from below 600 nm to 1500 nm
can be efficiently accomplished in nonlinear optical fibers,
such as microstructured and tapered fibers [22,31,32]. As
a result, an Yb frequency comb has good spectral over-
lap with many of the wavelengths important for optical
frequency standards presently under development. These

include Hg+ (1126 nm), Al+ (1070 nm), Yb (1158 nm),
Sr (699 nm), Sr+ (674 nm), Ca (657 nm), Yb+ (872 nm,
934 nm), In+ (947 nm), H (973 nm). Finally, when com-
pared to Yb-fiber lasers, the laser presented here has lower
cavity losses and a correspondingly higher cavity Q, which
should result in lower phase noise on the frequency comb.
This could be a factor for some experiments, such as low-
noise microwave generation [9] and harmonic frequency
comb generation below 100 nm by use of an external
enhancement cavity [23]. In addition, the high efficiency
and low power requirements may be well-suited for trans-
portable field applications. Together, these factors make
Yb:KYW an interesting frequency comb system to study
as well as a promising alternative to existing frequency
comb systems for many applications.

2 Experimental details

2.1 Yb:KYW oscillator

Our design is based on a diode-pumped Yb:KYW solid-
state femtosecond laser. The Yb:KYW crystal has a strong
but sharp absorption peak at 981 nm (∆λ = 4 nm),
a wavelength where high power laser diodes are readily
available. It emits in the spectral range 1020–1060 nm and
has been shown to exhibit pulses as short as 71 fs [26]. Our
laser cavity design is shown in Figure 1. A 10-at.%, 1 mm
long Yb:KYW crystal is Brewster cut for the pump and
laser fields being polarized parallel to the “a” crystal axis
(E‖a). The crystal is pumped by two PM-fiber coupled,
fiber Bragg grating stabilized, 600 mW laser diodes. The
crystal is mounted on a copper mount with indium foil
used to make good thermal contact. The crystal is not
actively cooled, although cooling could lead to higher in-
versions in the gain medium, as the lower lasing levels are
the higher Stark levels of the ground state, which can be
populated at finite temperature. The femtosecond oscil-
lator uses a modified x-fold cavity with two R = 5 cm
focussing mirrors. In one arm an R = 20 cm mirror fo-
cusses the light onto a semiconductor saturable absorb-
ing mirror (SESAM) end mirror to initiate and stabilize
mode-locking [33]. Two SF10 Brewster prisms in the sec-
ond arm are used for dispersion compensation with the 5%
output coupler as the end mirror in this arm. A –250 fs2
Gire-Tournois Interferometer (GTI) mirror provides ex-
tra negative dispersion and is used as a folding mirror in
this same arm. One advantage of the SESAM mode-locked
system is that it is self-starting. Moreover, even without
significant attention given to engineering details, the laser
operates reliably over extended periods (weeks) without
the need for alignment.

With the 1.2% modulation depth SESAM in the cav-
ity, mode-locking is self-starting and leads to pulses with
an intensity autocorrelation as shown in Figure 2. This
implies 290 fs pulses which are at a repetition rate of
160 MHz with 240 mW average output power. This pulse
length is long compared with previous values as low as
107 fs for E‖a operation [25], however, in this present con-
figuration we were unable to shorten the pulse further.
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Fig. 1. A schematic diagram of the set-up is shown. The 1 mm thick, 10-at.% Yb:KYW crystal (Xstal) is pumped by two PM
coupled, fiber bragg grating stabilized laser diodes (LD). The cavity is x-folded, with SF10 prisms for dispersion compensation.
M1 and M2 have R = 5 cm, M3 has R = 20 cm and M4 is a GTI mirror with –250 fs2 of dispersion. A 1.2% modulation depth
SESAM and 5% output coupler (OC) are used. The fs-laser output goes through an optical isolator (OI) and is amplified in a
Yb-doped fiber amplifier (YDFA) and compressed by a volume phase hologram (VPH) and roof prism. The output is spectrally
broadened in a microstructured fiber and is sent to the f −2f interferometer for CEO detection. The infra-red (IR) and red light
are separated and recombined with a dichroic mirror (DC). The IR is then doubled in a BBO crystal and the f0 beat is detected
on a photodiode (PD) and locked using a phase locked loop. AC = achromatic lens, AS = aspheric lens, YDFA = Yb-doped
fiber amplifier, QWP = quarter wave-plate, Pol. = polarizer, OBP = optical band-pass filter, Obj. = microscope objective.

Fig. 2. A sample intensity autocorrelation trace and sech2 fit
of the output of the Yb:KYW oscilator is shown. The FWHM
implies a pulse length of 290 fs.

Attempts to further shorten the pulse by pushing the
net cavity dispersion closer to zero (inserting more prism
glass) leads to the onset of multiple pulsing. Along these
lines, the shortest pulse of 290 fs also required increasing
the output coupler from 2.4% to the present 5%, and fo-
cusing less tightly onto the SESAM with the R = 20 cm
in place of an initial R = 10 cm. Although shorter pulse
lengths should in principle be possible from this crystal,
the pulse lengths we obtained still allowed us to proceed
with CEO detection and locking, as described below.

We note that to obtain the 290 fs pulse length the
laser was operated with what amounts to a significantly
large net negative dispersion of around –1200 fs2 (for one

round trip in the cavity). The largest contribution arose
from the prisms and GTI mirror which provided approxi-
mately –2000 fs2. Positive dispersion from the laser crystal
amounted to only +200 fs2 for each pass through the 1 mm
crystal at 1030 nm. This was measured by the white light
interferometer technique described in [34]. The SESAM,
R = 20 cm mirror and output coupler have dispersion val-
ues close to zero. We also measured the dispersion of the
R = 5 cm pump mirrors to be approximately +100 fs2
per bounce, although this value oscillated strongly in the
1020–1030 nm region. This is most likely due to the prox-
imity of the 980 nm pump laser transmission window in
the high reflective coating, which without careful mir-
ror design can cause erratic dispersion behavior near this
sharp edge. For the repetition rate of 160 MHz demon-
strated here, prisms and subsequently long cavities can
readily provide large negative dispersion, but for higher
repetition rates the cavity dispersion and its influence on
the pulse width will need to be better understood and
addressed.

2.2 Amplification, compression, and spectral
broadening

The output of this Yb:KYW oscillator is amplified with a
single-mode Yb-doped fiber amplifier. The pulses are not
intentionally chirped before the amplifier so that, in addi-
tion to the amplification, some spectral broadening is seen.
With 120 mW coupled into the amplifier, an output power
of 360 mW is measured, and subsequently compressed
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(a)

(b)

(c)

Fig. 3. Interferometric autocorrelation trace of the chirped
pulse after amplification is shown in (a). The compressed pulse,
shown in (b), has a FWHM of 80 fs. The broadening of the laser
spectrum in the amplifier is shown for various amplifier output
powers in (c).

with a volume phase hologram (VPH) grating and roof
prism compressor (see Fig. 1) from 2 ps out of the ampli-
fier to 80 fs, as shown in Figure 3. The extra bandwidth
from the spectral broadening in the amplifier, as shown
for various output powers from the amplifier in Figure 3c,
allows pulses shorter than those from the Yb:KYW oscil-
lator alone. The VPH grating is 99% efficient and the over-

Fig. 4. The octave-spanning spectrum seen after broadening
in a microstructured fiber is shown, along with the spectrum of
the amplifier output for comparison. The peak around 680 nm
has twice the frequency of the peak at 1360 nm, so that these
two peaks can be used for f − 2f CEO detection.

all compressor efficiency is 85%. The beam passes through
the compressor only once, so the output beam is spatially
chirped. However, this chirp is small enough to not visibly
distort the output beam shape and does not apparently
degrade the focusing into the microstructured fiber.

A one meter long microstructured nonlinear fiber with
a zero dispersion wavelength of 945 nm and a core diam-
eter of 3.2 µm is used to broaden the output from the
pulse compressor to the octave-spanning spectrum shown
in Figure 4, which has strong peaks at ∼680 nm and
∼1360 nm for f − 2f detection. We tried several differ-
ent fibers and found that this fiber gave the best broad
spectrum at the powers and pulse lengths available. An as-
pheric lens was used to successfully couple 115 mW of light
into the fiber and an achromatic microscope objective was
used to collimate the output from the fiber, as chromatic
aberrations from an aspheric lens would be detrimental
to mode-matching the broadened light at both ends of
the spectrum. We note that we were also able to obtain
an octave-spanning spectrum using the same fiber with
the direct oscillator output when the cavity length was
extended to allow a 91 MHz repetition rate, which gave
substantially shorter output pulse lengths of 160 fs and an
average coupled power of 73 mW [36]. However our incli-
nation toward higher repetition rates prompted us to use
a shorter cavity and thus the alternative route presented
here.

2.3 f − 2f CEO detection and stabilization

In order to stabilize the spectrum from a mode-locked laser
both the repetition rate, frep, and the offset frequency, f0,
must be stabilized. To measure frep one must simply put a
photodiode in the beam path; frep can then be stabilized
by controlling the length of the cavity with a piezoelectric
transducer behind one of the mirrors. To stabilize f0 one
must first measure it, and the most common way to do this
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is with an f − 2f interferometer. The offset frequency, f0,
is simply the common offset of the evenly spaced comb of
optical frequencies from harmonics of frep. Thus for any
mode, n of a mode-locked laser with repetition rate frep,
the following is true:

fn = f0 + nfrep.

If the nth comb line is doubled and interfered with the
2nth comb line on a detector the beat signal will be at
f0. This is an RF frequency that can be phase locked to a
stable reference frequency with the laser pump power as
an actuator.

The collimated octave spectrum is sent into the f −2f
interferometer shown in Figure 1 for detection of the f0

beatnote. The IR light is separated from the red light by
a dichroic mirror. A translation stage in one arm is used
to match the IR and red pulses in time at the detector,
as they become separated due to dispersion in the various
optics. The interferometer end mirrors are tipped slightly
down so that the light heading back through the beam-
splitter can be picked off and sent to the BBO crystal
used to double the IR light with type I phase matching.
A subsequent polarizer projects the doubled light and the
undoubled red light onto a common polarization axis. The
f0 beatnote is then detected on a photodiode, after an op-
tical bandpass filter removes excess light. The spectrum
of the photodiode signal was measured with an RF spec-
trum analyzer and is shown in Figure 5. The f0 signal
has a signal to noise ratio (SNR) of 34 dB in a 100 kHz
resolution bandwidth. The noise floor on the f0 beat sig-
nal in Figure 5a is above the shot noise limit and the
electronics noise floor and shows evidence of excess noise
from supercontinuum generation [35,37]. We note the rel-
atively clean spectrum of the unlocked f0 spectrum with-
out the Lorentzian-like wings commonly observed in fiber
laser systems [16,21,22].

A PLL locks f0 to a stable RF reference by controlling
the current to one of the laser diodes. In this system the
CEO frequency can be continuously tuned with very small
changes to the prism insertion, which allows us to move
the offset to a convenient frequency for the electronics.
The f0 signal at 266 MHz is first filtered with a tunable
bandpass filter, then amplified. The frequency of the sig-
nal is then divided by 64. The phase difference between
a stable reference and f0/64 is produced with a digital
phase detector. This error signal is filtered and amplified
with a loop filter and sent to the current modulation port
of one of the pump laser diode current controllers. The re-
sulting f0 carrier signal with the loop closed and locked is
shown in Figure 5c. As expected, when phase-locked the
linewidth is limited by the RF spectrum analyzer used
for the measurement. More complete information on the
performance of the phase-lock is obtained from a vector
signal analyzer that measures the power spectral density
(PSD) of residual phase fluctuations on the locked offset
frequency, as shown in Figure 6. An integrated phase noise
of 1.7 radians (5 Hz to 4 MHz) is calculated from the PSD.
When the system is locked and the f0 beat is sent to a fre-
quency counter, the standard deviation of the frequency
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Fig. 5. The RF spectrum of the unlocked signal on the PD,
both zoomed in, (a), and zoomed out, (b) and the locked (c)
f0 beatnote are shown. The unlocked beat signal has a SNR
of 34 dB in a 100 kHz resolution bandwidth. The locked car-
rier signal is shown at 10 Hz resolution bandwidth and has an
instrument limited FWHM.

fluctuations is σf0 = 2 mHz (limited by the counter) for
1 s averaging and 137 points total. Over a 10 minute pe-
riod there were several transient slips in the phase-lock
due to unknown sources, but the millihertz level standard
deviation when stably locked indicates that this system
is quite capable of producing a highly stable optical fre-
quency comb, once the repetition rate is also stabilized.
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Fig. 6. The power spectral density (PSD) of residual phase
noise fluctuations on the locked f0 signal is shown, along with
the integrated phase noise, which is 1.7 radians over the inter-
val shown.

While the performance of the f0 phase lock is already
sufficient for frequency counting experiments, the inte-
grated phase noise is still about a factor of 10 greater
than what is typically achieved in Ti:sapphire and Er-fiber
systems, indicating further improvements to this lock are
necessary. Moreover, because the noise on the pump lasers
has been shown to be a significant source of noise in the
CEO frequency of most frequency comb systems [38,39],
we measured the frequency-dependent transfer functions
of modulation of the pump laser diode current to the laser
diode output power, the Yb:KYW oscillator output power,
and f0. For the laser diode and Yb:KYW output powers
this is accomplished by inserting a photodiode at the re-
spective output and using a network analyzer to record
the amplitude fluctuations as the diode current is modu-
lated by the analyzer’s noise source. However, measuring
the frequency response of f0 to diode current modulation
requires the use of a frequency-to-voltage conversion. In
this case, a delay line frequency discriminator was used
to obtain an output voltage that is proportional to the
frequency fluctuations. As seen in Figure 7a, all three el-
ements tested have a roll-off of about 20–30 kHz in their
response. The frequency response of the pump laser diode
power has a roll-off near 30 kHz, which is consistent with
the specifications of the laser diode driver’s response to in-
put modulation, but should not represent a fundamental
limit. The response of the Yb:KYW power and f0 are es-
sentially identical, and have modulation bandwidths only
slightly lower than that of the pump laser itself. Presum-
ably, the response of f0 is closely tied to gain and laser
power dynamics in the Yb:KYW laser. One also notes the
correspondence between the 20 kHz roll-off of the response
of f0 to pump current modulation and the sharp drop in
the PSD of Figure 6. Correlation between the large peak
at 1 kHz in the f0 PSD and amplitude noise on the pump
diodes has not yet been investigated. Together, these data
suggest that further reduction of the free running laser
noise around 1 kHz and slightly larger servo bandwidth
are likely the key to decreasing the phase noise in the f0

(a)

(b)

Fig. 7. The frequency-dependent response of the pump laser
power, Yb:KYW power, and f0 to modulation of the 981 nm
diode current as measured using a network analyzer. The am-
plitude response is shown on the top and the phase response
is shown on the bottom. The response of the laser diode (i),
the Yb:KYW fs-oscillator average power (ii) and f0 beat sig-
nal (iii) are shown. The three amplitude curves are normalized
to the same maximum value at 0 Hz. The response of f0 was
measured using a delay-line discriminator.

lock. Towards this end, it will be useful to employ an ap-
propriate phase lead inside the servo loop, as successfully
demonstrated for Er-fiber lasers [39].

3 Discussion and conclusions

In this article we report a diode-pumped, CEO frequency
stabilized Yb:KYW femtosecond laser frequency comb.
The femtosecond laser was built, the output was am-
plified, re-compressed, broadened to an octave-spanning
spectrum in a microstructured fiber, and the CEO fre-
quency was detected and stabilized with an f − 2f in-
terferometer and feedback to the pump laser current. The
phase-locked CEO frequency, although not as stable as the
well-developed Ti:sapphire and Er-fiber frequency combs,
has phase noise well below π radians. Improvements to
this system would include identification of the source of
glitches on the offset frequency as well as increasing the
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bandwidth of the f0 servo, as discussed above. Optimiza-
tion of the length of the nonlinear microstructured fiber
could lead to improved signal to noise ratio on f0. One
must also detect and lock the repetition rate of the laser
to have a fully stabilized comb. It should be straightfor-
ward to control frep with a microwave reference, but lower
noise levels will be attained by stabilization to an op-
tical reference. Finally, it will be interesting to attempt
to increase the repetition rate of the laser towards the
gigahertz range, while keeping the pulse length as close
to 100 fs as possible. Though SESAM mode-locked solid-
state lasers (Nd:YVO4) of repetition rates up to 160 GHz
have been demonstrated [40], these systems have much
lower peak powers, mostly due to the long pulse length of
∼10 ps, which would make continuum generation difficult.
However, as mentioned previously, KLM mode-locking of
Yb:KYW has been demonstrated at about a 300 MHz
repetition rate with ∼100 fs pulses, and given the rel-
atively large nonlinear refractive index for Yb:KYW of
8.7 × 10−16 cm2/W [41] (compared to 3 × 10−16 cm2/W
for Ti:sapphire [42]), sufficient nonlinear phase modula-
tion required for higher repetition rate KLM femtosecond
operation should be possible with the present 1.2 W of
pump power.

This paper is a contribution of an agency of the US govern-
ment and not subject to copyright in the US. Financial sup-
port was provided by the Defense Advanced Research Projects
Agency (DARPA) and the National Institute of Standards
and Technology (NIST). J. Squier further acknowledges the
support of the National Institute of Biomedical Imaging and
Bio-Engineering (NIBIB) under grant EB003832. The authors
thank Nathan Newbury and Leo Hollberg for their contribu-
tions to this work as well as Sara Trowbridge and Michael Thiel
for their efforts in the early development of the Yb:KYW os-
cillator. Finally, we appreciate the helpful comments on this
manuscript provided by Thomas Schibli and Ingmar Hartl.

Note added in proof

We have recently eliminated the source of glitches in the offset
frequency phase lock and have reduced the integrated phase
noise in this lock to 0.3 rad.
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