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Abstract. We experimentally study two Ti:sapphire optical frequency comb femtosecond regimes, respectively,
with a linear and a nonlinear dependence of the carrier-envelope offset frequency (fCEO) on pump intensity. For
both regimes, we study the effect of single- and multimode pump lasers on the fCEO phase noise. We demon-
strate that the femtosecond regime is playing a more important role on the fCEO phase noise and stability than the
pump laser type. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.12.122603]
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1 Introduction
Optical frequency combs (OFCs) play an important role in
precision measurements as, for instance, with optical atomic
clocks,1 and a deep understanding of OFC performance is of
high interest. The technology of OFC used in metrological
applications, based on self-referenced Ti:sapphire femtosec-
ond lasers, typically shows two completely different regimes
of femtosecond emission. The first one is characterized by an
emission spectrum ∼10 nm wide, where external photonic
crystal fibers (PCF) are typically employed in order to
broaden the optical spectrum up to one octave. In the second
regime, instead, the octave spanning spectrum is directly
generated at the output of the Ti:sapphire cavity. It has
been observed that the two regimes present, in general, dif-
ferent intensity-related dynamics for the carrier-envelope off-
set frequency (fCEO).

2 In particular, Ti:sapphire based OFC,
which needs external optical spectrum broadening, shows
nonlinear dependence of fCEO as a function of intracavity
power (Pi) and could have a point (so-called turning
point) where this dependence changes signs.2 However, a
simple linear behavior of fCEO versus Pi was observed in
direct octave-spanning OFCs.3 In terms of fCEO intensity-
related dynamics, these two cases can be called turning
point dynamics (TPD) and linear dynamics (LD),
respectively.

In general, TPD is characterized by a high sensitivity of
fCEO to pump power amplitude noise fluctuations. The only
way to reduce the impact is to have an intracavity net group
delay dispersion (GDD) down to zero. Several groups stud-
ied the impact on fCEO of amplitude noise for different types
of high power pump lasers [respectively single-mode (SM)
and multimode (MM) lasers] in both regimes: TPD4–6 and
LD.3 However, all these studies were done for one of the
two femtosecond regimes at a time; the only changes
were the net group-delay intracavity dispersion2 or the
pump laser type4–6 for TPD. For the LD regime, a careful
study of the impact of the pump laser type fCEO was

done by Matos et al.,3 but important parameters, such as
intracavity net GDD and turning point existence, were not
always reported. As a result, some of the conclusions
reported in these studies lead to contradictory recommenda-
tions for the best pump laser choice,4,5 while the reason for
such a discrepancy is possibly to be found with different Ti:
sapphire laser cavity conditions leading to different emission
regimes.

In this article we report a comprehensive and detailed
study of OFC fCEO noise properties both in TPD and LD
regimes as a function of pump power fluctuation, which
was also varied also by replacing the pump laser employed.
For the first time, we try to classify conditions for the best
choice of pump laser type for Ti:sapphire frequency combs.

2 Experimental Apparatus
The experimental apparatus is based on a home-built Ti:sap-
phire OFC.6,7 The x-folded linear OFC cavity has an optical
length of ∼1 m, which sets the repetition rate frequency frep
to ∼295 MHz. To switch between the two regimes, different
mirror sets were employed in the cavity design. In the first
case, in order to compensate the negative dispersion of the
Ti:sapphire crystal, we used one Gires-Tournes interferom-
eter mirror (GTI, with ∼−550 fs2 dispersion) resulting in a
total large negative intracavity dispersion DTPD ¼ −440 fs2.
This is the condition for which the dependence of the fCEO
frequency on pump power is highly nonlinear with the pres-
ence of turning points. In the second case, we replaced the
GTI mirror with a chirped mirrors pair and a GDD mirror. In
this configuration, the total intracavity dispersion is still neg-
ative, but is smaller in absolute value DLD ¼ −140 fs2. This
configuration led to linear dynamics of fCEO as a function of
pump power and a typically broader emission spectrum (up
to ∼200 nm). More details about the femtosecond regimes
are presented later in Sec. 3. In both configurations, we tested
three different pump lasers: one SM laser (Coherent Verdi
V5, Santa Clara, California) and two MM lasers (Spectra
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Physics Millennia Xs and Coherent Verdi G7, Santa Clara,
California).

In order to detect fCEO, a standard f-2f interferometer8 is
employed. The interferometer is placed at the output of a
PCF, and is used to broaden the optical spectrum up to
more than one octave (480 to 1100 nm). The interference
signal at fCEO is detected by a fast Si photodiode (up to
500 MHz); then it is electronically filtered, amplified, and
split into two channels: one to monitor and the second
used to phase-lock the signal to an external radio frequency
reference. The typical signal-to-noise ratio of the fCEO signal
is ∼55 dB in a 10 kHz bandwidth [see Fig. 1(b)].

We are mainly interested in the application of OFC to pre-
cision frequency measurements, where the relative frequency
stability of the phase-locked fCEO is an important parameter.
For this, we measured the phase noise and the relative
frequency stability (as an Allan deviation) of the fCEO signal
as a function of the femtosecond regime and pump laser type.
In the case of LD, we used only an acusto-optical modulator
that acts on the pump intensity to control the fCEO, while in
the TPD regime (with an MM laser), we used an additional
control acting on the tilt of a pump laser mirror.

3 Results

3.1 Amplitude Noise of Pump Lasers

Pump laser amplitude noise is an important parameter for
OFCs because it is directly converted to phase noise on
fCEO. For all the pump lasers under test, we accurately mea-
sured the relative intensity noise (RIN). A qualitative analy-
sis of the spectra can be done by looking at the data presented
in Fig. 1(a).

The RIN of MM Verdi G7 is comparable with the
MM Millennia Xs RIN at low Fourier frequencies (up to
∼30 kHz), but with fewer resonance peaks in the acoustic
region (0.1 to 1 kHz). At higher frequencies, the Verdi G7
RIN presents a noise bump (at ∼45 kHz), but quickly
rolls off at higher frequencies. The effect of this bump can
also be seen from the recorded spectrum fCEO [Fig. 1(b)].
As shown in the figure, the bump at ∼45 kHz is visible
together with a resonance at ∼265 kHz. At higher frequen-
cies (100 to 200 kHz), the phase noise quickly goes down.

The SM Verdi V5 has a lower RIN with respect to all the
other pumps. In the frequency region from 100 Hz to 65 kHz,

the difference is up to one order of magnitude. However,
Verdi V5 also presents very high resonances at ∼65 kHz
and at 100 kHz, which cannot be fully compensated by
the servo-stabilization loop.

As is known well,4,9 most of the amplitude noise
>300 kHz is effectively filtered out by the active medium
itself because of the 3.2 μs lifetime of the optically pumped
upper level states in the Ti:sapphire crystal. Hence, in the
important frequency region (for fCEO phase stabilization)
from 40 to 60 kHz (typical bandwidth of a servo loop) up
to ∼300 kHz, the Verdi G7 has a typically lower RIN
than Millennia Xs, while the Verdi V5 has a typically
lower RIN, apart from its resonances at ∼100 kHz, than
Millennia Xs.

3.2 Intensity-Related Dynamics of f CEO in TPD and
LD Regimes

As discussed in Sec. 2, it is possible to change the intensity-
related dynamics of fCEO by tuning the intracavity disper-
sions. In particular, we explore two different femtosecond
regimes: TPD and LD. The TPD femtosecond regime has
∼50 fs pulse duration with a 12 to 17 nm full-width-at-
half-maximum (FWHM) broad output spectrum (centered
around 800 nm); the LD regime is characterized by a broader
spectrum up to ∼200 nm FWHM (from ∼680 to ∼880 nm).

The difference in dynamics between the TPD and
LD regimes can be understood from the data shown in
Fig. 2(a). Here, it is possible to define the control coefficient2

as

CfPp
¼ dfCEO

dPi
∼
δfc
δPi

; (1)

where Pi is the intracavity power. In the TPD regime, femto-
second emission exists for pump power ranging from 4.2 to
4.7 W, where the turning point (a point where CfPp

is chang-
ing signs) is located at ∼4.5 W. On the LD regime, instead,
femtosecond emission exists continuously for a broader
range of pump power values up to 1.5 W (from 4.2 to
5.2 W typically) without any turning point. The changes
in the function fCEO∕ΔP sign at 5.1 and 5.4 W are caused
by the onset of a continuous-wave emission component at
∼800 nm. Such a behavior of the CfPp

in the LD regime

Fig. 1 (a) Relative intensity noise (RIN) of pump lasers under test: single-mode (SM) Verdi V5 (red,
dash), multimode (MM) Verdi G7 (blue, dot), MM Millennia Xs (green, solid). SM Verdi V5 has the lowest
noise level at low frequencies and also high peaks at ∼65 kHz and at 100 kHz, which cannot be fully
compensated by the servo-stabilization loop. Verdi G7 has typically a higher RIN and a bump at 45 kHz
with respect to the SM Verdi V5; Millennia Xs has a similar noise level with respect to Verdi G7, but with
several peaks at low frequencies. (b) Free-running fCEO signal with Verdi G7 as a pump laser. Bumps at
45 kHz are clearly shown together with sidebands at ∼265 kHz.
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is typical for octave-spanning Ti:sapphire OFCs (see, for
example, Matos et al.’s work10).

The two slightly different values for the control coeffi-
cient CfPp

observed in the LD regime for Verdi V5 and
Millennia Xs are not caused by the pump lasers themselves.
These changes are, instead, due to long-term variations (on
timescales of the order of half a day) of the intracavity
parameters. This can be understood from the analytical
expression of fCEO as a function of the average group and
phase velocities vg and vph inside the cavity. In the LD
regime, there is a strong soliton-like pulse shaping that
can be evaluated analytically by using the soliton perturba-
tion theory.3 This results in the following expression for
fCEO:

fCEO ¼ frep
4π

KA2
0 þ fc

�
1 −

vgðfcÞ
vphðfcÞ

�
; (2)

where K ¼ ð2πλcÞn2L∕Aeff is the Kerr coefficient,
Aeff ¼ πω2

0 is the mode cross-sectional area, and frep is
the repetition rate frequency.

The control coefficient CfPp
can be derived with known

cavity parameters under the assumption of a fixed pulse
length.

CfPp
¼ Ln2

4λcAeffτ
; (3)

where τ ¼ τFWHM∕1.76 is the effective pulse length, L
is the length of the Ti:sapphire crystal, and n2 is its nonlinear
index of refraction. From Eq. (3), we can evaluate the carrier-
envelope phase control coefficient. In the case of our femtosec-
ond cavity, we have L ¼ 2.5 mm, n2 ¼ 3 × 10−20 m2∕W,
λ ¼ 800 nm, ω0 ¼ 10 μm, and τFWHM ¼ 5.5 fs, obtaining a
coefficient CfPp

¼ 13.6 MHz∕W. The difference between the
estimated value of the CfPp

parameter and the measured one
(about a factor of∼2 to 4) is due to a rough estimation of param-
eters, especially ω0. From Eq. (3), it is also clear that CfPp

depends critically on ω2
0, whose value can vary because of

the crystal temperature changes and Ti:sapphire laser cavity mis-
alignment. That explains the CfPp

long-term variation.
In Fig. 2(b), we plot linewidth for the TPD and LD

regimes with SM and MM lasers. The fCEO linewidth is con-
stant as a function of pump power in the LD regime, while in
the TPD regime, the linewidth is changing.2,6 In the last case,
with an MM laser, the fCEO linewidth varies by two orders of

magnitude. Such high variability of the fCEO linewidth with
an MM laser is caused by the high value of the intracavity
dispersion. However, the qualitative conclusion is that, in the
case of the TPD regime, the fCEO linewidth depends strongly
on pump amplitude noise and shows a narrower pump power
tunability region, compared to the typically wider tunability
region in the LD regime.

3.3 Phase-Locked f CEO
The final comparison of the two regimes and different pumps
has been done through the analysis of the phase-locked fCEO
signal in the frequency domain and through frequency mea-
surements of the fCEO in the time domain.

A first comparison among the two regimes can be done by
comparing the sensitivity of the fCEO to changes in the frep.
This parameter is of fundamental importance for phase sta-
bilization of the OFC optical spectrum and, in the ideal case
of perfect orthogonality among the two controls used to
change frep and fCEO, is equal to zero.

The sensitivity to repetition rate changes can be expressed
through the use of fixed point formalism.

νL0 ¼ δfCEO
δfrep

× frep þ fCEO; (4)

where νL0 is the optical spectrum fixed point associated with
cavity length changes.

In the LD regime, the maximum value for δfCEO∕δfrep
that we observed is equal to ∼5000. This corresponds to
νL0 ≈ 1.47 THz, that is, two orders of magnitude fewer
than the fixed point value we measured in the TPD case:
∼147 THz.6 This means that the LD regime has a higher
orthogonality between frep and fCEO with respect to the
TPD regime. This is a positive fact, in general, because in-
dependent control of frep and fCEO leads to better OFC fre-
quency stability.

Results of the fCEO stabilization with different regimes
and pump lasers (Millennia Xs, Verdi G7, and Verdi V5)
are presented in Fig. 3. With the Millennia Xs pump, we
have implemented a piezoelectric transducer (PZT) control
of the tilt of a mirror along the pump light path, placed before
the Ti:sapphire cavity. This additional control helps to com-
pensate for the beam pointing instability of this laser, effec-
tively reducing the phase noise on the fCEO at low Fourier
frequencies (<10 Hz).6 The PZT control is critical only for

Fig. 2 (a) fCEO and (b) fCEO linewidth as a function of pump power with SM andMM lasers in turning point
dynamics (TPD) with Millennia Xs (green, triangles) and linear dynamics (LD) regimes with Millennia Xs
(black, squares), Verdi V5 (red, circles). CW is the power level when continuous wave component is
started to generate; TP is the power level for turning point.
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the Millennia Xs case in the TPD regime since the misalign-
ment of the pump beam through the crystal induces a change
in fCEO. In the TPD regime, the working point of the func-
tion fCEO∕P [Fig. 2(a)] could then be shifted far away from
the turning point (up to the nonlinear region of fCEO∕P),
leading to significant magnification of the fCEO phase
noise. In the case of the TPD regime and with the Verdi
V5, the external PZT control has not been implemented
since we have not observed a measurable beam pointing
instability with this pump laser (as well as for the Verdi
G7). Finally, in the LD regime, the PZT control is not
used since a working point shift in the fCEO∕P relation is
irrelevant to the fCEO phase noise.

In the frequency regions from 100 Hz to 1 kHz and
50 kHz to 100 kHz, the power spectral density of fCEO
obtained with the Verdi G7 pump is about one order of mag-
nitude higher than the noise obtained with the Millennia
Xs pump.

In the time domain, the fCEO beatnote has been recorded
with a 1 s gate time frequency counter. The calculated Allan
deviations of the frequency datasets acquired for both
regimes (LD and TPD) are presented in Fig. 3(b).

From the analysis of the results we found that, in general,
the LD regime eventually leads to lower frequency instability
for the fCEO. In the LD regime, the choice of the pump laser
does not affect the fCEO frequency stability even in a case of
high intracavity dispersion. However to reach such condi-
tions in the TPD regime, the intracavity dispersion has to
be carefully optimized to a near-zero value. Moreover, in
the TPD regime it is possible to obtain the same Allan
deviation with the MM laser and SM laser only through
the use of an additional control for the fCEO (PZT on the
pump mirror).

In conclusion, last generation MM lasers can be suited to
pump OFC to be used in precision measurements provided
that the femtosecond regime of the OFC gives a linear inten-
sity-related dynamics for the fCEO.

4 Conclusions
Using two Ti:sapphire cavity configurations, we explored
two femtosecond regimes with different intensity-related
dynamics of the fCEO: TPD and LD. With this experimental
setup, we studied the impact of amplitude noise on the fCEO
with three commercial lasers of two different types: SM
and MM.

We found that the role of the femtosecond regime is more
important than the type of pump laser. Especially, in the LD
case, we have not observed a difference in the fCEO fre-
quency stability with SM and MM lasers. In the TPD
case, instead, there is a higher sensitivity to pump laser
parameters. While it is still possible to obtain the same fre-
quency stability with the two types of pump lasers, this, in
general, requires additional control of the fCEO and careful
choice of the cavity working point.
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