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Abstract A dual-comb laser system containing two
femtosecond Ti:sapphire (Ti:S) lasers is reported, in which
the ultrashort pulses are pumped by one common fiber laser
and the influences of the different pumping noise are pre-
sented both in time-domain and frequency-domain. In
addition, the dimensions of dual Ti:S comb system are
reduced due to the implementation of one hand-sized
optical frequency reference, from which the needed space
and cost for two “self-reference” optics are saved.

1 Introduction

Dual-comb laser systems, which consist of two mutually
coherent frequency comb generators of slightly different
repetition frequencies, have shown to be promising devices
for interferometric measurements, such as optical coher-
ence tomography [1] or multiheterodyne Fourier transform
spectroscopy [2]. High-precision absorption and dispersion
molecular spectra [3, 4] were demonstrated with such
systems. Nowadays, the dual-comb laser system is the most
versatile light source in terms of being able to rapidly
resolve molecule spectra with simultaneously broadband
and high resolution. The high peak power of the comb
laser, compared with the continuous wave (CW) laser,
further benefits the search for nonlinear spectra [5]. The
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Ti:sapphire (Ti:S) comb laser is among the most popular
comb lasers and plays an important role in the wavelength
region from near infrared (NIR) to extreme-ultraviolet
(XUV) by additional high-harmonic generation (HHG) [6]
[7]. Yet, the cost and inconvenience of the Ti:S comb laser
limit its applications further to the interdisciplinary fields
[8] and are believed to be the main reasons that only one
dual Ti:S comb-based molecule spectra was demonstrated
in the literature, to our knowledge [9]. The Ti:S comb laser
involves a complicated pumping scheme and a sensitive
“self-reference” scheme [10]. Two scenarios to eliminate
these two drawbacks are proposed and demonstrated in this
report: One is to replace the conventional pumping scheme,
in which the scheme needs a cavity control for enhancing
the power of fundamental light; the second is to replace the
“self-reference” scheme, in which the scheme requires a
very sensitive light coupling for feeding a laser beam into a
microstructured fiber.

To simplify the pumping source, we implement a fiber
laser without the aforementioned “cavity scheme”. Thanks
to the invention of the high-MgO-doped periodically poled
stoichiometric LiTaO3; (MgO:sPPLT) that is high photo-
refractive damage threshold [11], we are able to produce
stable green radiation for simultaneously pumping two Ti:S
lasers with only one LiTaOj crystal. This work was pre-
viously demonstrated in 2009 by Samanta et al. [11] whose
work showed the flexibility of pumping CW Ti:S laser by
fiber laser. However, a mode-locked laser needs more
rigorous condition of pumping laser and the successful
pumping by fiber laser was not reported in the literature, to
our knowledge. In particular, we need to know more about
the influences on the laser mode quality, repetition rate
jitter, and pulse chirping for upgrading the fiber laser-
pumped mode-locked lasers to a dual-comb system. In this
report, we are the first to show that the single-fiber laser-
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based pumping scheme can be used for building two comb
lasers under the criterion of low power ripples.

To overcome the inconvenience of the self-reference
scheme, we implemented a hand-sized optical frequency
reference of which the frequency is stabilized to cesium
atom 6S-8S Doppler-free hyperfine transition [12] at
822-nm wavelength. Recently, the absolute frequency of
the aforementioned transition was very carefully measured
by Wu et al. [13]. Locking the frequency of comb mode
directly to some transitions of atom, ion, or molecule has
been performed in many experiments [14], in which
complicate schemes (relative to our scheme) were used [4,
15-20]. On the other hand, the intracavity diode laser with
the frequency stabilized to Cs two-photon transition is able
to have the dimensions of hand size and was first realized at
the year of 2011 by Chen et al. [12].

2 Experimental Setup and Result

The schematic diagram of our experimental setup is shown
in Fig. 1. The single-mode fiber laser (fiber laser A, [21])
could yield maximum power of 30 W at a 1,064-nm
wavelength with a 2 % power ripple (100 kHz bandwidth).
The beam waist on the center of second harmonic generator
(SHG, 3-cm-long MgO:sPPLT [22] ) is 30 um and that
produces a 9.3 Watt green radiation with a proper crystal
temperature (48 £ 0.002 °C). After the collimating lens f;
(f = 10 cm), the green radiation is divided into two dif-
ferent optical paths, and two acoustic-optical modulators
(AOM1, AOM?2) are implemented for controlling the

—17 cm —>|
Ref. Laser

fiber §
# 3
Lole.
50cm | g "8 Feedback
it 28 =
.. (% -y control
fiber |2 2
0|8 °

v

Stainless base and marble—T

Fig. 1 Schematic diagram of our dual-comb laser systems. FI:
Faraday Isolator; SHG: second harmonic generator; DM: Dichromatic
mirror; Ref. Laser: the cesium two-photon stabilized diode laser
(reference laser) [12]; LP: low-pass filter; foomb #1#2)—frer: the beat
note between the frequency of one comb mode and the reference
laser. fofrest 1(2): Stable RF synthesizer for providing comb laser offset
frequency
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pumping powers to control the offset of two comb lasers
[23]. The two Ti:S lasers were modified from Gigaoptics
tunable GTW [24] with their prisms removed, since we
found that the original design has the drawback of
orthogonal control between mode frequency and repetition
rate. Both comb lasers have the emitting spectra centered at
822-nm wavelength and 50 femtosecond pulse durations
and around 1 GHz repetition rate. The difference of repe-
tition rate (Af;) could be set at several of ten MHz to
several MHz. We randomly chose Af; to be 4 MHz for
some demonstrations in this paper. The two Ti:S resonators
share the same cooling base in order to reject common
noises in the dual-comb experiments, since the difference
of repetition rates could cancel out the common rep.-rate
noises that arise from two laser resonators.

Figure 2 illustrates how our “common-base, common
light source” structure rules out the common drift of two
repetition rates. We recorded the free-run repetition rates of
two lasers for 3 h and find both repetition rates drift
1.8 MHz, as shown in Fig. 2a. The difference of two rep-
etition rates (Af;) is displayed in Fig. 2b and in that the 3 h
drift of Af; is almost unobservable, while the peak-to-peak
fluctuation is around 1 kHz at 1 s data averaging time.
Therefore, our “common-base” structure offers a relatively
quiet noise background in terms of the applications on
dual-comb spectroscopy, particularly in those experiments
for which the repetition rates were not necessary to be
rigorously locked [25, 26].

The electronic part of our experimental setup is illus-
trated by the dashed inset of Fig. 1. The repetition rates are
controlled by two different synthesizers [27] (not shown in
Fig. 1) whose time bases are phase-locked to each other.
The two Ti:S laser outputs are sent to beat against the same
cesium two-photon stabilized diode laser (Ref. Laser) that
results in two different beatnotes, that is, foomp #1—/frer and

(a) MHz
1000

comb laser #1

R
==
o = comb laser #2
2 g 998
= 2 A
994
M) 7 : , : , : A
0.0 0.5 1.0 1.5 2.0 25 3.0
kHz
w5 4289
4288
0.0 0.5 1.0 L5 2.0 2.5 3.0

Hours (1 sec. data averaing time)

Fig. 2 Cancellation of the common drift of the repetition (rep.) rates
in our common-base structure, in which both of the mode-lock lasers
are in free-run and the data are recorded with one second data
averaging time. a 3 h measurement of the two rep. rates in which both
of them drift for 1.8 MHz. b the difference of two rep. rates (Af,) in
which the drift of Af; is almost unobservable



Dual Ti:sapphire comb lasers

701

Sfeomb #2—frer in Fig. 1. The two beatnotes are frequency
stabilized by two stable frequency sources, namely, figrer 1
and fyreer o [28]. The reference laser is a cesium 6S-8S
822-nm two-photon stabilized diode laser with an intra-
cavity scheme, of which the dimensions are measured as
small as 17-cm long, 7-cm wide, and 5-cm high [12]. The
output frequency of our optical reference is modulated at
4-MHz modulation width so that one can retrieve the first-
derivative error signal via the detection of 7P-6S fluores-
cence, with the assistance of a PMT (photon multiplier
tube) and a home-built lock-in amplifier.

Fiber #1 in Fig. 1 can be disconnected from the whole
pumping optics, contributing to the mobility of the dual-
comb system. The entire optics of the dual-comb laser
system had once been moved 49.8 km after fiber #1 was
disconnected. After re-connecting fiber #1, we found that a
trace of the pump beam starting from the Faraday isolator
(FD to each Ti:S crystal was almost unchanged, and a
stable mode-locking still remained.

2.1 The influence of different pump lasers

We alternate pumping sources to compare the frequency
performances of the Ti:S oscillator, in which the same
Ti:S oscillator is used. The frequency performances we
discuss in this report are the linewidth of both repetition
rate and laser mode that affect the resolution of dual-comb
spectroscopy mostly. In this section, we label the two fiber
lasers as fiber laser A [21] and fiber laser B [29] and label
the diode laser-pumped solid-state laser as DPSS laser
[30]. We find that the DPSS-pumping source yields almost
the same frequency performances as that pumped by fiber
laser A, but consumes nearly three times more electric
power at 10 W green radiation. Therefore, we focus on the
comparison between fiber laser A and fiber laser B with
the same 4.76-W SHG power and 0.07-nm SHG linewidth.
The essential difference between the two fiber lasers is the
power ripple of the SHG radiation, as is illustrated by
Fig. 3a, b, which are obtained from the extraction of
0.1 % SHG power and are recorded by an AC-coupled
200-MHz bandwidth oscilloscope. One can find that the
SHG from fiber laser B yields about 3.5 times more rip-
ples of light intensity than those from fiber laser A. Fig-
ure 3c, d.are recorded by a “real-time” FFT-type spectrum
analyzer [31], and they show that the main frequency
distributions of the pumping noises lie below 15 kHz. For
the noises in Fig. 3 whose frequencies are larger than
15 kHz, the noise level of fiber laser A (Fig. 3c) rapidly
shrinks to almost zero. However, the noise level of fiber
laser B still remains significant (Fig. 3d). The high-fre-
quency (>15 kHz) ripple from fiber laser B can rapidly
change the refraction index of the Ti:S crystal [23] and

consequently arouses a random phase modulation upon
laser pulse. Laser pulses would be chirped [32] by pump-
power ripple. Thus, pump-power ripple would be a serious
issue in terms of comb laser applications. We find that in
our gigahertz dual-comb system, the quality of repetition
rate and comb mode is very sensitive to the high-fre-
quency (>15 kHz) pump-power ripples, especially when
the pump power is tightly focused into the Ti:S crystal.
Figure 4 displays the frequency qualities of Ti:S laser
from two different pump-power ripples. The signal-to-
noise ratio of repetition rate is roughly 80 dB when
pumped by fiber laser A (Fig. 4a), while it is 50 dB when
pumped by fiber laser B (Fig. 4b).This is because the
optical path length of the Ti:S laser cavity is changed by
the pump-power ripple. Similarly, the chirping of pulse
will change the group delay dispersion (GDD) [32],
leading to the broadening of the offset frequency and
comb mode frequency. The broadening of the comb mode
frequency is shown in Fig. 4c, d, where the laser mode is
inspected by measuring the beatnote between one mode of
comb laser and a free-run ECDL laser (100-kHz laser
linewidth). Note that, for those applications of comb laser
that the spectral resolution larger than 10 MHz [5, 25, 26],
both pumping sources (fiber laser A and fiber laser B)
actually work well in terms of starting a stable mode-
locking with their laser frequency stabilized.

Figure 5 shows the comparison between two pulses in a
time-domain that are pumped by two different fiber lasers
and recorded by an interferometric autocorrelator. The
black solid trace represents the pulse that is pumped by
fiber laser A; the red-dashed trace is recorded when fiber
laser A is replaced by fiber laser B. The change of the
carrier-envelop phase A¢, at the nth fringe in Fig. 5 is
characterized by measuring the time deviation (At,, = 7,—
7,_1) between two successive fringe width (t,,), divided by
a standard time interval (ty) of one assigned fringe and
times 2m, that is,

o) =3 dg, = 3 2md0,(1) 0,
0 0

where ¢(f) stands for the carrier-envelop phase at time t.
Here, the fringe at the pulse center, where zero of phase is
defined, is assigned to be the aforementioned standard
fringe with 7 time interval. In other words, the ¢(f) in the
upper right of Fig. 5 is the phase relative to that of pulse
center (f = 0). From Fig. 5, one can find that the pulse is
significantly chirped when Ti:S laser is pumped by fiber
laser B, of which the change of phase is quadratically fitted.
This implies that a nonlinear time-domain phase modula-
tion happens to the pulse pumped by fiber laser B, a finding
that confirms the interpretation of the degrading on the
comb mode (Fig. 4d) in frequency-domain.
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Fig. 3 a, b The time-domain (a) +1.8V fiber laser A (b) +1.8V fiber laser B
power fluctuation of two pump 80 4
lasers, recorded from the 10~* —~ 60 —
light intensity of their SHG Z 4] z ‘
power (4.76 W) and with a o > I ‘!‘\ di
100-MHz bandwidth detector 3 s ik
and AC-coupled oscilloscope. c, a =
d the corresponding noise E E
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showing that fiber laser A yields 'g 'g
40-dB better noise ground
comparing to that of fiber laser -80 T T T T )
B in the case of high-frequency 0 50 1(.)0 150 200 250 ;
region (>15 kHz) time (ms) time (ms)
(c) 0 fiber laser A (d) 0 fiber laser B
-10 4
E 201 E ]
) g ]
5 -40 - o -40 -
o -50 - o -804
2 2 79 ]
(<] (<]
S .80 = .80 |
ANt T o T TINONY, e S
0 200 400 600 800 1000 0 200 400 600 800 1000
noise frequency (kHz) noise frequency (kHz)
Fig. 4 Linewidths of repetition (a) pumped by fiber laser A (b) pumped by fiber laser B
rate a, b and one laser mode c,
d of our mode-locked lasers -20 + 0
pumped by two different fiber
lasers for comparison, where the = =40 T 20
two mode-locked lasers are in o o0
freely running; RBW: resolution \.S’ -60 ~ \-S/ 40
band width. The transverse axis o Q
2 : = .
in Fig. 4c, d, titled “comb mode Q -804 RBW: 50 ktz Q €0 RBW: 30 kiz
frequency”, stands for the W WW’WWW%
absolute frequency of one comb -100 80
mode whose frequency is T y T T T [ S— T T T T
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transition, see text 2R _ R
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Fig. 5 Interferometric
autocorrelation traces obtained
from the output of comb #1 in
Fig. 1. Two different pumping
sources are alternated for
comparison. The black solid
line is the pulse pumped by fiber
laser A and the red-dashed line
is the pulse pumped by fiber
laser B. Upper right The pulse
phase (¢) versus time, in which
the pulse phase at pulse center is
defined as zero, see text

X7
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Fig. 6 a The nth comb pair Af;, from the beat of our two comb laser
lasers where a 20-kHz linewidth (FWHM) is derived by a Lorentian
fitting (black solid curve). Note that the frequency modulation from
reference laser (fi.r) does not appear to the lineshape. The attached

2.2 Comb pair coherence and comb frequency
accuracy

The beatnotes of two comb lasers would comprise of the
fundamental beatnote (Af) and an offset (o) with its har-
monics (o« + nAf = Af,). The phrase of “nth comb pair”
in this report means the two modes that form the afore-
mentioned nth beatnote (Af,,). The linewidth and frequency
accuracy of each comb pair (CP) are vital for all kinds of
dual-comb-based spectrometers. For example, smaller Af,
(difference of repetition rate) would be better for resolving
wider range of spectra, but Af, should be larger than the
linewidth as well as the frequency jitter of each CP for not
losing any spectrum of interest. In other words, narrower
CP linewidth and more stable CP frequency would help for
resolving wider range of dual comb-based spectra. Fur-
thermore, data acquisition should be accomplished within
the coherence time between two comb lasers, where the
coherence time is inversely proportional to the linewidth of
each CP. The reference laser is useful for inspecting the CP

-50 femtosecond

(b)

14.5
9.2 1
581
3.6

(kHz, log)

234

1.5

-1.0 05 00 05 1.0 15 20

Relative frequency instability

data averaging time T (sec, log)

block diagram illustrates how the beatnote is extracted (all the
symbols are the same as that used in Fig. 1); b Frequency instability
of one comb mode relative to reference laser

linewidth since the amplitude of the beatnote between
reference laser, and one comb mode would be much larger
than each direct beatnote between two comb lasers. Fig-
ure 6a shows the CP linewidth of the Af, from which a
20-kHz linewidth (Lorentian fit) is derived. Therefore, the
coherence time between two comb lasers is estimated as
around 50 ps. Note that the frequency modulation of ref-
erence laser does not affect the two comb coherence
measurement, as shown in Fig. 6a.

The frequency accuracy of each comb mode in our dual-
comb system would be affected by the following two facts:
one is the beat frequency instability when one comb mode
is offset-locked to the reference laser and the other is the
frequency accuracy of reference laser. When a comb mode
is frequency-locked against the reference laser, the insta-
bility of their beat frequency is displayed on Fig. 6b; two
comb lasers have similar frequency-locking instability.
That is, our comb mode could follow the frequency of
reference laser with 2-kHz locking instability at 10 s data
averaging time. When the frequency of the reference laser
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is locked against the aforementioned cesium two-photon
transition where a 150-Hz frequency instability at 10 s data
averaging time has been demonstrated [12, 13], the accu-
racy of the comb mode frequency is then estimated as
10-kHz according to the result of the absolute frequency
measurement in reference [13].

3 Summary and Perspective

In this paper, we design a dual Ti:S mode-locked laser
system using a fiber laser-based pumping source. We
upgrade the dual-ultrashort laser system to a dual-comb
system by implementing a hand-sized reference laser.
Common noise rejection of two repetition rates is achieved
by sharing the same cooling base. We compare two dif-
ferent pumping sources to show the influences of pump-
power ripples on comb lasers. The two combs coherence
time is 50 ps from the CP linewidth measurement; the
frequency accuracy of each comb mode is estimated as
10-kHz [13]. Table 1 lists the specifications of our dual-
comb system, where some parameters are chosen according
to the demands of our future works on spectroscopy. That
is, 1-GHz repetition rate, 100-kHz Af, and 2.4-THz optical
filter are chosen. To insure that the maximum RF spectra of
dual-comb spectroscopy is a one-to-one mapping to the
corresponding optical transition, nAf, at any positive inte-
ger n is required not to exceed half of the repetition rate;
that is, nAf, < 0.5f,, is required. Therefore, in Table 1,
Nmax 18 defined as the maximum value of n that satisfies the
inequality of nAf, < 0.5f,., and the corresponding “max-
imum free spectral range” (MFSR) is defined as nj,x X
Af,, which stands for the widest range of dual-comb-based
spectra in that each spectrum could be uniquely identified.
The actual bandwidth Av,,, in Table 1 is determined by the
employed optical filter [4] and is set to be 2.4 THz here.
Therefore, the corresponding data acquisition time “7” in
Table 1 is 10 ps [4]. Note that “7” does not mean the time
for resolving the entire spectra with the range of Av,
unless the entire comb modes of two lasers could be syn-
chronously swept to the frequency range of half a repetition
rate. Our dual-comb system have been examined to be able
to sweep the two repetition rates synchronously with a
fixed Af, to result in a 500-MHz mode frequency tuning
range at 800 nm, with the sweep time smaller than 1 ms.
Since the easy-reinstall fiber laser pumping scheme and
the hand-sized reference laser has improved the conve-
nience of the whole dual-comb laser system and has saved
the needed space for two sets of self-reference optics, the
ongoing work of moving the entire system to a chemistry
laboratory becomes much easier. We are implementing the
dual-comb system into a molecular-beam-based apparatus
to resolve the spectra of YC, radical molecule at the

@ Springer

Table 1 Specifications of our dual-comb system, for repetition rate
Jrep: 1 GHz, the difference of repetition Af.: 100 kHz

Symbol Physical meaning Formula In our
system
Mmax Maximum mode number within 0.5 X frep/ 5 X 10°
free spectral range Af,
MFSR  Maximum free spectral range Nmax X frep S THz
Avp,, Maximum resolved bandwidth set 2.5 THz
[4] (Avy,, should be smaller than
MFSR)
T Data acquisition time at Avy,, 4 Avy,/ 10 ps
(should be smaller than comb rep
pair coherence time)
ni The mode numbers involving in Avplfrep 103

the Avy,,

wavelength near 800 nm, in which the spectral width
reported previously was no better than 42 MHz [33-35].
The linear extrapolation of Fig. 6b to 10 ps data averaging
time is around 350 kHz and two comb lasers have similar
instability. In other words, the relative frequency instability
between two comb lasers would be <1 MHz. Therefore, by
our dual-comb laser system with the aforementioned 1 ms
frequency sweep time, it is possible to monitor the varia-
tion in YC, spectra that are subjected to a slow change of
environment.
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