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Relative Carrier-Envelope-Offset Phase Control
Between Independent Femtosecond Light Sources

Yohei Kobayashi, Zhiyi Wei, Masayuki Kakehata, Hideyuki Takada, and Keniji Torizuka

Abstract—The authors studied the measurement and control of control techniques, researchers recently demonstrated the con-
relative carrier-envelope-offset phases among femtosecond lighttrol of the CEO phase and pulse timing between Ti:sapphire
pulses whose optical frequencies have a subharmonic relatlon.and Er-doped fiber lasers [12]. Another approach to providing

They report the fluctuation dynamics of the phases and their h h t lticol | is t lv CEO-ph
control of two types of passive pulse-timing synchronized systems: phase-coherent multcolor pulses IS to apply -phase con-

passively synchronized mode-locked Ti:sapphire and Cr:forsterite trol to passively synchronized femtosecond systems. The timing
lasers and a femtosecond subharmonic optical parametric oscil- of a synchronized dual-wavelength laser consisting of Ti:sap-
lator. These techniques will facilitate Fourier synthesizing among phire and Cr:forsterite lasers [13] is a promising candidate for
subharmonic pulses in order to realize subfemtosecond pulse-train the CEQ -phase-controlled light source because the optical fre-
generation in the visible and infrared regions. . . ]
_ _ ~quency ratio between them is roughly 3:2. A femtosecond op-
Index Terms—Carrier-envelope-offset phase, Fourier synthesis, tical parametric oscillator (OPO) with an optical frequency ratio
optical frequency comb, optical parametric oscillator, ultrashort of 1:2:3 (idler: signal: pump) [14] is also an appropriate light
lasers. . L .
source. In spite of these activities, controlling the CEO phase
among multicolor pulses with sufficient precision and reliability
I. INTRODUCTION to realize subfemtosecond pulse-train generation is still a chal-
EMARKABLE progress has been made in controlling th £nging pr_oblem. Freqqency conversions of the amplified pulsgs
an optical parametric amplifier could generate subharmonic

carrier-envelope-offset (CEO) phase in a Ti:sapphire la X S : .
oscillator [1]-[3]. Controlling the CEO phase corresponds t%ulses, and their phase relation is fixed when white continuum
used as seed pulses and the pulse energies are quite stable.

controlling the CEO frequency in the frequency domain. CE h Id also b dqf bfemt d pulse trai
frequency control can yield an ultrawide optical frequenc €y could also be used for subtemtosecond puise train genera-

comb. The CEO phase-control technique combined wi[y|9n’ although the repetition rate is limited. This scheme can be

laser-cooled atom or ion trapping can achieve an aII-opticl‘.!l?ed for phase-sensitive highly nonlinear p_henomena. on the
ther hand, the phase controlled subharmonic pulses generation

atomic clock [4]. In time-domain applications, the absolut@™"® . .
iolpy high-repetition rate can be used not only in frequency-do-

and photoelectron trajectories driven by a laser field can thUEi:_m apphczltlons dﬁscr'ki("d ?bovzg.l:.t alscl)glme-ddomr?ln ar.:pll-

be controlled [5]. The high-order harmonics generation is al§gUons such as coherent pulse adai |on-[ ] an _conerent an-
concerned with the absolute phase, and the pulse shape of Rl kes raman spectroscopy [16]. The high-repetition rate and

' ase relation-locked oscillators would be suitable for phase-de-

high-order harmonics in a few femtosecond region strong . o
depends on the absolute phase [6]. Attosecond pulse gener Igﬂdentspectroscopy. Also, these light sources can be amplified
y laser-gain mediums or optical parametric amplifiers.

by high-order harmonics was demonstrated recently [7], [ 1N thi tudv the CEO oh trol for two t
A CEO phase-controlled high-intensity laser will be used to N this paper, we study the phase control for two types

explore the phase-dependent application of passively synchronized femtosecond systems. The first one
Attosecond pulse-train generation in the visible and infraré passively synchronized Ti:sapphire and Cr:forsterite lasers.

regions was also proposed by using Fourier synthesizing of s iperposing the second harmonic of the Ti:sapphire and the

harmonic pulses [9], [10]. In order to generate attosecond pul gd harmonic of the Cr:forsterite laser, we can obtain a beat

in this scheme, we must prepare timing and phase-locked S?@nal rep_resf?ntltng :.he re}!?ﬁ'vicﬁq phalse.;'he (iyr}arptlr(]:s gfthte
harmonic pulses. Fully active control of pulse timing and thec€-runningtiuctuation otthe beat signaland controfof the bea

CEO phase between two Ti:sapphire laser pulses was dem |H_nal by an electronic feedback have been reported. The locked

trated [11 d thev h b thesized. Applvi imifgat signal has a spectral width of 3 kHz. The second system is
strated [11], and they have been synthesized. Applying SlmlE{‘femtosecond subharmonic OPO. The sum frequency between

the pump and idler and the second harmonic of the signal have
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Fig. 1. Schematic of CEO frequency-relation measurement in a dual-wavelength laser in the frequency domain. Coml fpggiags the same because
the Ti:sapphire laser and Cr:forsterite laser are passively synchronized. Spectra of the frequency-doubled Ti:sapphire and the frequ€ndgrsiptie laser
overlap at 415 nm, and a beat signal can be observed. SHG is second-harmonic generation and THG third-harmonic generation.

Il. CEO PHASE CONTROL BETWEEN T1:SAPPHIRE AND
CR:FORSTERITELASERS

Dual-wavelengths laser

The dual-wavelength laser outputs timing-synchronized tw &
femtosecond laser pulses at the center wavelengths of 830
1245 nm. The power of the Ti:sapphire and Cr:forsterite lase .
are typically 400 and 200 mW with pulsewidths of 50 fs. Th !
spectra of the third harmonic of the Cr:forsterite and the seco
harmonic of the Ti:sapphire laser overlap at 415 nm. Thus, \.
can obtain the beat signal by superposing them. The schem :

Pie 1/4 H
of the_comb reIati_on is s_hown in Fig. 1. Here, theT comb fre: PMe_ﬁe:lumy .-D_-[Ber.' PMTE]
quencies of the Ti:sapphirgiris) and the Cr:forsterit€ fc,s) Lo .o . ___ comparator LPF '
lasers are defined a&ris = Omis + M frep aNd forr = dcur + filter 4:}4

n frep, Whered ;s andoc,s are the offset frequencies of Ti:sap-
phire and Cr:forsterite pulseg,.,, is the repetition frequency,
andm andn are natural numbers. The second harmonic of tt

Digital or analogue
spectrum analyzer

Ti:sapphire( fTissu) and the third harmonic of the Cr:forsterite

lasers can be written . — 261 m' and Fig. 2. Experimental setup for CEO frequency-relation control in a
(fesrrn) Fissu Tis + 11 frep dual-wavelength laser. Solid lines indicate the optical paths, and dashed

" — Iy / /
ferern = 3bcat + 1’ frep, Wherem a_nd” are natural nuUM- jineg represent the electronic paths. Bold lines show the optical paths in the
bers. The observable beat frequendifs...) can then be ex- Ti:sapphire laser cavity. TiS, Ti:sapphire crystal; CrF, Cr:forsterite crystal;

pressed byfpeatr = |(30crt — 261is) + k frep|, Wherek is an in- OC, output qoupler;‘PBS, polarized_begw sPIitter; PD, photo diode; PMT,
teger. The beat frequency can also be written by using the Ca\;nlP)(/)to-multlpller tube; LPF, low-pass filter; “1/4”, frequency divider.
length difference between the two lasers. When the cavity length
changes slightly during passive synchronization, the offset fread eliminate the repetition frequency. The beat frequency was
guency relation changes to maintain a constant mode spacitgmpared with the reference frequency by a digital-phase-fre-
The phase relation is changed by changing the cavity lengthency comparator. The reference frequency was produced by
difference because the optical phase after one round trip désding the repetition frequency of lasers by four. The dis-
pends on the cavity length, although the round-trip time of th@acement of the end mirror in the Ti:sapphire laser cavity can
pulse envelope is always the same. The beat frequency chabgehanged by a piezo-electric transducer (PZT) in accordance
(A freat) Can, thus, be written using cavity length differencwiith the error signal produced by the comparator. An electro-op-
(Al) asA freat = 4|Al|/Aris X frep, WhereAris is the wave- tical modulator (EOM) and polarized beam splitter were in-
length of the Ti:sapphire laser. serted in the pump light source to change the pump power of
Fig. 2illustrates the experimental setup. The dual-wavelengtre Ti:sapphire laser. The error signal also drove the EOM to
laser produces 75.4-MHz femtosecond pulse trains with lesgidly compensate phase error. When the pumping power in a
than 1-fs jitter [17]. Their typical pulsewidths were 50 fs. Thdi:sapphire crystal changes, the linear refractive index and the
third harmonic of the Cr:forsterite pulse was generated by usingnlinear refractive index change because they depend on the
two successive BBO crystals, and the second harmonic of gieculating pulse energy. Those changes introduce a beat shift
Ti:sapphire pulse was obtained by using one BBO crystal. Thebat depends on the effective optical path length changes in the
pulses were superimposed in time and space and detectedlbgapphire and Cr:forsterite laser cavities.
a photomultiplier tube (Hamamatsu; H6780-06). The typical The dynamics of the initial fluctuation of the beat frequency
beat signal signal-to-noise ratio was 30 dB in 100-kHz resolis important to lock the beat signal to the reference signal. The
tion bandwidth (RBW). The beat signal was amplified by stagéeat frequency moves 75.4 MHz (repetition frequency) when
of amplifiers (Hamamatsu; C5594, Mini-Circuit; ZFL-1000LN)the cavity-length difference changes to 0,21t (one-fourth of
and passed through low-pass filters to select one-beat frequemcgapphire wavelength). We measured the dynamics of the beat
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Here, we controlled the beat frequency to one-fourth of the
repetition frequency. Under this condition, the CEO phase re-
covers every four pulses. If we select every fourth Ti:sapphire
and Cr:forsterite laser pulses, we will be able to synthesize them
with a constant phase relation. The controlled beat frequency is
the offset frequency relation ¢f,c.. = |36cre—20Tis| in this ex-
periment. We previously reported measuring the CEO phase re-
lation by using photonic-crystal fiber [16]. The white continuum
produced by the Ti:sapphire laser was superimposed with the
Cr:forsterite laser pulse, and the beat signal was obtained. The
comb frequency of the white continuumfigis = 6mis +m frep,
and that of the Cr:forsterite laser fg.t+ = dcvt + 1 frep. The

Fig. 3. Beat signal dynamics in free-running operation measured by a digiebtained beat frequendyf] _..) was fi ... = [0ce — O1is| at

spectrum analyzer. Horizontal axis represents time, and the vertical axfigat time. By Combining these two kinds of beat measurements,
frequency. Frequency and time spans are 10 MHz and 6.8 ms. Beat frequenc:

moves more than 5 MHz within 1 ms.
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W& can determine both offset frequenciés.f andéry) at the
same time.

I1l. CEO PHASE CONTROL OF THEPUMP, SGNAL, AND THE
IDLER IN OPO

Femtosecond subharmonic pulses can also be obtained by
using OPO. We previously reported subharmonic OPO by using
a KTiOPO4 (KTP) crystal with Ti:sapphire laser pumping [14],
[19]. The wavelengths were 850 (pump), 1275 (signal), and
2550 nm (idler). The signal and the idler are the subharmonic
pulses of the pump. When we define the optical frequency of the

pump as3w, the optical frequency of the signalis), and that
of the idler,w. The nonphase-mating nonlinear processes in the

KTP crystal produce the second harmonic of the sighal =
Fig. 4. Locked beat signal obtained by a spectrum analyzer with an averag y P @ !

of .
ten traces. Beat frequency is locked to three-fourths of the repetition rate. S%aﬁ< 2“’)’ sum-frequency between the pump and IG_[PEIQ =
is 1 MHz with an RBW of 3 kHz, and observed spectrum width is also the RBVBw + w), sum frequency between the pump and sighal =

3w+ 2w), and the second harmonic of the puf6p = 2 x 3w).
signal using a digital spectrum analyzer (Techtronics; RSA230}he phase relation of the subharmonic pulses can be easily ob-
Fig. 3 presents the observed beat movement. The beat dynara@rsed by using these two pulses. Fig. 5 schematically illus-
was measured for 6.8 ms with a 10-MHz frequency range atrates the beat measurement in the OPO. We define the comb
center frequency of 10 MHz. The beat frequency changed mdrequencies of the pump, signal, and idlerfgsm, = dpump +
than 5 MHz within 1 ms. The effective cavity length fluctuatesf,cp, fsignai = Osignal + M frep, @Nd fidier = Sidier + N frep:
for many reasons such as mechanical vibrations, air turbulene®gred, ump, dsignal, aNddiale: are the offset frequencies;m,
temperature fluctuations, change of the laser pumping powerare natural numbers; arfg.,, is the repetition frequency. The
and change of circulating pulse energies. The cavity length feecond harmonic of the sign@lig..isu) and the sum frequency
to be adjusted by at least a few tens of nanometers within 1 tratween the pump and the idlgf,ump-+idaier) Can be expressed
to lock the beat frequency. This measurement only shows #®fsignaisa = 20signal + M’ frep aNA foumptidier = (Opump +
relatively slow movement of the beat signal. Faster fluctuatidfuie,) + !’ frep, Wherem’ andl’ are natural numbers. There-
cannot be measured by this method. Normally, faster fluctuatitore, the observable beat frequer{¢y..;) can be expressed as
has smaller amplitude. Thus, combining the PZT and the EOMeat = fsignaist — fpump+idler =|20signal — (Opump + Gidler) +
would achieve appropriate locking. k frep|, Wherek is an integer. The parametric generation has the

Fig. 4 depicts the beat signal locked using PZT and EONtequency relatiof,ump = dsignal + didier, thus the beat fre-

The RBW was 3 kHz with 1-MHz span. Ten traces were aguency is described 85cac = |(30signal — 20pump) + £ frep]-
eraged, and the data acquisition time was about 0.2 s. The iHfie observable beat signal in the OPO is similar to that of a
erence frequency wag.,/4 = 18.8 MHz in this experiment. dual-wavelength laser. The offset frequencies of the signal and
The beat frequency observed here Wias — frep/4 = 3 frep/4.  PUMp correspond to those of the Cr:forsterite and Ti:sapphire
The measured beat frequency was centered at three-fourthtasérs.
the repetition frequency (56.6 MHz). The obtained spectrum The behavior of the beat-signal change when the cavity length
width of the locked beat was 3 kHz (RBW). The sideband 20@ries in OPO is identical to that in a dual-wavelength laser.
kHz from the beat signal corresponds to the oscillation of théhe comb spacing of the signal and the idler are subject to that
EOM, thus the bandwidth of the EOM feedback would be aboaf the pump laser. When the cavity-length difference changes
200 kHz. When only the PZT locked the beat signal, the locketightly keeping the oscillation, only the offset frequency re-
spectrum width was about 100 kHz. lation changes. The change of the beat sig@8fi,cat) With

Frequency [MHz ]
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Fig. 5. Schematic of the CEO-frequency relation measurement in subharmonic OPO in the frequency domain. Optical frequencies of the doubbkd signal an
the sum frequency between the pump and the idler overlap. Beat signal can thus be obtained by superposing them. SFG is sum-frequency generation and SHG
second-harmonic generation.

the cavity length chang@Al) can be expressed a@Sfica; = 0,30, 40, 50, S0

6] Al|/Asignal X frep, Wheregignar is the signal wavelength. L oro | Tizsapphire
The dynamics of the initial beat fluctuation is similar to that ir =

a dual-wavelength laser. Reducing the initial fluctuation is sic %,
nificant in controlling the phase relation. In [19], the controllec

beat signal had a width of 500 kHz. The Ti:sapphire oscillatc
and OPO exceeded 1 m at that time. A larger size implies larg
fluctuation of the cavity length because of the mechanical vibri
tions, air turbulences, and temperature fluctuations. The low >
beam height in the oscillator has less fluctuation in the mirrc
position. Based on the above, we have made compact Ti:si :
phire laser and OPO.

Fig. 6 presents the experimental setup. The Ti:sapphire las ,
consists of a 4-mm-thick Ti:sapphire crystal and prism pa *‘>|:| ......... Phase-frequency |__ ___ _

30

(Lak14). The repetition frequency is 82 MHz at the cente ____gz?glﬂt::‘" ‘
wavelength of 850 nm with a 20-nm spectrum width. The

output power is 1 W with 7-W pumping (Coherent; Verdi X). | Spectrum analyzer
A PZT is attached to one reflective mirror (10-mm diamete 10 MHz
and 1-mm thick) to adjust the cavity length. The beam height referonce
25.4 mm from the base plate, and the cavity is 3800 mm.

The cavity is protected from external noise by a metal bo#i’g. 6. Experimental setup for CEO frequency-relation control in the
breadboard, rubber cushion, and optical table with air dampgmharmonic OPO. Ti:sapphire laser produces 1-W output for an OPO pump

The Cavrty_length ﬂuctuatlon durlng free_runnlng Operatlowlth 82-MHz repetition frequency. Initial CaVity fluctuation of a Tiisapphil’e
ser was measured by a vector signal analyzer. OPO produces not only

. L . |
can .b.e observed by m?asu“n_g timing jitter. We measured Rﬁ@ signal and the idler, but also sum frequencies and second harmonics
stability of the free-running cavity. The pulse train detected byaa subharmonic pulses. Twe-4w pulses are combined after polarization

photo diode was measured by a vector signal analyzer (Agi|éﬂgnment and detected by an APD. Beat signal is compared with the reference
Technology: 89441A). Fig. 7 depicts the power Spectruﬁlpnal and the error signal drives the PZT in the Ti:sapphire laser cavity.
density and calculated pulse-timing jitter without control. The
pulse-timing jitter from 10-Hz to 100-kHz integration wasphire laser pump. We selected phase matching in-theplane
3.2 ps, and that from 1-Hz to 100-kHz integration was 28t 0 = 71.5 deg. The OPO cavity produced a 20-mW signal
ps. No 50-Hz component was observed in this experimefipm a 1% output coupler and other subharmonic pulses output
although 50 Hz and its harmonic fluctuations due to mechanig¢htough a concave mirror. The five subharmonic pulses were al-
vibration or air flow are generally large because the electninost collinear and were collimated by a lens. Tio pulses
power frequency is 50 Hz. were separated from other pulses by a prism and slit and fed
The size and beam height of the OPO are identical to thaséo a delay line. The polarization of the doubled sigfiab, )
of a Ti:sapphire cavity. In addition, most parts, such as mirrevas rotated 90by a waveplate to align the polarizations. Com-
holders and stages, are also the same as those of the Ti:faped two4w pulses were detected by an Si-avalanche photo-
phire cavity. The cavity fluctuation of the OPO should thudiode (APD: Hamamatsu S5343). Low-pass filters and ampli-
also be similar to that of the Ti:sapphire laser cavity. A KTHers blocked the high-frequency component and selected one
crystal is suitable for subharmonic generation with a Ti:sapeat frequency. The beat signal was compared with the refer-
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Fig. 7. Power spectrum density and calculated timing jitter of the Ti:sapphire laser without control.

-30 l I ! I of the repetition frequency, the CEO phase relation is recovered
'E' ol N every four pulses. This is identical to CEO frequency control in
% a dual-wavelength laser.
—_— =50 —
iy o0 IV. COMPARISON OFTWO METHODS
A 60 .
§ We controlled the CEO phase relations of a dual-wavelength
g -7 n laser and an OPO. The controlled offset-frequency relation

S0l in a dual-wavelength laser iBéc,s — 261is|, and that in

o 20 40 60 80 100 OPO is|3dsignal — 20pump|- The center wavelengths of the
Frequency [x106 Hz] controlled pulses are almost the same in the experiments. The

output powers of subharmonic pulses in the dual-wavelength
Fig. 8. Locked beat spectrum measured by a spectrum analyzer in 100-MAser (830 and 1245 nm) are higher than that of the OPO,
span. Over 100 traces are averaged. RBW is 100 kHz and locked spectrum wigify their pulsewidths can be reduced relative to those of an
Is also RBW. OPO. Basically, pulse durations of 10 fs in a Ti:sapphire laser

and 20 fs in a Cr:forsterite laser can be achieved. For higher
ence signal by a digital-phase frequency comparator. The erppwer and shorter pulse duration, a dual-wavelength laser
signal drove the PZT in the Ti:sapphire cavity. would be appropriate for a phase-coherent subharmonic pulse

Fig. 8 illustrates the beat signal locked to 10 MHz obtainegenerator. It is difficult to reduce the pulse duration of the

by an analog spectrum analyzer (Agilent Technology; 4401B)ump in a femtosecond OPO because a high spectrum density
The RBW is 100 kHz and spanis 100 MHz. The peak at 82 MHg desired for OPO pumping. However, it would be feasible
is the repetition frequency, and the beat signal is locked to i@ generate a shorter pulse duration of signal and idler [20].
MHz. Beat signals é#2—10 = 72 MHz and82+10 = 92 MHz  Higher signal and idler outputs would also be feasible in an
were also observed. Over 100 traces were averaged. The s@©, although the output of the signal was 20 mW in this
trum width of the locked beat signal was RBW. The signal-t@xperiment. The main advantage of the OPO is simultaneous
noise ratio of the beat signal did not change when averaged. Theltisubharmonic pulse generation. Our OPO generates
locked beat line width and signal-to-noise ratio in this expesix subharmonic pulses at the same time, and no frequency
iment were much better than those obtained in [19], althougbnversion is necessary to observe the CEO phase relation.
the size of the mirror attached to the PZT in order to adjust theirthermore, we can select wide signal and idler wavelength
cavity length in this experiment is larger. (The mirror in the praanges. Fourier synthesis in any wavelength region would
vious experiment was 5 mm square and 0.3 mm thick.) THie feasible by using OPO. Next, we compare the stability of
improvement results from less initial fluctuation of cavities anthe two schemes. The dual-wavelength laser output timing
similar cavity shapes. The beat signal was locked to 10 MHgnchronized Ti:sapphire laser and Cr:forsterite laser pulses
here, but it is easy to lock it to a subharmonic frequency of ttier an entire day without any cavity control. The stability of the
repetition rate. When the beat frequency is locked to one-fougthssive timing synchronization depends on the pulsewidths. In
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contrast, the oscillation of OPO can be maintained for only a[s]
few hours without feedback. The long-term stability of both
passive synchronizations depends on the slow drift of the cavity

G. G. Paulus, F. Grasbon, H. Walther, P. Villoresi, M. Nisoli, S. Sta-
gira, E. Priori, and S. De Silvestri, “Absolute-phase phenomena in pho-
toionization with few-cycle laser pulsedyature vol. 414, pp. 182-184,
2001.

length differences. Normally, it depends on the temperaturel6] A.de Bohan, P. Antoine, D. B. Milosevic, and B. Piraux, “Phase-depen-

fluctuation of the room. The tolerance of the cavity-length
fluctuation of the dual-wavelength laser exceedar, and |7
that of the OPO is only Ium. The long-term stability of

the uncontrolled cavities could be increased by temperature[S]
control. The short-term stability of the cavity length fluctuation
can be estimated by the beat frequency change. In Fig. 3, the
beat frequency fluctuation of the dual-wavelength laser in a[g]
few milliseconds was 10 MHz, which corresponds to the cavity
length fluctuation of about 30 nm. In the case of the OPO, thgio]
cavity length fluctuation in the same time scale (milliseconds)
was almost the same (20-30 nm), although long-term (hoursj
drift of it exceeds 1um. Their stabilities increased when the
CEO frequency was controlled. Beat locking in both system
can be maintained for over one hour, and the OPO continu
oscillating much longer. We cannot determine which is better
with regard to a CEO frequency-controlled light source. In botH13]
systems, if the pulsewidths were about 10 fs, the coherently
superimposed lights field would be single subfemtoseconct4]
pulse with about 80-MHz repetition rate, and they will be
more ideal light sources to investigate subfemtosecond timgS]
resolution spectroscopy.

12
i

[16]
V. CONCLUSION

We controlled the CEO frequency relation among fem-m]
tosecond subharmonic pulses in two schemes. In one scheme,
we controlled the relation using a dual-wavelength lasef€!
consisting of Ti:sapphire and Cr:forsterite lasers. We were able
to control the offset frequency relation (¢, — 26Tis| and  [19]
obtain a 3-kHz locked beat signal. In the other scheme, we
controlled the CEO frequency relation in a femtosecond OPQg()
Here, we were able to control the offset frequency relation of
[38signal — 20pump| @and obtain a 100-kHz locked beat signal.
These CEO-frequency-controlled subharmonic light sources
will facilitate achieving Fourier synthesizing of multicolor fem-
tosecond pulses such as subfemtosecond pulse-train generation
or CEO-phase-sensitive applications.
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