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Sub-10-femtosecond active synchronization of two passively mode-locked Ti:sapphire oscillator

Long-Sheng Ma,* Robert K. Shelton, Henry C. Kapteyn, Margaret M. Murnane, and Jun Ye†
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Two independent mode-locked femtosecond lasers are synchronized to an unprecedented precision. The rms
timing jitter between the lasers is 4.3 fs, observed within a 160-Hz bandwidth over minutes. Multistage
phase-locked loops help to preserve this ultrahigh timing resolution throughout the entire delay range between
pulses~10 ns!. We also demonstrate that the same level of synchronization can be achieved with two lasers at
different repetition frequencies.
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The use of ultrashort light pulses to study coherent in
actions in atomic and molecular systems has advanced
idly in recent years. One exciting area of current researc
in ‘‘coherent control,’’ where light pulses that have been p
cisely shaped in amplitude and phase can selectively ‘‘dri
@1# a chemical reaction@2#, molecular vibration@3#, or other
process such as nonlinear-optical conversion of light into
extreme ultraviolet region@4#.

However, current experimental techniques are still v
limited in their ability to coherently control the evolution o
quantum systems. In the most general case, coherent co
techniques require phase-coherent, femtosecond, tempo
shaped pulses over a large region of the spectrum, to be
to access all possible intermediate states in a multistep q
tum ‘‘pathway’’ to achieve the desired outcome@5#.
Broadest-bandwidth ultrashort-pulse lasers generate on
fractional bandwidth on order of 30% of their carrier fr
quency. Nonlinear-optical techniques such as white-li
continuum generation@6# and parametric amplification@7#
can be used to generate coherent light over a broad spec
However, these techniques often suffer from poor efficien
Furthermore, often the quantum transitions for a proces
interest for coherent control are concentrated in a few dis
ate regions of the spectrum. It would thus be desirable to
able to take two separate laser systems, generating light
distinct optical properties, and precisely synchronize the o
put of both lasers, essentially generating a single, compo
coherent light field. This ability to precisely synchroniz
separate, pulsed laser sources is an important step towar
ultimate, ‘‘arbitrary light wave-form generator.’’ It is als
important for a number of other technologies, such as m
infrared light generation through difference frequency m
ing @8#, for experiments requiring synchronized laser lig
and x rays or electron beams from synchrotrons@9#, and also
for the synthesis of light pulses with shorter duration than
obtainable from any single individual laser@10#.

Synchronization and phase locking of separate femto
ond lasers will also have a strong impact in precision f
quency metrology based on optical frequency combs@11,12#,
providing the capability of a wide-bandwidth phase-coher
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frequency network covering various spectral regio
Frequency-domain control of femtosecond combs not o
provides an effective means to transfer the stability of a
optical oscillator to the entire comb@13#, but also has a
strong impact on the time-domain evolution of carrie
envelope phase@14#. The frequency mode spacing of th
femtosecond comb is equal to the inverse of the cavity ro
trip time of the laser; hence reduction of the phase noise
the repetition rate spectrum directly improves the control
the timing jitter.

To date, previous work in synchronizing separate mo
locked Ti:sapphire lasers demonstrated a timing jitter of
best a few hundred femtoseconds@15,16#. Since it is now
routine to generate pulses with duration,20 fs, improved
techniques would make it possible to take full advantage
this time resolution for immediate application in variou
fields.

In this Rapid Communication, we demonstrate robust s
chronization of pulse trains from two separate femtosec
lasers, with a timing jitter of,5 fs, at a bandwidth of 160
Hz, observed over several minutes. The two independ
mode-locked Ti:sapphire lasers@17# operate at 780 and 82
nm, respectively, with;100-MHz repetition rates. The band
width of both lasers corresponds to a transform limit of,20
fs mode-locked pulses. Our synchronization scheme, sh
in Fig. 1, employs two high-speed photodiodes to detect
two pulse trains. These signals are then input to four ph
locked loops~PLL’s! working at different timing resolutions
Using the first PLL, we synchronize the repetition rate

ai, FIG. 1. Experimental setup for timing synchronization of tw
femtosecond lasers. The four phase-locked loops for synchron
tion are shown, along with the signal analysis scheme.
©2001 The American Physical Society02-1
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laser 1 to a stable rf source, with an in-loop error sig
indicating an rms timing jitter less than 10 fs over a ban
width of 10 kHz. Laser 2 is synchronized directly to laser
using a second PLL, which compares and locks the fun
mental frequencies of the two lasers at 100 MHz. The ph
shift between the two 100-MHz signals can be used to c
trol the timing offset between two pulse trains. The third P
compares the phase of the 80th harmonic of the two rep
tion frequencies; i.e., at 8 GHz. The third loop is activate
and replaces the second one when the two pulse trains
nearly overlapped. This represents an electronic realiza
of a ‘‘differential micrometer’’—the 100-MHz loop provide
the full dynamic range of timing offset between two pul
trains, while the 8-GHz loop produces an enhanced ph
stability of the repetition frequency. To further minimize ji
ter, the intensity of the sum frequency signal from the t
pulse trains overlapped in space and time is directly use
a control error signal for a fourth loop. This fourth loop ca
be usefully activated only when the 8-GHz PLL is workin
effectively, and most timing jitter noise has already be
eliminated. All four loops actuate fast~.50-kHz bandwidth!
piezotransducers~PZT! mounted to the laser end mirrors.

The motivation for using a high harmonic for phase loc
ing the repetition rate is to obtain an enhanced signal
noise (S/N) ratio. In Fig. 2 the solid curve represents t
detected phase noise power spectrum of the laser repe
signal, while the dotted curve indicates the microwave re
ence to which the repetition signal is locked. Experimen
data show that the laser repetition signal has less fast p
noise than the rf reference beyond frequencyB ~around 10
kHz! indicated in Fig. 2. Therefore, the servo loop bandwid
should be limited to belowB, provided that the noise floor o
the repetition detection is a few dB below the dashed line
the detectionS/N ratio is not sufficiently high, then the serv
bandwidth will be further limited. Detection at a high ha
monic can help to avoid this problem. The high-speed p
todiodes used in this experiment suffer a loss ofS/N ratio of
only 3 dB when the repetition signal is detected at the 8
harmonic, compared with theS/N ratio at the fundamental
When analyzed at the fundamental while stabilized at
80th harmonic, the repetition signal thus enjoys an effec
increase in theS/N ratio of 16 dB.

Figure 3 shows the effective use of combined PLL’s
the control of the timing offset between two pulse trains. T
second pulse train is scanned relative to the first via a ph
shift inside the 100 MHz loop, showing the full range sca

FIG. 2. Phase noise spectra of the microwave reference si
~dotted curve! and the detected laser repetition signal~solid curve!.
At frequencies higher thanB, the laser has intrinsically less nois
than the reference.
02180
l
-

a-
se
-

ti-
,

are
n

se

as

n

-
-

on
r-
l
se

If

-

h

e
e

r
e
se
-

ning capability in Figs. 3~a! and 3~b!. Once the two pulses
are within 200 ps of each other, we gradually reduce the g
of the 100-MHz PLL and increase the gain of the 8-GH
loop, leading to a smooth transition between the two loo
and a small jump of the timing offset by at most 62.5
~one-half of one 8-GHz cycle!. Tuning of the timing offset
can then be continued with the 8-GHz loop, as shown
Figs. 3~c! and 3~d! with an expanded time axis. The tw
pulses are maximally overlapped in Fig. 3~e!.

To characterize our system further, we focus the two pu
trains so that they cross in a 500-mm-thick, room tempera-
ture, BBO crystal for nonlinear frequency generation~type
I!. Figure 4~a! shows the generated second-harmonic lig
from two pulse trains after the crystal. When the two puls
are overlapped in space and time, sum-frequency genera
is enabled, as shown with the bright spot in the center of F
4~b!. We can thus use the intensity of the sum-frequen
generation as a diagnostic tool to study our system per
mance. Figure 4~c! shows a cross-correlation measureme

al

FIG. 3. Control of the relative timing offset between the tw
independent pulse trains using the combined phase locked loop~a!
Two independent pulse trains incident on a same photodiode, w
repetition period of 10 ns.~b! Expanded time axis, 100 MHz PLL
control.~c! The time scale is further expanded, 8 GHz PLL contr
~d! Two pulses nearly overlapped via adjustment of the 8-G
phase shifter.~e! Two pulses maximally overlapped.

FIG. 4. ~a! Second-harmonic generation from two spatia
crossed pulse trains in a BBO crystal.~b! Sum generation is enable
when the two pulses are synchronized and overlapped.~c! Cross-
correlation measurement via the electronic scan of the rela
phase.
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FIG. 5. Timing jitter noise analysis.~a! A
10-ms direct digitization record of the sum
frequency generation. Also shown is the tim
expanded trace.~b! Sum-frequency generation
observed with a 50-kHz bandwidth. The left trac
shows two pulses optimally overlapped, and t
right trace shows two pulses offset by a ha
width. ~c! Sum signal observed under a 160-H
bandwidth, showing a rms timing jitter noise o
4.3 fs. ~d! Allan variation of the timing stability,
showing that the maximum jitter occurs aroun
10–100ms. ~e! Fourier frequency spectrum of th
error signal from the 8-GHz phase-locked loop
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between the two pulses, carried out by a simple electro
sweep of the relative phase inside the 8-GHz PLL. T
Gaussian full width at half maximum~FWHM! of the cross-
correlation peak is 164 fs. This compares well with a the
retical estimate of 160 fs, based on the measured p
widths of 82 and 138 fs for the individual lasers.~Because no
extra-cavity dispersion compensation is used, the 20-fs l
pulses are broadened due to dispersion.! Compared to a me
chanical scanning system, this electronic tuning method
fers a vastly superior performance in terms of the repeata
ity, reliability, and speed for setting the time offset, with n
noticeable hysteresis when we switch back and forth betw
two preselected phase values.

The intensity fluctuations in the generated sum-freque
light are proportional to the timing jitter, particularly whe
the two pulses are offset in time by;1/2 the pulse width. At
short time scales, the intensity fluctuation of the sum f
quency light can be studied by simply recording the pul
to-pulse variation. Using a nanosecond-speed photod
and nanosecond sampling rates, we have directly digiti
the sum frequency pulse train over a period of 10ms. The
recorded data are shown in Fig. 5~a!, along with the ex-
panded trace, when the relative timing offset between
two original pulse trains is near zero. The pulse-to-pu
variation of the sum-frequency signal is basically the same
that of the original laser pulses, below a level of 0.4%. Sin
the bandwidth of our servo loop does not quite reach
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10-ms time scale, this superior timing stability is attribute
entirely to the free-running lasers due to the lack of enviro
mental disturbance on such short-time scales. At longer t
scales, the intensity fluctuation in the sum-frequency sig
can be explored with an appropriate low-pass filter to av
sampling noise. A 50-kHz low-pass filter is sufficient to su
press the discrete nature of the pulse train, and permit
study of intensity fluctuations on a cw basis. In Fig. 5~b!, the
left trace shows the sum-frequency intensity fluctuat
when the two pulse trains are maximally overlapped, wh
the right trace is recorded when the two pulses are offse
time by ;1/2 the pulse width. For the right trace, the sum
frequency signal is monitored near the middle point of t
cross-correlation peak shown in Fig. 4~c!. Therefore, the in-
tensity fluctuations can be translated linearly into timing
ter noise using the calibrated slope of the correlation pe
For a maximum intensity of the sum-frequency light at
units, and the FWHM of the cross-correlation peak at 164
we can conservatively estimate the conversion scale of
slope at 3.3 fs/unit. The rms timing noise from the right tra
is thus determined to be;26 fs at a 50-kHz bandwidth. A
higher bandwidths, the jitter does not increase. If we us
bandwidth of 160 Hz~equivalent to 1-ms averaging time! the
resultant intensity fluctuations of the summing light shown
Fig. 5~c! indicates a rms timing jitter noise of 4.3 fs. We ha
recorded such a stable performance over periods exten
over tens of minutes. The advantage of the high harmo
2-3
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PLL over the 100-MHz loop is particularly clear from th
recorded sum frequency intensity, exhibiting fluctuatio
more than 20 times larger when under the 100-MHz cont
The synchronization lock can be maintained for durations
several hours.

It is interesting to explore further the issue of the timi
jitter noise vs its characteristic time scales~or, equivalently,
its frequency spectrum!. Allan variance analysis@18# is a
powerful technique developed to separate and isolate
cesses based on their time scales. The approach uses a
difference calculation, and compares adjacent measurem
segmented within certain time windows. This is useful
identify time scales at which fluctuations are the large
From the time record of the timing jitter noise shown in Fig
5~b! and 5~c!, we calculate the Allan variance of the timin
jitter. The result is shown in Fig. 5~d!. The ‘‘square’’ data
points correspond to the fast time record@the right trace in
Fig. 5~b!# while the ‘‘circular’’ data points correspond to th
longer record@shown in Fig. 5~c!#. It is clear from this analy-
sis that the dominant timing jitter noise occurs within 10
100ms, a region where the gain of the PLL loop is rolling o
from the low-frequency end while the external perturbatio
to the laser are increasing from the high-frequency e
However, it is satisfying to find that the timing jitter nois
never exceeds 20 fs at any time scale.

These results can be confirmed through the equiva
analysis of the error signal within the PLL servo loop@19#.
Figure 5~e! shows the Fourier spectrum analysis of the er

FIG. 6. Sum-frequency generation from two synchronized fe
tosecond lasers that have different repetition rates, one at 90
and the other at 100 MHz. The second harmonic signal from
100-MHz laser is also shown.
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signal at different gain settings. When the loop is opera
stably with a high gain, within a frequency range from dc
5 kHz, the error signal is very close to the lim
(<0.1 fs/AHz) set by the intrinsic noise floor of the 8-GH
phase comparator used in the PLL. A small servo bump
pears near 10 kHz, and rolls off to a flat noise floor ne
0.14 fs/AHz. Integrating the noise density over the interes
spectral range~from dc to 50 kHz! would yield a rms timing
jitter of ;30 fs, slightly larger than the direct time-doma
data.

This synchronization system is flexible in that it can lo
two independent lasers working at different repetition rat
The 81st harmonic of the repetition rate of laser 1, still o
erating at 100 MHz, is compared to the 90th harmonic
laser 2, now running at 90 MHz. The two pulse trains w
then collide in the time domain every 100 ns, leading to
sum-frequency pulse train at a 10-MHz repetition rate. T
result is shown in Fig. 6, where the top trace reflects
summing frequency generation and the bottom trace is
second-harmonic generation of the 100-MHz laser. Note
slight decrease in the second-harmonic intensity when s
frequency generation occurs with two pulses overlapp
This approach can be generalized to produce sum-
difference-frequency generations with arbitrary repetiti
rates, yet perfectly synchronized to the master frequency

In summary, we have synchronized two independent fe
tosecond lasers to an unprecedented precision. The rem
ing rms timing jitter between the lasers is 4.3 fs, observ
within a 160-Hz bandwidth. This ultrahigh timing resolutio
is available through the entire dynamic range of pulse r
etition period~10 ns!. Such synchronization can be achiev
with two lasers at different repetition frequencies. The sy
chronization work has proved essential for the first reali
tion of an optical carrier phase lock between independ
femtosecond lasers@20#, paving the way for eventual puls
synthesis from different lasers.
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