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Carrier-envelope phase locking of 5 fs amplified
Ti:sapphire laser pulse at 1 kHz repetition rate
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This paper reports the carrier-envelop phase (CEP) locking for the 5 fs re-compressed laser pulse
generated from a chirped pulse amplified (CPA) Ti:sapphire laser at 1 kHz repetition rate. A phase
locking feedback system with two loops was designed to control the fast fluctuation arising from the
seeding laser and the slow fluctuation arising from the sub-mJ amplified pulse. The principle and
structure of the phase control system, including the CEP detection, servo loop design and phase
locking result, are analyzed. The experiment shows that our phase locking system can be well used to
establish the stable phase locking of few-cycle amplified laser pulse, and the CEP variation of below 53
mrad (rms) was demonstrated during a locking period of more than 3 h.
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1 Introduction

With the rapid progress of ultrashort laser technology in
recent years, laser pulse of shorter than 10 fs has been
generated by several groups in the world. For a carrier
wavelength of about 800 nm, a 10-fs laser pulse only
contains about 3 cycles of the optical oscillation. In such
a case of few-cycle laser pulse, the relative phase be-
tween carrier and electric field envelope becomes an
very important issue, and the so-called carrier-envelope
phase (CEP) determines the shape of its electric field!").
Stable CEP plays a key role in researches of optical fre-
quency combs®?, attosecond physics“*(’], high field
physics'” etc. In 2002, the generation of isolated atto-
second laser pulses has made it possible for people to
investigate structures inside atoms in attosecond time
scale (107" s), which is just the time scale of extranu-
clear electron orbits. Presently, the attosecond science
has opened a novel research area to explore the proc-
esses of fundamental physical or chemical phenomena,
and it also provides a powerful tool to probe ultrafast
behavior inside atoms.

Drift of CEP is considered as the difference between
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group and phase velocities inside a laser oscillator. The
variation of the laser’s peak power brings changes in
Kerr’s effect inside the Ti:sapphire crystal, and in the
envelope phase as well as the drift of the corresponding
longitudinal mode in frequency domain. Practically,
causes of CEP drift incorporate mechanical vibration,
gas fluid, environmental temperature changing, and even
variation of pump power. Techniques including self ref-
erencing (F—2F)[8’9] and different frequency generation
(DFG)!"*" were developed and applied to detecting and
locking the CEP of laser pulse from oscillator through a
phase-locked-loop (PLL), so that precise control of CEP
could be realized. The method of F-2F uses a photonic
crystal fiber (PCF) to broaden the laser’s spectrum into
octave-spanning, and then beats the low frequency and
its second harmonic within the supercontinuum, while
the DFG method uses nonlinear effects, such as
phase-matched DFG and self phase modulation (SPM)
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introduced by a piece of PPLN crystal to detect the CEP
frequency. Because of its simplicity, high efficiency and
high stability, DFG method appears to have better per-
formance and practicability in CEP measurement.

Although the precise CEP control method is routinely
applied for femtosecond oscillators, it still has difficulty
in CEP controlling amplified pulses because of extra
perturbation induced by thermal drift, pointing instabil-
ity and laser power vibration during amplification!'”,
Typical range of this kind of CEP drift is in the order of
2n radian, which is a fatal error for applications of am-
plified few-cycle pulses. Nevertheless, the low repetition
frequency (in the order of 1 kHz or below) of amplified
lasers makes it impossible to use a common method to
detect CEP as in the oscillators, so a single shot CEP
measurement method must be applied. For instance, a
method called spectrum interferometry (SI)!"* is a good
option. To feed back CEP error, normally there are two
ways: one is to modulate the feedback signal onto an
acoustic-optical modulator (AOM) so that the pump
power of oscillator is verified to change CEP; the other
is to change the stretcher or the distance between grat-
ings inside the compressor''*! using Piezo actuators. We
choose the first one for its higher dynamic bandwidth.

This paper demonstrates a CEP control system for our
5 fs amplified Ti: sapphire laser.

2 Experimental setup and control prin-
ciple

The experiment system for our amplified laser system
and CEP control scheme is illustrated in Figure 1. The
seed laser is a sub-10 fs Ti:sapphire oscillator pumped
by a CW 532 nm laser (Verdi 5, Coherent Inc.) working
at a repetiton rate of 80 MHz. An AOM is placed in the
path of the pump laser. After amplifying and compress-
ing the seed laser by a 1 kHz CPA system (Femtolaser
Inc.), the laser is measured with energy of 0.8 mJ per
pulse and pulsewidth of 25 fs. Next, the laser is spec-
trally broadened by a hollow fiber filled with Ne gas and
is compressed by a set of chirped mirrors. Finally, laser
pulses are generated with 5.1 fs pulse width and with 0.4
m)J pulse energy!' .

The CEP locking of the oscillator is carried out by a
“fast loop” PLL (Menlo Systems Inc.) to lock CEP fre-
quency to 1/4 of the laser repetition rate by means of
DFG method. For amplified pulses, a second ‘slow loop’
PLL is introduced to feed back the CEP drifts during

amplification. The CEP frequency is measured through
SI method in the second PLL, and the control signal is
output onto the reference point of the fast loop so that a
cascaded control loop is formed. Different loop parame-
ters are optimized for the two PLLs, and closing them
simultaneously would finally lock the CEP of amplified
laser pulses.

If we consider the CEP drift as the process variable,
the control model of the cascaded control loop could be
expressed as shown in Figure 2. The goal of the control
system is to attain zero steady state error (£(s)=0) in
case of small external perturbation. G(s) is the transfer
function of CEP change of AOM-mounted oscillator,
H,(s) is the CEP detection process by DFG method, and
Hy(s) is the CEP detection by SI method. G(s) and
G(s) are loop filters for the two PLLs. External pertur-
bations to the laser oscillator is expressed by D(s),
while D,(s) stands for perturbations to the amplification
process. The locked CEP could be expressed by eq. (1)
through analyzing the close loop transfer function:

Gcl (S)GCZ (S)Gp (S)

C(s)= R(s)
1+G, ()G, (5)H, (5) + Gy () Gy ()G () H, (5)
+ () Dy(s)
1+ G, (5)H ()G, (5)
1+ Gy (s)H,(5)G,(s) D). (1)

T G0 H ()G, (5) + Goa () H ()G (5)

When PLL is locked, i.e. the reference point of proc-
ess variable R(s)=0, supposing that D(s) and D,(s) are
both step input, we have the zero steady state error:

e, =lim E(¢) =limsE(s) =0, 2)
t—o s—0
. 5G,(s) 1
lim -—
520 1+ Gy (s)H, ()G, (s) s

. s+5G, (s)H,(s)G, (s) l 0. )
1+ Gy (9)H, (5)G, (5) + Gy () H, ()G, () s )

|G ()H (s)|>>1  and

Therefore, supposing

contributions from D;(s) to E(s) might be neglectable.
But the second term still exists, which is just the CEP

Gcl(s)Hl(s)Gp(s)" >>1, if only “fast loop’ is locked,

drift induced by the amplification process. Only when
both loops are locked and meet eq. (4), could all pertur-
bations be suppressed.

[(Gex (9)H (5) - G () H () G ()] >> 1. (4)

The dynamic steady error in continuous disturbing is
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Figure 1 Experimental setup for CEP control of amplified laser system.
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Figure 2 Block diagram of CEP control model.

dependent on the rise time and maximum overshot of the
system’s step response, so a better control precision re-
quires smaller steady errors, which requires best opti-
mization of G.(s) and G(s) on premise of loop stabi-
lity and meets eq. (4).

2.1 ‘Fastloop’ CEP control system

The CEP of the oscillator is locked by the first PLL, i.e.
‘fast loop’. Figure 3 shows the principle of CEP detec-
tion through DFG method. The laser pulse train in fre-
quency domain is a series of modes with a gap of its
repetition rate F, and the first mode is located at the CEP
offset frequency o. Therefore, the frequency of mode
with index n is f, =0 +nF. The modes with index n

and m are beaten in PPLN crystal to get DFG frequency
Jorg =(m—n)F, where the CEP offset frequency is
eliminated. The SPM effect generates a low frequency

of f,.,=0+(m—n)F so that it can beat again with
DFG signal to yield CEP frequency by fopp =
Ju = Jorg =6.

10 fo=&tnF

Jore=(m=—m)F’

sapee g

"~ -~~~ Beat signal

Figure 3 CEP detection through DFG method in ‘fast loop’.

Sampled by an avalanche photodiode (APD), the CEP
signal is phase-compared by the 1/4 of laser’s repetition
rate, and the phase error voltage is then acquired. The
process of phase detection can be mathematically ex-
pressed by product of RF signals, which is filtered by a
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low-pass-filter to get their frequency difference:

1

s +1

H(s)=K, - ®)

H\(¢cg) = K, sin(@cg),

The loop controller G.(s) uses proportional-integra-

tion control, ie. G, (s)=K, -El +L] Experiment
is

has proven that the loop bandwidth is about 400 kHz,

and the close loop steady state error is less than 50 mrad

(rms).

2.2 ‘Slow loop’ CEP control system

Since the repetition rate of the amplified pulses is only 1
kHz, it is difficult to use F-2F or DFG method to detect
the CEP signal. In the year 2001, Kakehata et al.l'”
proposed a method of SI to measure CEP for single shot
pulses. The method uses a dispersive medium to delay
and spectrally broaden the pulses such that the interfer-
ence between the short wavelength portion and its sec-
ond harmonic could be detected as a periodical curve,
from which the CEP frequency could be calculated. The
electric field of a Gaussian profile ultrashort laser pulse
is expressed as

Ec(@) =\2nexp{~[(0- @)/ 2] |exp(igce ). (6)

where @, is the center frequency in its spectrum, and @cg
is the CEP.

Considering the long wavelength portion and its har-
monic, when passing through a dispersive media, the
short wavelength portion delays 7and appears as a phase
delay exp(—jwr). Calculating its 1st and 2nd order of

electric dipole, the intensity of interference curve is

2
1(@) =[P (@) + jP? (@) o I + I,

+2[IFISH]1/2 cos[@r+ @y +/2].  (7)

For a specific dispersive medium, the delay time 7 is
constant. Therefore ¢cg is able to be extracted by Fou-
rier transforming the interference signal. Moreover, the
gap of the interference streak is inversely proportional to
the delay time, which indicates that only the short delay
could get large streak gaps to be identified by interfe-
rometers.

The Fourier transform of interference signal (for
clearance, the Fourier frequency is k) is

|
2

F (1(50)) o exp exp(J@ck ), (®)

arg [F(](a)))|k:1/2J oc tan " (gp)- 9

The control process is implemented by a real-time
software running on a PC, which acquires the output of
the interferometer (Ocean Optics, HR2000) and output
of the control signal by D/A conversion. Firstly, the sys-
tem samples the interference curve and applies FFT to
spectrum region of interest to get CEP power and phase
spectrum. Secondly, the peak frequency offset of CEP
spectrum k is automatically evaluated from the Fourier
spectrum so that the corresponding ¢cg could be calcu-
lated. By eq. (9), the transfer function of ‘slow loop’
phase detection process is

1
H2(¢CE(t))|(pCE<<1 ~ Ky (1), Hz(s)szs_z- (10)

The PT controller, G, (s) =K, -(1 + LJ, compen-
Tips

sates for the phase error and outputs control signal for
‘fast loop’ to change its reference point so that both
PLLs could be closed. To meet eq. (4) and tune the con-
troller’s parameter for different experiment conditions,
the design of controller must have the adaptivity. An
algorithm of auto-tuning method based on setpoint relay
is applied to optimizing the P/I parameter for the short-
est rise time and minimum overshot.

For even lower repetition rate lasers, although the SI
method is still able to effectively detect CEP, the feed-
back loop bandwidth is limited by the repetition rate, so
the performance of noise suppressing is also limited.

3 CEP locking results

With the CPA Ti:sapphire laser system at 1 kHz repeti-
tion rate, 25 fs pulse with energy of 0.8 mJ was obtained
with a typical bandwidth (FWHM) of 40 nm and center
wavelength of 780 nm. After locking the ‘fast loop’, 10
wJ pulse energy is used for SI detection by splitting the
output pulse with a 1% beam splitter. In the SI setup, a
diaphragm and a medium density attenuator are inserted
to adjust the beam intensity. After a half wave plate the
beam is focused into a 1 mm thick sapphire plate for
spectrum broadening into an octave-spanning. Next, the
supercontinuum spectrum is focused into a piece of
BBO crystal to generate second harmonic (SHG) of the
long wavelength portion. The SHG crystal is a phase-
matched BBO crystal of type I (8= 22.9°, o= 0°), with
a thickness of 0.5 mm, and phase matching wavelength
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is near 1 um. Finally, the beam is collimated and passes
through a polarized prism into the fiber interferometer.
Figure 4 shows the sampled interference curve after
locking ‘fast loop’.
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Figure 4 Interference curve after locking ‘fast loop’.

In Figure 5, curve A shows CEP drift of the amplified
pulses during 5 min when only locking the oscillator by
‘fast loop’, and curve B is the result after locking ‘slow
loop’. It is clear that the CEP is changing greatly in the
former state, while the rms error of CEP is only 53 mrad
in the latter. The system is able to lock for over 3 h.
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4 Conclusion
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