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ABSTRACT We report a feedback control scheme that mini-
mizes the energy fluctuations of high power femtosecond pulses
from a 1 kHz laser amplifier. The pulse energy variation in
the frequency bandwidth 0—500 Hz was obtained by a pho-
todiode and a low pass filter. The measured signal was fed
to a proportional-integral-derivative (differential) (PID) con-
troller that changed the amplitude of the high voltage pulses
applied to a Pockels cell. The variation of average power was
reduced from 1.33% RMS to 0.28% RMS, which improved the
carrier-envelope phase stability from 500 mrad to 200 mrad as
measured by two f-to-2 f interferometers. The long term stabil-
ity of the laser was kept to approximately 0.5% RMS.

PACS 42.60.Jf; 42.60.Lh; 42.60.By

1 Introduction

Recently the rapid development of the ultrafast
laser has drawn much attention in various areas because of
its ultrashort pulse duration, high peak intensity, and broad
spectra [1]. One important parameter for characterizing laser
performance is the pulse to pulse energy stability, which is im-
portant not only in nonlinear laser-atom interations [2], but
also in femtosecond laser micro/nano machining [3]. Of par-
ticular interest, with the advent of few-cycle pulse generation
is the effect of power stability on carrier-envelope (CE) phase
stabilization [4, 5]. In such a system, the few-cycle pulses are
generated from chirped pulse amplifiers (CPA) followed by
nonlinear pulse compression, and their CE phase is stabilized
by locking the CE offset frequency of the oscillator [6, 7] as
well as compensating the slow phase drift in the amplifier [8].
The latter was done by measuring the CE phase variation with
an f-to-2 f interferometer and by using the measured result as
a feedback control signal [9]. The stability of the CE phase re-
lies on the accuracy of the CE phase measurement, which is
sensitive to laser power fluctuations [2].

In the f-to-2f interferometer, the amplified laser pulses
are focused into a sapphire plate to form a single filament,
which broadens the pulse spectrum to cover an octave [10].
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The CE phase of the laser, ¢cg, affects the spectral interfer-
ence between the component in the pulse with wavelength
centered around 500 nm and the frequency doubled compon-
ent originally centered at 1000 nm of the white light emitted
by the filament. The total spectral phase retrieved from the
f-to-2 f interferogram can be expressed as

ey

where ¢wr(w) and @spg(w) are the spectral phase of the
500 nm pulse and the frequency doubled pulse respectively,
79 is the time delay between these two components, and §¢cg
is the CE phase change due to self-steepening [11]. In fact,
it is the total phase @(w) that is being stabilized. Except for
©cE, the other four terms of the total phase are influenced by
laser intensity fluctuations inside the interferometer [2, 12].
Therefore, it is clear that good laser power stability is re-
quired for stabilizing the CE phase through stabilizing the
total phase @(w).

P (w) = pwL(®) — gsuc(w) + wto + (¢ck + d¢cE) ,

2 Previous schemes

Under well-controlled environmental conditions
(temperature 20 °C 5 °C and relative humidity 50% £ 5%)
and after several hours of warming up, the laser energy fluc-
tuation of typical diode pumped kilohertz femtosecond laser
systems is 1.5% RMS [13]. The long term energy drift is also
close to this value [13]. Our amplifier is pumped by two
Nd:YLF lasers that are diode pumped (Evolution 30 from Co-
herent Inc). The power fluctuation of this kind of laser is also
on the order of 1%. Even when the amplifier is operated in the
near-saturation regime, the output power stability is not bet-
ter than the pump laser. Improving the power stability of the
pump laser using the feedback technique or other method may
improve the amplifier output stability. In a time scale of min-
utes to hours, the thermal drift of the seed beam and pump
pointing may affect their overlap in the gain medium. This ef-
fect can be reduced by improving the stability of the tempera-
ture and humidity of the air in the laser room. Previously, a sta-
bilization scheme making use of a photoconductive switch to
drive a Pockels cell discharge was introduced [14]. Although
the energy fluctuation was suppressed from 7% to 0.64%, 50%
of the total energy was lost during the stabilization process.
Moreover, since the added Pockels cell was located after the
amplifier, the high power pulses could cause nonlinear effects
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or even damage the device. For regenerative amplifiers, the
laser energy can be stabilized by controlling the gain satura-
tion conditions [15]. However, the pulse duration of the laser
systems that demonstrated this technique was 110 fs, which is
difficult to use for generating few-cycle pulses. We reported
a method to improve the laser power stability of multi-pass
amplifiers by using the Pockels cell located between the oscil-
lator and chirped pulse amplification (CPA) system. Itis easier
to produce shorter pulses from multi-pass amplifiers because
the dispersion and gain narrowing effect is much less as com-
pared to that of regenerative amplifiers.

3 Experimental setup

The new power locking scheme was tested with
the Kansas light source laser system as shown in Fig. 1 [16].
The laser pulses from a CE phase stabilized oscillator, with
a 77 MHz repetition rate(Femtolasers, Femtosource Scien-
tific), were selected by the Pockels cell to be stretched, am-
plified and compressed. These laser pulses are amplified in
a single stage multi-pass amplifier. The first seven passes have
high gain, but low efficiency. They pre-amplify the pulses
from the few nJ regime to a few pJ. The second seven passes
have low gain, but high efficiency, and complete the ampli-
fication to the mJ level. The final output after the compres-
sor is 2 mJ, with 30 fs pulse duration. The Pockels cell that
originally served as a pulse picker was also used as a power
modulator in this work. The in-loop powermeter (Newport
1935) using a Si photodiode as the power probe was posi-
tioned in the beam path of the zero order diffraction from
acompressor grating. There, the measured average power was
proportional to the total output laser power. The analog out-
put of the powermeter was the 1 kHz electronic pulse train
from the Si photodiode amplified by the built-in amplifiers
of the powermeter. The signal representing the fluctuation of
the laser pulse energy was extracted by an external low pass
analog filter applied after the powermeter. Then this signal is
sent to a proportional-integral-derivative (differential) (PID)

controller (SRS SIM960), which changed the high voltage
pulses applied to the Pockels cell to control its transmittance.
In order to reduce the noise originating from the pump lasers
and room light, a 800 nm narrow band pass filter with full
width half maximum 40 nm was placed in front of the power-
meter’s detector.

4 Result and discussion

The Pockels cell behaves like a voltage controlled
wave plate. Without power stabilization, the amplitude of
the 1kHz high voltage pulses applied to the Pockels cells
was constant, and usually was set at the half-wave voltage
Va2 &2 TkV, which generated a 1kHz laser pulse train. In
order to choose an appropriate working voltage range for the
Pockels cell to compensate the laser power fluctuation, the
relation between the voltage applied on the Pockels cell and
the laser output power after the compressor was measured,
as shown in Fig. 2. By comparing the transmission curve of
the Pockels cell in Fig. 2, it was concluded that the amplifier
worked in the saturation regime. Usually, operating an am-
plifier close to saturation maximized the output energy and
reduced the susceptibility to fluctuations of the pump and seed
pulses. In this scheme, to have enough range for feedback con-
trol, the Pockels cell was set to work around 5000 V, which
reduced the output power by 10%. Thus, the pulse to ampli-
fied spontaneous emission (ASE) ratio was changed only by
10%. Pre-pulses and post-pulses due to reflections scaled with
the main pulses. The pulse contrast was not affected much
by introducing the feedback. At this setting, 10% voltage ad-
justments could compensate for 3% laser power fluctuation.
Power spectral density measurement showed that the analog
signal of the in-loop powermeter contained fast jitter and slow
drift without power locking. By optimizing the PID controller
parameters and setting 500 Hz as the cutoff frequency of the
low pass filter, we suppressed the power noise below 40 Hz as
evidenced in Fig. 3. In the time domain, the power fluctuation
was 1.33% RMS without power locking, like most kilohertz
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FIGURE 3 The power spectral density of the analog signal coming out of
the powermeter. After locking the power, the low frequency (below 40 Hz)
noise was suppressed

Ti:sapphire CPA lasers. As shown in Fig. 4, the fluctuation of
the out-loop power dropped to 0.28% RMS when the feedback
control was turned on, which showed the effectiveness of this
scheme. To further prove the success of this method, long term
stability data were also measured by using the out-loop pow-
ermeter as shown in Fig. 5, which indicated the RMS power
fluctuation 0.3%.

During the power stabilization process, the voltage on
the Pockels cell changed from pulse to pulse. To produce
CE phase stabilized pulses, it was important that the voltage
change did not introduce significant CE phase variation be-
tween pulses. By applying the electric field, the ordinary index
of refraction ng of the crystal inside the Pockels cell in the
x and y directions was changed to n, =no+ An/2 and n, =
no— An/2. Here, An =njre3V/L, re3 ~23.3x 10712 m/V
for KD * P crystal, V was the voltage applied and L was
the crystal length. It was assumed that incident laser was po-

V2 2N e
Ei(t) = TEOi(t)(l‘l'J)e . 2)
where Ey; is the amplitude of electric field; i and f are the unit
vectors of x and y direction, respectively. At the exit of the

crystal, the field was

E.(1) = “/75 [2’E0i (; — i) o))

Ugx

+ JEo: (r— i) ei(“’(’vﬁy))} :

Vgy

3)

where v,, and vy, are the group velocities, and v,, and v,
are the phase velocities in the x and y directions respectively.
To simplify the analysis, it was assumed that vy, = vy, = v,
which can be justified by the fact that the dispersion in the two
directions was almost identical. In the moving frame ¢ = ¢ —
L /vg, the field can be expressed as

E.(t) = ?Eoi(t/)
[ze QL(ng— nJ\)_i_]el( L(ng— nV):I ” 4)
The field passing the second polarizer was
E(t) = %Eol‘ (1) [ H0s 70 et L0s ) | gior
— %Eol‘ (t') [efikOAnL/Z +eik0AnL/2] eia)t’+k0(ng7n0)
= Eoi (') sin(koAnL/2)e il +A¢ce] (5)

Therefore, when v, = v,y = vg, then the CE phase change,
Ag@cg, was the same in the x and y directions and was inde-
pendent of the voltage applied on the Pockels cell. When the
difference in vy, and v, was taken into account, the CE phase
changes in the two directions were the following:
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The CE phase difference in the two directions was the follow-
ing:

s LdAn
=7
$CE an
3 3 VA/Q \% dn()
== 22— (—27L
n (063 L )V)L/2<d)» d )
3)\.VA§0CE
(8)
2n0VA/2L

where Agcg was the CE phase shift without applying the volt-
age. For KD * P, Apce/L =2 /40 um. If AV/V, » < 10%,
S¢cg will change less than 10 mrad, which was much smaller
than 150 mrad, and was the typical RMS fluctuation of the sta-
bilized CE phase.

In order to investigate the effect of power stabilization on
the CE phase locking, besides the in-loop f-to-2 f interfer-
ometer used to control the grating separation in the stretcher
for the slow CE phase drift [8, 17], an out-loop f-to-2 f inter-
ferometer was used to check the phase stability. The in-loop
and out-loop CE phases were measured concurrently with and
without power locking. As shown in Fig. 4, without power
locking, the difference of the in-loop and out-loop standard
deviation was 309 mrad. After locking the power, their differ-
ence dropped dramatically to 9 mrad, which proved that the
reduction of the power fluctuation could significantly improve

identical, the CE phase measured by the two interferometers
had different power dependencies [2]. Quantitatively, the ef-
fect of power fluctuation on the CE phase measurement could
be determined by modulating the input power of the in-loop
f-to-2 f interferometer and measuring the CE phase from the
out-loop f-to-2 f interferometer with the power stabilized [4].
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FIGURE 5 The long term stability of the laser output measured by a ther-
mal powermeter
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5 Conclusion

In conclusion, it was demonstrated that the laser
power fluctuation could be reduced significantly from 1.33%
t0 0.28% RMS by feedback controlling the voltage applied on
the Pockels cell, which reduced the out-loop CE phase noise
from 500 mrad to 200 mrad RMS. This scheme utilized the
Pockels cell that is already in the CPA system, which did not
introduce extra optical material dispersion. The power loss
was less than 10%, which is much smaller than the previous
scheme (50%) [14]. Also the Pockels cell was located before
the power amplifier, which introduced a very small nonlinear
effect. Since strong laser field-atom interactions are intrinsi-
cally nonlinear, even for experiments without CE phase sta-
bilization, the power stabilization demonstrated here is also
useful. This work was supported by U.S. Department of En-
ergy and by the National Science Foundation.
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