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The beam pointing of a multi-terawatt laser is stabilized on a millisecond time scale using an active
control system. Two piezo mirrors, two position sensing detectors, and a computer based optimization
program ensure that both near- and far-field are stable, even during single shot operation. A standard
deviation for the distribution of laser shots of 2.6 μ rad is achieved. © 2011 American Institute of
Physics. [doi:10.1063/1.3556438]

I. INTRODUCTION

In recent years, high power lasers have made tremendous
progress and allowed scientists to access new and exciting
fields of research. The advent of the chirped pulse amplifi-
cation technique1 allowed relativistic intensities to be reached
even with compact laser systems. However, in order to fully
utilize the potential of available high-power lasers, some qual-
ity issues still need to be addressed. In particular, the stabil-
ity of laser parameters such as beam pointing, wavefront, and
pulse energy are crucial in order for these lasers and their ap-
plications to benefit a broader community of scientific users.
This paper addresses one of these issues, as the beam pointing
of a multi-terawatt (TW) laser is actively stabilized.

The production of laser pulses of multi-TW peak power
frequently causes the environment to become very noisy
(electronically and mechanically). This makes the project
particularly challenging in comparison with similar projects
on more conventional lasers. In addition, experiments us-
ing multi-TW lasers usually require single-shot operation.
Active beam pointing stabilization has been previously ad-
dressed for less powerful lasers, with high repetition rate,
e.g., a 1 kHz Ti:sapphire femtosecond laser.2 The principle
used then is similar to ours, but it cannot operate in single-
shot and only one piezo mirror was used, whereas in the
work presented here single-shot operation is possible and two
mirrors are used. More advanced schemes have also been
demonstrated,3, 4 but are not suitable to the present situation.
In Ref. 3, the pointing stability is controlled using neural net-
works and a feedforward algorithm. However, this cannot be
used in single-shot operation. On the other hand, the method
described in Ref. 4 can be used in a single-shot mode, but
since it is based on image rotation and sum-frequency gener-
ation it is not suitable for high power lasers.

The driving force for the present work was to improve
the feasibility of electron acceleration experiments, with laser
driven plasma waves in dielectric capillary tubes.5, 6 Laser
plasma wake fields can accelerate electrons to relativistic en-
ergies over a very short distance.7 However, in order to in-
crease the energy of the electrons to the GeV range and above,
the interaction length must be increased. With the help of

a)Electronic mail: claes-goran.wahlstrom@fysik.lth.se.

guiding structures, such as dielectric capillaries or plasma dis-
charge channels, diffraction effects can be circumvented and
plasma waves can be excited over several centimeters.5, 8 The
requirement of good laser beam pointing is crucial to achieve
good guiding in this kind of structure.9 Good pointing sta-
bility is particularly important when using dielectric capillary
tubes with inner diameter similar to the laser spot size to pre-
vent damaging the capillary opening. In addition, the stability
of the resulting electron beam depends on the pointing sta-
bility of the driving laser, among other parameters. Thus, in
order to reach a good electron beam stability, the pointing of
the driving laser beam must be controlled.

At the Lund Laser Centre, extensive work has been de-
voted to improve the pointing of its multi-TW laser. The first
step was to improve it passively. The laser beam path was cov-
ered as much as possible to avoid air turbulences. Mechanical
vibrations were also reduced. However, to further reduce re-
maining pointing instabilities, active control was necessary.
This paper presents the active stabilization system developed
at the Lund Laser Centre. The stabilization system was de-
signed for single shot operation. Thus, corrections need to be
made for both slow and fast effects that may have happened
since the previous shot, which may be seconds, minutes, or
even hours ago. The sources of pointing instabilities can be
divided into three different types: (1) thermal drifts (on the
time scale of minutes, hours), (2) air turbulence and slow me-
chanical vibrations (on the time scale of seconds, >10 ms),
and (3) mechanical vibrations (>10 Hz). According to the
Nyquist sampling theorem, in order to detect (and then cor-
rect) fluctuations with a given frequency, sampling has to be
made at at least twice the frequency. The first type is, thus,
very easily taken care of. Slow mirrors can be used to com-
pensate for such drifts. The active stabilization system needs
to be fast in order to correct for the two other types of fluc-
tuations. The goal of our beam stabilization system is to take
care of all of the first and the second type of instabilities and
part of the third.

II. SETUP

The basic setup for the active stabilization system con-
sists of two piezo mirrors and two position sensing detectors
(PSDs). Each PSD records the offset of the laser beam from
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FIG. 1. (Color online) Schematic view of the beam pointing stabilization system of the Lund Laser Centre multi-TW laser (details in the text). The inset shows
a side view of the injection point of the reference beam. The system works in the following way: two piezo mirrors are compensating for fluctuations in the
beam pointing, one controls the near-field and other the far-field. Right before a main laser pulse arrives, the mirrors are fixed while fast shutters close to protect
the detectors from the high power laser pulse. Once the laser pulse has passed the shutters open and the system starts regulating again.

the desired position and provides a voltage proportional to
this offset. A fast computer and a custom made program is
used to read the signals from the detector and to send appro-
priate voltages to the piezo mirror. For each mirror two sig-
nals are sent: one for corrections in the horizontal direction
and one for the vertical direction. In order to get the beam
axis right and not only the far-field position, one piezo mirror
regulates the near-field while the other one takes care of the
far-field.

A schematic view of the active control setup is given in
Fig. 1. The high-intensity Ti:sapphire based chirped pulse am-
plification laser system at the Lund Laser Centre delivers up
to 40 TW onto the target, with a FWHM pulse duration down
to 35 fs and a beam diameter before focusing of 50 mm. The
laser repetition rate is 10 Hz. Therefore, it is not possible to
use the laser beam itself as a reference, if we want to correct
for fluctuations faster than 5 Hz. Another reference beam is
necessary that follows the same path as the TW beam. For
this purpose we use part of the oscillator beam. This beam is
at 80 MHz, which on the time scale we want to correct for, can
be considered as continuous. A pulse picker takes ten pulses
per second from this oscillator beam to be amplified, but all
the remaining pulses can be used. This beam is injected into
the laser system, after the second amplification stage, and fol-
lows the same path as the main laser beam. Both beams are
going through a spatial filter, placed right after the injection
point, and the reference beam is aligned on an iris used for the
alignment of the main beam. This ensures that from this point
both beams are colinear.

The reference beam is apertured by an iris before
entering into the spatial filter, and the diameter of the focused
beam is significantly larger than the hole of the spatial filter.
Fluctuations in the pointing of the reference beam prior to
the filter are, therefore, not transmitted. As the spatial filter is
not diffraction limited for the main beam, fluctuations of the
main beam occurring before the spatial filter are transmitted.

The system compensates only for fluctuations experienced
by the main beam after the spatial filter. Before the spatial
filter, two slow piezo mirror systems using the 10 Hz beam
itself as a reference are used to compensate for slow drifts
and to keep the laser well aligned up to the spatial filter.
The reference beam has a polarization perpendicular to the
main beam polarization and the two beams can, therefore, be
combined using a polarizing cube, where the main laser beam
is transmitted and the reference beam is reflected (see inset in
Fig. 1). Later in the laser chain, before the third and final
amplification stage, a Pockels cell rotates the plane of
polarization of the amplified pulse, while most of the time,
between the laser shots, the reference beam is not affected.
Thus, both beams have the same polarization further on.

The two-dimensional PSDs used in this setup are duo-
lateral PSDs (from SiTek Electro Optics), which have four
terminals, two on the back side and two on the front side,
where the terminals on the back side are placed perpendicular
to the terminals on the front side. The photoelectric current,
generated by the incident light, flows through the device and
the relationship between the currents on the four terminals
gives the light spot position. Unlike quadrant sensors,
which require overlap in all quadrants, this kind of PSD
provides the position of any spot within the detector region,
independent of beam shape, size, and power distribution.
They have very good resolution and linearity. Their fast
response (400 kHz bandwidth) gives them an advantage over
CCD cameras.

Two different types of piezo mirrors are used in the
setup, as the beam has different size at the position of the
mirrors. The first mirror (a 1 inch optic) sits in a piezoelectric
mount (KC1-PZ from Thorlabs). The second mirror is a
4 inches optic and is mounted into a Piezo Tip/Tilt-Platform
(S-340 from Physik Instrumente). Each mirror mount must
be firmly mounted, or the movements of the piezo may drive
the mirror mount itself into resonance. This is especially
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important for the second mirror due to its large size and
weight. The limiting factor of the hardware is the resonance
frequency of the large piezo mirror, which is about 500 Hz.

The detectors need to record both the near- and far-field
positions of the reference beam without blocking the path for
the main pulse as it arrives. The first detector, for the near-
field, monitors the zeroth order reflection from the first grating
of the the laser pulse compressor, placed under vacuum. The
second detector monitors an image of the laser focal spot at
the final interaction point. The first PSD controls a piezo mir-
ror placed before the final stage of amplification. As this PSD
monitors the near-field, a two lens system is used to project
the transverse position of the full beam onto the PSD. The
first lens (2 m focal length) focuses the beam in order to make
the full beam small enough to fit on the PSD. The second lens
(5 cm focal length) is used to image the position of the beam
on the first lens onto the PSD. The second detector controls
the large piezo mirror placed after the pulse compressor. PSD
2 is placed in the image plane of a lens collecting the light af-
ter the interaction point and, therefore, monitors the far-field.
The lens is imaging the focal point onto the PSD with a mag-
nification of two in order to increase the sensitivity. In many
experiments using this kind of laser, the laser beam is focused
into a gas jet. Part of the reference beam can then be collected
after the focus point by a mirror and sent to the lens and the
PSD. As the center part of the laser beam is not collected, the
product of the interaction, e.g., an electron beam, can still pass
through. For other types of experiments, other arrangement to
image the focal spot of the reference beam might be needed.
For the results presented below, the focusing optics had a fo-
cal length of 47.5 cm and the imaging lens a focal length of
20 cm. One should notice that the two piezo-controlled mir-
rors are far apart from each other in order to uncouple their
actions.

In order for the active stabilization system to work
efficiently, it must be optimized for speed. A properly
adapted software must be use. We chose LABVIEW field-
programmable gate array (FPGA) for its reliability, deter-
minism, and parallelism. In addition, proportional-integral-
derivative (PID) controllers were implemented in the code,
which allows for faster corrections than simple proportional
controllers.10 The PID loop runs at a fast rate and corrections
were sent to the mirrors at 4 and 2 kHz for the small and
large piezo mirrors, respectively. These rates are higher than
the resonance frequencies of the mirrors and, thus, the output
signal is smoothened. In addition, in order to reduce the step-
like behavior of the output signal, the program interpolates
between the consecutive points of the output signal.

Filtering of the detector signal is also necessary to elim-
inate high frequency components above the resonance fre-
quencies of the piezo mirrors. If fed to the piezo mirrors, these
high frequency components drive the mirrors unstable, dis-
turbing the stabilization. However, filter always introduces a
time delay between the observed error and the correction. In
order to operate the stabilization system at a fast rate, this
delay must be minimized. This is done using low-pass finite
impulse response digital filters. Such filters produce much
shorter delays than conventional ones and have the advantage
of producing the same delay for all frequencies.11

–30 –20 –10 0 10 20 30 40

(a)

–10 0 10
(b) Time [ms]Time [ms]

20–20

FIG. 2. (a) Typical step responses of the system. The gray and black curves
are the signals recorded by the horizontal axis of the PSDs monitoring the far-
field and near-field, respectively. In (b) the timing of the fast shutter used to
protect the detectors is described. The black line shows the intensity recorded
by the PSD and the gray line is the voltage sent to the piezo mirror. The
dashed line corresponds to the time when the TW laser pulse arrives.

The time response of the system has been investigated
by recording the error signal from the PSDs inside the loop.
By frequency analysis of the open- and close-loop signals,
it is found that frequency components up to 150 Hz for the
near-field mirror and up to 100 Hz for the far-field mirror are
successfully attenuated by the feedback loop. The response
to set point changes was also investigated. A step of the or-
der of the pointing fluctuations (corresponding to 6.8 μrad for
the far-field and 900 μm for the near-field) was introduced in
the set point value as shown in Fig. 2(a). We observe that it
takes about 5 ms for the system to settle to the new set point
values in both the far-field and the near-field. These are ev-
idences that the system is able to act on a millisecond time
scale.

In order to avoid the PSD to be destroyed by the high
power laser shots, fast mechanical shutters (approximately
millisecond response time, VS14 from Uniblitz) are protect-
ing the PSDs when the main laser shots arrive. Each piezo
mirror is regulating until just before the shutter closes and
then holds the voltage, as described in Fig. 2(b). The delay
between the laser shot and the end of regulation is very short,
typically only a few ms, and the introduced error is, there-
fore, negligible. The timing between the shutter and the laser
is shown in Fig. 2(b), where it is seen that the piezo mirrors
are held at a fixed voltage 5 ms before the laser shot and the
shutter starts closing 4 ms before the shot.

Some fluctuations are too dominant to be efficiently com-
pensated for by the active control system. For example, the
cryogenic cooler produces short but intense burst of high fre-
quency vibrations that are difficult to handle because of their
high frequency. We instead circumvent these vibration bursts.
The cryogenic cooler is used to cool the crystal of the final
stage of amplification. A pump circulates helium to the crystal
at a rate of 1 Hz. During its operating cycle, when the piston
reaches its stop, it makes the optical table vibrate. Given that
the cycle consists of the piston going back and forth, there
are two stops, giving a repetition frequency of 2 Hz for these
bursts. After each shock, the optical table reacts and vibrates
for some hundred milliseconds while damping the waves, as

Downloaded 24 May 2012 to 130.235.184.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



033102-4 Genoud et al. Rev. Sci. Instrum. 82, 033102 (2011)

0 2.5

allowed pulses

recorded
vibration signal

gate signal for the 
main shutter of the 

calm zones, when 
shots can be delivered

10 Hz
high power 
laser pulses

time [s]

FIG. 3. (Color online) Filtering of the laser shots is necessary to avoid the
short but intense burst of high frequency vibrations produced by the cryo-
genic cooler. The main shutter of the laser delivers shots only when the vi-
brations are minimal.

illustrated in Fig. 3. The vibrations are recorded and a gate
signal is produced which allows the main shutter of the laser
to deliver shots only when the vibrations are minimal. The
calm period starts about 400 ms after the beginning of the
shock and lasts 100 ms. This allows a laser shot to be de-
livered during this calm period. The dominant fluctuations
are thus simply avoided. The control loop runs all the time
but it is not able to regulate well during the shocks. However
when the calm period starts, it has enough time to settle be-
fore the laser shot arrives. This mode of operation works well
for single shot operation or repetition rate below 2 Hz. This
is indeed the case for most types of ultrahigh intensity exper-
iments. Modifications will be necessary if 10 Hz operation is
required.

To summarize, the system works in the following way:
two piezo mirrors are regulating and compensating for fluc-
tuations in the beam pointing, one controls the near-field and
one the far-field. When a high power laser shot is requested,
the main shutter delivers a pulse during the calm time win-
dow of the cryogenic cooler. Right before the pulse comes,
the voltages to the mirrors are fixed while fast shutters close
to protect the detectors from the high power laser shot. Once
the laser pulse has passed, the shutters open and the mirrors
start regulating again.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to assess the quality of the beam stabilization,
signals recorded with the reference beam on the PSDs are not
enough, actual laser shots must be recorded. To do so, a beam
splitter was placed in the beam and the focal spot imaged by a
40 times microscope objective and recorded with a CCD cam-
era. Two hundred consecutive laser shots in the high power
configuration (the laser was attenuated, but everything else
was running in the full power experimental conditions) were
recorded with 3 s between each shot. The results are presented
in Fig. 4. In the panels on the left, each point represents one
laser shot. The origin (0,0) corresponds to the mean position
of all the points. The positions recorded by the CCD camera
are divided by the focal length of the laser focusing optics
used and the scales are, therefore, shown in μrad, which is
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FIG. 4. (Color online) Pointing of 200 consecutive laser shots recorded by
a microscope objective and a CCD camera. On the right side corresponding
distributions of deviations from the mean. In (a) and (b) no active stabilization
is used, in (c) and (d) the laser shots are gated in time in order to avoid firing
when intense vibrations are produced by the cryogenic cooler in the laser
amplifier. Finally, in (e) and (f), active stabilization is added with the help of
two piezo mirrors. The circle represents the deviation corresponding to one
standard deviation and its radius decreases for each step of the stabilization.

independent of the focusing optic used. In (a) no active stabi-
lization is used. The beam pointing is, however, already fairly
good thanks to all the work done on passive stabilization of
the laser system. (c) Shows laser shots recorded with the gat-
ing system, delivering shots only in the calm section of the vi-
bration cycle of the cryogenic cooler. (e) Presents shots with
both gating and piezo mirror stabilization active. Each step of
the stabilization shows an improvement in both the extremes
and the mean of the distances between the laser shots.

On the right-hand side in Fig. 4, the distribution of the
laser shots as function of their distance from the mean po-
sition is presented. This gives a better understanding of the
effect of each step of the stabilization. We see that the gating
of the shots already reduce the extreme points. The active sta-
bilization further reduces it and no laser shots are more than
7.3 μrad away from the center. If we calculate the standard
deviation of the distribution, we also observe a clear improve-
ment: 3.7 μrad for (a), 3.2 μrad in (c), and 2.6 μrad in (e),
which corresponds to an overall improvement of 30%. At the
beginning of this project, i.e., before passive stabilization, the
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FIG. 5. (Color online) Near-field position of the reference beam for 200 con-
secutive shots recorded by a CCD camera imaging the position of the beam
on the focusing optics. In (a) no active stabilization is used and in (b) the
active stabilization is added.

mean was 6.7 μrad. It shows the importance of doing pas-
sively what can be done first. It is interesting to compare the
obtained pointing fluctuations with the focal spot size. In the
experiments reported in Refs. 5 and 6, using a f = 1.5 m fo-
cusing mirror, the focal spot size was 40 μm (radius of the
first minimum of an Airy-like pattern). The mean of the re-
sulting pointing fluctuations with this focusing optics would
be 3.9 μm. The resulting pointing fluctuations, thus, corre-
spond to only 10% of the focal spot size.

When only the second piezo mirror is regulating, the
standard deviation is 2.8 μrad, which is similar to the value
obtained with two piezo mirrors. This is expected as the CCD
is monitoring the position of the beam in the focal plane, i.e.,
the far-field, and the second piezo mirror regulates only the
far-field. In this case, the laser beam is hitting the right point
in the focal plane but not necessarily along the correct axis.
The use of two mirrors improves the overall pointing stabil-
ity. This further shows that the use of two piezo mirrors in this
configuration does not produce any interference effect.

The stability of the near-field was also investigated. To do
so, a lens was placed after the focal spot to image the position
of the beam on the parabolic mirror onto the CCD camera. To
avoid problems with varying intensity profile, we assess the
near-field stability of the reference beam instead of the main
beam. Figure 5 shows the effect of the active stabilization on
the position of the reference beam on the focusing optics, i.e.,
the near-field. In (a) there is no stabilization active, whereas
in (b) the system is regulating. It is clearly observed that the
near-field position of the beam is well stabilized and that the
reference beam can be used to keep the main beam axis stable,
as its intensity profile is very stable.

Depending on the requirements of the experiment, one
might not need any active stabilization or one might want to
use only one mirror. When only far-field stability is needed.
For guiding experiments in capillaries, one mirror is enough
in order not to damage the entrance of the capillary and it was
used in this configuration in Refs. 5 and 6 with PSD 1 acting
as a far-field detector. With two mirrors it should be possible
to achieve even better guiding.9 In gas jet experiments for
electron acceleration, pointing stabilization is not crucial for
the generation of the electron beams. However, in order to
obtain an electron beam with good pointing stability, the laser
pointing stability of both the near- and far-field is important.
Experiments on solid target (for example, target normal

sheath acceleration on flat foils) might not require very high
pointing stability, however, for mass-limited targets one may
need fast active stabilization with at least one mirror.

IV. CONCLUSION AND OUTLOOK

A system that actively stabilizes both the near-field and
the far-field beams pointing of a multi-TW laser on the few
millisecond time scale is introduced. The work presented
above shows that a beam stabilization system can be im-
plemented on an existing TW laser system without modify-
ing its layout despite the high power laser pulses delivered
and the resulting noisy environment due to the production of
such pulses. Laser shots can be contained within a circle of
7.3 μrad radius with a standard deviation of 2.6 μrad. In ad-
dition, both the near- and far-field are stabilized. The results
on monomode guiding in dielectric capillaries presented in
Refs. 5 and 6 were possible thanks to this work. This opens
prospects for further experiments, where the beam pointing is
an important parameter.

Of course, this stabilization system can further be im-
proved. Sources of high frequency vibrations should be iso-
lated better from the laser system. The implementation of a
feed-forward loop could predict the position of the beam in
the gap between the shutter closing and the laser shot. When
designing a new laser system, issues related to beam pointing
can be taken into account from the start, making the imple-
mentation of such stabilization system much easier.

ACKNOWLEDGMENTS

The authors would like to acknowledge the fruitful
discussions and collaboration within Lund University with
L. Österman, B. Lundberg, B. Wittenmark, K. J. Åström,
A. Cervin, and L. Sörnmo. The authors acknowledge the
financial support from the Swedish Research Council and
the Knut and Alice Wallenberg Foundation. This research
was supported by the Marie Curie Early Stage Training Site
MAXLAS (Contract No. MEST-CT-2005-020356) within
the 6th European Community Framework Programme and
the NEST Activity under the FP6 Structuring the European
Research Area programme (project EuroLEAP, Contract No.
028514).

1D. Strickland and G. Mourou, Opt. Commun. 56, 219 (1985).
2T. Kanai, A. Suda, S. Bohman, M. Kaku, S. Yamaguchi, and K. Mi-
dorikawa, Appl. Phys. Lett. 92, 061106 (2008).

3F. Breitling, R. S. Weigel, M. C. Downer, and T. Tajima, Rev. Sci. Instrum.
172, 1339 (2001).

4Y. Wu, D. French, and I. Jovanovic, Opt. Lett. 35, 250 (2010).
5F. Wojda, K. Cassou, G. Genoud, M. Burza, Y. Glinec, O. Lundh,
A. Persson, G. Vieux, E. Brunetti, R. Shanks, D. Jaroszynski, N. E.
Andreev, C.-G. Wahlström, and B. Cros, Phys. Rev. E 80, 066403 (2009).

6N. E. Andreev, K. Cassou, F. Wojda, G. Genoud, M. Burza, O. Lundh,
A. Persson, B. Cros, V. E. Fortov, and C.-G. Wahlström, New J. Phys. 12,
045024 (2010).

7S. P. D. Mangles, C. D. Murphy, Z. Najmudin, A. G. R. Thomas,
J. L. Collier, A. E. Dangor, E. J. Divall, P. S. Foster, J. G. Gallacher,
C. J. Hooker, D. A. Jaroszynski, A. J. Langley, W. B. Mori, P. A.
Norreys, F. S. Tsung, R. Viskup, B. R. Walton, and K. Krushelnick,
Nature (London) 431, 535 (2004); C. G. R. Geddes, C. Toth, J. van
Tilborg, E. Esarey, C. B. Schroeder, D. Bruhwiler, C. Nieter, J. Cary, and

Downloaded 24 May 2012 to 130.235.184.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1016/0030-4018(85)90120-8
http://dx.doi.org/10.1063/1.2842414
http://dx.doi.org/10.1063/1.1334624
http://dx.doi.org/10.1364/OL.35.000250
http://dx.doi.org/10.1103/PhysRevE.80.066403
http://dx.doi.org/10.1088/1367-2630/12/4/045024
http://dx.doi.org/10.1038/nature02939


033102-6 Genoud et al. Rev. Sci. Instrum. 82, 033102 (2011)

W. P. Leemans, Nature (London) 431, 538 (2004); J. Faure, Y. Glinec,
A. Pukhov, S. Kiselev, S. Gordienko, E. Lefebvre, J.-P. Rousseau, F. Burgy,
and V. Malka, Nature (London) 431, 541 (2004).

8W. P. Leemans, B. Nagler, A. J. Gonsalves, C. Tóth, K. Nakamura, C. G. R.
Geddes, E. Esarey, C. B. Schroeder, and S. M. Hooker, Nat. Phys. 2, 696
(2006).

9M. Veysman, N. E. Andreev, K. Cassou, Y. Ayoul, G. Maynard, and
B. Cros, J. Opt. Soc. Am. B 27, 1400 (2010).

10K. J. Åström and R. M. Murray, Feedback Systems: An Introduction for Sci-
entists and Engineers (Princeton University Press, Princeton, NJ, 2008).

11S. K. Mitra and J. Kaiser, Handbook for Digital Signal Processing (Wiley,
New York, 1993).

Downloaded 24 May 2012 to 130.235.184.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/nature02900
http://dx.doi.org/10.1038/nature02963
http://dx.doi.org/10.1038/nphys418
http://dx.doi.org/10.1364/JOSAB.27.001400

