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CMOS cameras allow robust active 
stabilization of laser beams
ANDY CORDES and ANDREW DAVIDSON

Active beam-stabilization systems can 
be powerful tools to enhance laser-
system performance. To fully stabilize 
a laser beam requires four-degree-of-
freedom control—both pointing and 
position for each transverse direction. 
The feedback signals needed to accom-
plish this control are typically derived 
from separate beam-position measure-
ments made at two points in the opti-
cal system. Three types of devices can 
be used for this position measurement: 
a position-sensitive detector (PSD), a 
quadrant detector (quad cell), or a 
multielement camera array. Each ap-
proach has its pros and cons.

In a PSD, current from a large-area 
photodiode passes through a resistive 
layer to one of four electrodes (see Fig. 
1). The resistive layer forms a two-
dimensional current divider such that 
the electrode closest to the illuminated 
spot receives the most photocurrent. 
The current difference between each 
half of the detector provides an indi-
cation of position in each direction.

A quad cell consists of four pho-
todiodes separated by gaps of a few 
micrometers. Provided the beam 
is sufficiently near the center, then, 

as with the PSD, the 
current difference 
between each half 
of the detector pro-
vides an indication 
of position in each 
direction. However, 
for the quad cell—as 
opposed to the PSD—

position depends on beam diameter.
A camera, with its many pixels, pro-

vides a full intensity profile; from this 
information the beam centroid can be 
calculated to give the position infor-
mation. The camera has the advantage 
that its image can be used for other 

beam-diagnostic purposes, making 
possible additional control or diag-
nostics in optical systems. It has the 
disadvantage that it requires a higher 
level of complexity due to the need 
for communication with the device, 
as well as data processing.

For all these devices, the outputs 
are summed to provide total power. 
The X-Y calculations are normalized 
by this power, resulting in a position 
measurement independent of power.

In a stabilization system, the speed 
of the control loop can be impor-
tant. If only thermal effects are being 
addressed, then all the devices have 

Accurate measurement of the position of 
a laser beam can be achieved in several 
ways, each with its strengths and 
weaknesses. A comparison of these has 
resulted in an active beam-stabilization 
system for alignment and steering 
control of a kilohertz ultrafast laser.

FIGURE 1. Devices for detecting the position of a laser beam include: a) a 
position-sensitive detector (PSD), b) a quadrant-cell detector (quad cell), and c) 
a CMOS camera. The X and Y beam position on both the PSD and quad cell 
can be calculated from the detectors’ current outputs iA, iB, iC, and iD. The beam 
position on the camera is determined by finding the beam’s centroid.
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adequate speed. If faster effects such as 
vibration are being addressed, then a 
PSD or quad cell would be required, as 
these devices can operate with analog 
bandwidths exceeding 100 kHz.

Comparison of  
detection architectures
To evaluate options for position detec-
tion for use in a stabilization system, 
we characterized the following compo-
nents in an experimental comparison: a 
PSD with a single 9 × 9 mm element; a 
quad cell with four 1.5 × 1.5 mm ele-
ments; and a CMOS camera with a 1280 
× 1024 array of 5.2 × 5.2 µm elements.

We measured stability in two dif-
ferent regimes. The first regime was 
designed to show the electrical noise 
limit for each component and reflect 
best-case performance as would be 
achieved in a perfectly stable environ-
ment. This was accomplished by look-
ing at short-term behavior so that noise 
from detection electronics would domi-
nate and thermal effects would be neg-
ligible. The second regime, intended 
to evaluate thermal drift, used a lon-
ger timescale and ambient temperature 
variation.

For both regimes, the source was 
light from a 635 nm laser diode emerg-
ing from a singlemode fiber and colli-
mated with highly stable hardware into 
a 0.44-mm-diameter beam. Effects of air 
currents were minimized by placing the 
position detector less than 2 cm from the 
collimating lens. Proximity of the posi-
tion detector to the source was critical 
as even 10 cm of beam path through the 
ambient air introduced easily measur-
able noise.

The data-collection period for the 
short-timescale-detection noise mea-
surements was 1 min; the individual 
data points were averaged for 1 s, a 
suitable filter for use in a stabilization 
system designed to eliminate ther-
mal drift. We operated the quad cell 
and PSD with an 18 µW beam at 100 
points/s, while the camera was oper-
ated with a 1 µW beam at 15 frames/s 

and an exposure time just fast enough 
to prevent saturation. All three detec-
tors measured the beam positions with 
excellent short-term noise of less than 
0.1 µm. The PSD had positional noise 
(σ) of 0.09 µm, the quad cell less noise 
with σ = 0.05 µm, and the camera even 
less noise with σ = 0.04 µm.

Data collection for the long-times-
cale thermal drift test occurred over 
approximately 10 hr, during which time 
temperature varied by about 2°C. We 
recorded both the measured beam posi-
tion and the temperature on the exterior 
of the component housing (see Fig. 2). 
The drift of the source is believed to be 
much less than that of the components 
under test, as the collimation hardware 
is intended for very high-stability appli-
cations. For the PSD, the drift had peak-
to-peak values of 1.8 µm/°C vertical 
and 4.5 µm/°C horizontal. The peak-
to-peak drift values for the quad cell 
were superior to those for the PSD, with 
1.6 µm/°C vertical and 0.75 µm/°C hor-
izontal. The camera showed interme-
diate results, with peak-to-peak values 
for drift of 3.0 µm/°C vertical and 0.5 
µm/°C horizontal.

Stabilization of an  
ultrafast system
The New Focus GuideStar active laser 
beam-stabilization system uses pico-
motor-actuated mirror mounts to cor-
rect for beam-steering drift and was 
introduced with PSD detectors.1 Pico-
motors are extremely stable when not 
actuated and can move in very small 
increments of about 30 nm at up to a 
2 kHz rate. They are therefore ideal at 
maintaining high-stability alignment 
with the ability to make precise adjust-
ments. Replacing the PSDs with cam-
eras in the stabilization system has a 
number of advantages. As well as mea-
suring beam position, the beam size, 
shape, and integrated intensity are all 
simultaneously measured. The cam-
era integration time of approximately 
100 ms allows use with low-repetition-
rate pulsed lasers and is well-matched 

FIGURE 2. Measured beam drift over 
several hours and temperature changes of 
about 2°C were compared for a) a PSD, b) 
a quad cell, and c) a camera (blue is vertical 
drift, purple is horizontal drift, and red is the 
temperature change).
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to the picomotor-actu-
ated mount response 
time. As a demonstra-
tion, the camera system 
was set up for alignment 
and steering control of 
a kilohertz-repetition-
rate ultrafast laser (see 
Fig. 3).

The 800 nm, 
1-W-average-power laser 
beam travels 3.5 m, pass-
ing through a 2:1 tele-
scope before reaching 
the final experimental 
setup. Two active mir-
ror mounts are posi-
tioned near the laser exit 
and after the telescope, 
and two beam-monitor 
cameras are positioned 
behind high-reflection 
mirrors with approxi-
mately 0.4 mW transmis-
sion both after the second 
mirror mount and just 
before the experiment.

The closed-loop sys-
tem is controlled and 
monitored by computer 
screens that allow full 
adjustment of the loop 
target and gain parame-
ters and show the beam 
profiles and position at 
each camera. The system stabilizes the 
laser’s spatial position and pointing and 
removes all multiple second drifts result-
ing from the laser system turning on or 
the ambient temperature changing with 
air-conditioning and room activity.

The X and Y position of the beam 
at camera #2 (equivalent to the beam 

position entering the experiment), were 
measured over a 2 hr period directly 
following laser-system turn-on in the 
morning on two successive days. The 
individual data points were measured 
at a rate of 0.1 Hz. The beam at camera 
#2 is fitted by a Gaussian with a beam-
waist diameter of approximately 4 mm. 

Data were recorded with no beam 
stabilization and with the closed-
loop stabilization turned on. The 
beam-stabilization system removes 
the roughly 600 µm of position 
drift, which with the 3.5 m beam 
path and 2:1 telescope is equivalent 
to about 100 µrad of pointing 
drift from the laser, seen with the 
nonstabilized system. System short-
term pointing noise with frequency 
higher than 1 Hz, induced by a 
combination of air turbulence 
and mechanical vibration, is not 
corrected by the stabilization 
system. Since the normal warmup 
time for this large system is 60 
min or more, we believe this active 
stabilization allows a significant 
improvement in useful capability.
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FIGURE 3. The layout (a) of an active 
ultrafast laser-beam stabilization 
demonstration includes two cameras; 
camera #2 detects the beam position 
at a plane equivalent to the entrance 
to the experiment. Beam position 
data at the experiment versus time 
were taken during warmup without 
stabilization (b) and during warmup 
with stabilization (c). Red traces are 
horizontal position and black traces 
are vertical position.


