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Study of active beam steering system with a simple method
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We develope a simple method to stabilize the beam during propagation. Combination of the self-developed
control module and the large diameter mirrors reconstruct the beam stabilization system, and some impor-
tant procedures are presented, such as calibration and average filter. The results show that the horizontal
pointing and vertical pointing are stabilized to within 8.43 and 7.59 µrad, and the beam horizontal position
and vertical position are stabilized to within 2.16 and 2.11 µm respectively. The regulating time is within
84 ms. Thus the method presented is effective for the current stabilization system applied in lithography
tools.
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Variations in laser beam pointing or position can be
a serious problem and maintaining a stable beam is a
crucial element in many laser-based applications, such
as medical treatment[1], industrial processing[2], writing
fiber Bragg gratings[3], interferometer measurements[4],
inertial confinement fusion[5], high-resolution radiogra-
phy using laser produced X-rays[6], optical tracking[7],
scanning beam interference lithography[8,9], high-power
laser[10], optical nonlinear index measurements[11], fiber
lasers[12], and so on. Actually, fluctuations of laser beam
position and pointing have existed along the large prop-
agation paths from the light source to the target plane
due to the thermal expansion and contraction of the op-
tical elements and even vibration of platform. Generally,
the beam stabilization is used to correct either the beam
pointing deviation or the beam position deviation[13−15].
If the pointing and position deviation are restrained si-
multaneously, a complicated control algorithm is required
due to the coupling between pointing and position[9,16].

For the existing stabilization setup, fast steering mir-
rors (FSMs) with the small diameter are adopted to
direct the beam, and commercial acquisition module for
example the National Instruments board to achieve the
signal from the sensors. Some systems require a sophisti-
cated procedure on the laser beam and cannot be applied
to long distance applications[17]. While nrad stabiliza-
tion over kilometers of distance has been achieved[18], key
components such as the phase modulator and beam recy-
cling cavity cannot be applied to the actual lithography
tools. In the earlier work, in order to perform the veri-
fying experiment, our group has also established a beam
stabilization system to correct the pointing and position
drifts simultaneously by using matrix algorithm[16].

However, in the actual lithography tools, because of
the long transmission path (∼20 m), and the large spot
size (∼1 inch diameter), and the instability of the point-
ing and position of ArF laser, the large diameter mirror
is required. Besides, for the sake of being integrated
with the whole lithography tools, self-developed control
system and simple algorithm are essential.

In this work, we adopt a laser diode (LD) as the light

source and the large diameter FSMs (φ75 mm) provided
by Fan group of the National University of Defense Tech-
nology (NUDT), and develop a data acquisition and con-
trol unit based on the TMS320F2812 chip to reconstruct
the beam stabilization system. Also, we propose a sim-
ple method for the stabilization system which can reduce
the standard deviation for beam position and pointing
further and show less regulating time because of more
directly controlling than that of the matrix algorithm.
As a result, the stabilization performance can satisfy the
requirements of the lithography tools, and the key com-
ponents and the modified method also can be installed
into the lithography tools directly.

The reconstructed beam stabilization is presented in
Fig. 1, which includes the laser source, the beam steer-
ing unit (BSU), the beam measurement unit (BMU),
and relay optical element. The laser source goes through
few relay optical elements to the FSM-1 and FSM-2 of
the BSU and then only 5% beam is directed into the
BMU that can measure the beam pointing and position
directly[16]. The FSMs have same performances includ-
ing angular range about +10 mrad and 5 µrad resolution,
and 10 µrad repeatability and 250 Hz closed-loop ampli-
tude bandwidth.

The layout of the experiment (Fig. 1) described in
this letter is the same as that used in Ref. [19], but it
occurs that proposing an optimal stabilization method as
a replacement of the matrix algorithm, which is running
in our self-developed control module as shown core board

 

Fig. 1. Test platform for beam stabilization.
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in Fig. 1. Besides, compared with the small diameter
mirror, the FSMs bearing the larger and heavier mirror
have slower response and worse accuracy. In order to
overcome these differences, and to improve the perfor-
mance of the steering system, we make better control
methods.

The control system for implementing beam stabiliza-
tion is illustrated in block diagram in Fig. 2. Position
sensitive detectors (PSDs) in the BMU sample the beam
pointing drifting and displacement deviation. PSDs pro-
cessing circuits and A/D conversion circuits digitize the
sensor signals and feed them to the controller. Algo-
rithms in the controller process the sensors data and gen-
erate commands to move the FSMs. Each FSM has two
axes, allowing us to independently control the four beam
stabilization errors.

It can be seen that the BMU can achieve the beam
pointing and position drifts which is just the right aim
for beam stabilization. Therefore, we can take a con-
sideration if the control process gets quicker and easier
through achieving the beam drifts directly than that of
using matrix algorithm. After the beam drifts measure-
ment and proportion conversion, we can obtain the con-
trol command for the BSU.

Figure 3 shows the beam correction fundamental prin-
ciple. If one defines the mirror rotating angle θ and the
distance H between the mirrors in Fig. 3, the beam
pointing change ∆θ and position displacement ∆x can
be given by

∆θ =
−2 · θ

Ff
, (1)

∆x =
−2 · θ · H

T
, (2)

where Ff and T are the beam pointing conversion pro-
portion and the beam position conversion proportion.
Note that the negative sign in Eqs. (1) and (2) occurs
because the drifts require the FSM angles are 180◦ out
of phase with the drifts. Combination of the proportion

 

 

Fig. 2. General structure of closed-loop system.

Fig. 3. Beam drifting correction.

relationship between BSU and BMU, we can achieve the
control signal directly and quickly.

When rotating the mirror to correct beam pointing,
there is an undesirable position displacement on the PSD
of measuring position. Therefore, we choose FSM-2
which is closer to the output plane for achieving beam
pointing correction to reduce the coupling.

Besides, Each FSM has two rotating axes to control
the vertical and horizontal beam independently. In fact,
there have existed coupling between two rotating axes
which has an influence on the system bandwidth. This
can prove that during the steering processing, coupling
will be convergence as regulative time increasing.

It is hard for the beam stabilization to achieve the pre-
cise distance H in the BSU, and the relationship between
the beam pointing and position and the output of PSDs
in the BMU mentioned in Eqs. (1) and (2). Then the
BSU and BMU can be considered into a black box so
that we can just care about the input and output re-
lationship of the box, where the input is rotating angle
of FSMs (θpointing, θposition) and the output is the sig-
nal of PSDs (xpointing, xposition). A calibration procedure
should be performed to get the relationship between in-
put and output.

Calibrating the pointing path begins by sending an an-
gle sequence command θpointing to steer the FSM-2. The
result xpointing presented in the pointing detector PSD
will be recorded so that we can recognize the pointing
linear relationship between rotating angle of FSM-2 and
the result in pointing detector. Thus, the slope F of the
linear relationship can be achieved by

F =
dxpointing

dθpointing
. (3)

Before calibrating position path, zeroing the two FSMs
is necessary. Now applying the same angle sequence com-
mand θposition steers the FSM-1 and FSM-2 simultane-
ously. Similarly, the result xposition presented in the po-
sition detector PSD will also be recorded. A linear re-
lationship similar to the pointing linear relationship can
be obtained, and the slope Γ is given by

Γ =
dxposition

dθposition
. (4)

The calibration process can incorporate filtering, for
example changing the angle sequence multiple times and
averaging the results. So far the stabilization can be car-
ried out.

For the current application, the white noise is the dom-
inant noise source in BMU, which has a main influence
on the beam stabilization performance due to the point-
ing and position measurements deviation. It is taken
into consideration that the simple algorithm is needed in
the self-developed control module during the stabiliza-
tion process. The average filter is adopted to reduce the
influence of the white noise on the data acquisition of the
beam pointing or position samples.

The expression or the model of average filtering is of-
ten analyzed to demonstrate how to decide the indexes,
such as sampling times and sampling period. The aver-
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age filtering can have an expression description

y(k) =
1

N
[x(k) + x(k − 1) + · · · + x(k − (N − 1))]

=
1

N

N−1∑

i=0

x(k − i), (5)

where y(k) and x(k) are output and input samples for the
filter, and N is the sampling times. After Z transform
of Eq. (5), the frequency expression of the filter can be
giuen by

H(jw) =
Y (jw)

X(jw)
=

1

N

sin(N
2 wT )

sin(1
2wT )

e−j N−1

2 wT. (6)

Then, the frequency response A(w) and the phase fre-
quency response ϕ(ω) related to N and T can be achieved
from Eq. (6)

A(w) =
1

N

sin(N
2 wT )

sin(1
2wT )

, (7)

ϕ(w) = −

N − 1

2
wT. (8)

It is obvious that the phase variation is linear with re-
gard to the sampling times N and the sampling period
T . Thus, there is no delay among the different frequency
signals. Figure 4 demonstrates the frequency response
A(ω) for the different frequencies.

Comparison of Figs. 4(a) and (b) indicates that the
low-pass bandwidth will decrease with increasing the
sampling times N . We adopt N=30 and T=0.001 s for
the stabilization system to restrain the white noise.

Here, we can apply the way mentioned in Eqs. (1) and
(2) to calculate rotating angle for the actuator of FSMs.
The detail feedback control procedure can be referred
to Fig. 5. Here ∆θ1, ∆θ2 are computed to produce the
rotating angle of FSM-1 and FSM-2 every time, xposition

is the beam real-time position, xpointing is the beam real-
time pointing, xreference1,2 are the position and pointing
required. According to the program of beam stabiliza-
tion in Fig. 5, a stable beam can be achieved. It can be
seen that the correct algorithm and the filter method are
simple and easy to implement. Combination of all the
procedures above and even PID algorithm for FSMs[20],
the whole stabilization process including filtering and
calculating rotating angle is easy and simple.

Whereas the beam path and mechanical vibrations of
optical devices can be reduced further by changes in
the applied setup, the noise in the light source cannot
and so determines the most magnitude of the deviation.

Fig. 4. Frequency response A(ω) (a) when N=8 and
T=0.001 s and (b) when N=16 and T=0.001 s.

 

 

 

Fig. 5. Process of beam stabilization.

Fig. 6. (a) Measured beam pointing called xpnt and ypnt re-
spectively, (b) measured beam position called xpos and ypos
respectively. Both are samples from the PSDs respectively.
(c) The power spectrum of beam pointing, (d) the power spec-
trum of beam position.

Table 1. Index of the Light Source

Mean Standard Deviation

Horizontal Pointing 1.42687 mrad 11.12 µrad

Vertical Pointing 0.26448 mrad 9.64 µrad

Horizontal Position −0.55952 mm 3.296 µm

Vertical position −0.598 mm 3.424 µm

Figure 6 shows that the beam pointing and position wan-
der in the horizontal and vertical direction over a 20 min
period and the frequency spectrum of those drifts by the
Welch average method without the external interference.

The spectrum shows that the beam drift appears to be
a low frequency noise with major frequency components
lower than 1 Hz. This indicates that the typical move-
ment the feedback system must respond to is the slow
drift of the light source. The standard deviations of the
beam pointing and position are presented in Table 1.

Hence, the stabilization method and process mentioned
can be applied to the beam stabilization system to reduce
the standard deviation and correct the beam pointing or
position.

We have achieved the beam stability of about 8.43 µrad
for the xpnt and 7.59 µrad for ypnt, and 2.16 µm for the
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xpos and 2.11 µm for the ypos (both 1σ) when the close-
loop control system only compensates for the light source
drifting, which shows that it is possible to use the feed-
back system to reduce the angular and position standard
deviations. To understand the performance by using the
method furthermore, it is necessary to plot the target
figure which is given by Fig. 7.

First of all, the beam pointing and position are cor-
rected to the center of the target from the closed to
center or the fringe of target, which is the fundamental
function for the stabilization system. It can be seen that
the beam pointing and position almost all are located in
the red circle for the threshold the stabilization processes
set up except for initial deviation. This indicates that
the modified system can satisfy the beam stabilization
requirements, such as accuracy and repetition.

Figure 8 shows the regulating times of correcting the
single error from the system mentioned in Ref. [19] to
the current system, where the two systems only have a
difference about the stabilization method. The regulat-
ing time can be shortened from 110 to 84 ms. Compared
with the results of the stabilization system in Ref. [19]
using the matrix algorithm achieving, the angular stan-
dard deviation can be reduced to 4.2 µrad, and the
position standard deviation can still keep the remained
station.

However, it is not enough to only correct the beam
error due to the light source drifting. One can insert a
plane or a wedge, and rotate the plane to simulate the
beam position drifts, and rotate the wedge to simulate
the beam pointing drifts during the beam stabilization.
Figure 9 shows the results the system can achieve for
implementing the extra disturbances.

Figures 9(a) and (b) illustrate the beam pointing stabi-
lization results from the PSDs directly where the obvious
glitches denote the introduction of the external interfer-
ence. Figures 9(c) and (d) illustrate the beam position

Fig. 7. (a) The beam pointing targeting; (b) the beam posi-
tion targeting.

Fig. 8. (a) Sensor result by using the matrix algorithm, and
sampling period T=11 ms; (b) sensor result by using the cur-
rent stabilization method, and sampling period T=28 ms.

Fig. 9. Stabilization results from the PSDs with the extra
disturbances.

stabilization results from the PSDs where the red rect-
angular denotes the introduction of the external inter-
ference. For the pointing errors, the system can correct
them quickly, while the delay appearing for the position
errors correction is concerned on the continuous intro-
duction of the position errors. In a word, the stabilization
system can also correct the beam drifts which come from
external disturbance of position and pointing.

In conclusion, the current beam stabilization system
for implementing the simple method can provide a better
performance than that of utilizing the matrix algorithm
obtaining under using the same hardware system. The
results shows that the system using the current method
can satisfy the requirements in lithography tools, such
as the pointing error less than 50 µrad, the position
error less than 0.5 mm, and regulating time less than
200 ms. Besides, the control program can also be sim-
plified greatly with the simple way. Thus the method
presented in this letter is effective for the current stabi-
lization system applied in lithography tools and the key
components that include BSU and BMU can be installed
into lithography tools directly.

This work was supported by the National Science and
Technology Major Project of China (No. 2011ZX02402)
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