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We propose a new method for the development of multi-beam systems for the spatial alignment and stability of beams
based on the error separation technique. This method avoids alignment errors caused by coupling effect of piezoelectric
devices, inaccurate correction calculations, and detection mode of the angular deviation. According to the results by exter-
nal detectors, the error value of spatial alignment and the root mean square (RMS) of deviations under control during 1 h can
be equivalent to approximately 0.87 and 1.06 nm at the sample plane under an oil immersion lens (focal length f = 2mm). The
RMS of deviations is less than one-third of those currently reported for multi-beam systems; therefore, higher alignment
and stability accuracy can be achieved with our proposed method.
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1. Introduction

The interaction between the laser and the material is an effective
way to break the diffraction limit, both for super-resolution im-
aging and lithography. With the development of stimulated
emission depletion (STED)[1], resolution augmentation through
photo-induced deactivation (RAPID) lithography[2], two-color
photo-initiation/inhibition (2PII) lithography[3–5], and other
theories, multi-beam systems become the inevitable trend of
performance improvement. However, for these high-precision
optical systems, fluctuations in the pointing of the laser beams
significantly hinder further improvements in performance and
applications. Therefore, the spatial alignment and stability of
beams in multi-beam systems are critical for achieving the best
results.
The pointing of the laser beam fluctuates along the long

propagation paths from the light source to the target plane
because of thermal expansion, mechanical vibrations, and spa-
tial and temporal non-uniform nonlinear effects[6]. Tominimize
fluctuations, passive anti-drift is the conventional method that
uses an optical platform and temperature control system.
However, as the demand for precision of the system increases,
the cost and technical difficulty increase significantly, making
it difficult to meet the current requirements of multi-beam
systems.

Different methods have been proposed to enhance beam spa-
tial alignment and stability in various multi-beam systems.
Using an optical fiber is an effective method to reduce deviations
of laser beams[7] and can achieve spatial alignment by coupling
two beams into the same fiber[8]. However, the dispersion effect
of the optical fiber leads to pulse expansion of the femtosecond
laser source, and many optical modulations still require spa-
tial beams.
Therefore, it is highly meaningful to realize spatial alignment

and stability of spatial beams. Methods based on the spatial light
modulator (SLM) have been adapted to calibrate the central
position of two beams in STED systems with a precision of
4.3 ± 2.3 nm[9,10]. However, these methods with SLM present
difficulties in achieving real-time and high-precision stabiliza-
tion. A stabilization method based on closed-loop feedback pro-
vides higher precision and faster response speed[11–13]. This
approach utilizes information obtained through various detec-
tion technologies to determine appropriate corrections[14–16].
A standard deviation (STD) of approximately 1.5 μrad was
achieved using a compact stabilization system in 30 min[17,18],
which is equivalent to approximately 3 nm at the sample plane
with a focal length of 2 mm. With the further development of
multi-beam systems, higher requirements for system stability
are put forward. For example, minimal photon fluxes
(MINFLUXs) have attained a precision of 1 nm, resolving
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molecules only 6 nm apart[19], and 9 nm feature size and 52 nm
two-line resolution were achieved by three-dimensional optical
beam lithography[20].
In this study, to achieve beam spatial alignment and stability

automatically, we propose a new method that can be used for
spatial alignment and stability of beams in multi-beam systems.
The error separation technique that we previously proposed[21]

was used in this method, which has the ability to avoid align-
ment errors caused by the coupling effect of piezoelectric devi-
ces, inaccurate correction calculations, and detection mode of
angular deviation, compared with other previous calibration
techniques. The spatial alignment and stability system of the
double beams was built with a small size, and a pair of detectors
was used to adjust the spatial alignment of the two beams, which
can then exit with the same beam center and high stability. Thus,
a higher alignment and stability accuracy can be achieved for
further development of multi-beam systems.

2. Measurement and Alignment Principle

Figure 1(a) shows the optical system based on the error separa-
tion technique, which is described in the previous work, and the
results show that the system can achieve high-precision correc-
tion and fast response with a small system size. However, the
principles and advantages of this technique were not clearly ana-
lyzed in the previous work, which will be elaborated here.
The optical system consists of the control and detection units.

The control unit contains a pair of fast steering mirrors (FSMs)
to adjust the position and angular movements of the exit beam.
The detection unit contains two detectors: one is to detect the
positional deviation, and the other is to detect the angular
deviation placed behind the lens. Because the focusing charac-
teristic of the lens eliminates the influence of beam position
movement, the detector can only detect the change of beam
propagation angle.
This type of optical system is relatively simple, but its stability

accuracy is affected by the following factors. First, the errors are
caused by the coupling effect of piezoelectric devices, and an
FSM with a piezo driver offers the advantages of small system
dimensions, high accuracy, high bandwidth, and fast
response[22,23]. However, the nonlinearity, hysteresis, and creep
characteristics of piezoelectric actuators reduce the control

accuracy. For the dual FSM control system, the coupling of
errors will result in the failure to accurately calculate the error
source, thus further reducing the control accuracy.
Second, the errors are caused by inaccurate correction calcu-

lations. The system requires the distance between the centers of
the two FSMs when calculating the correction parameter values.
However, when the incident beam deviates from the center of
the first FSM, errors occur in the calculated correction values,
which make it difficult to reach the expectation, as shown in
Fig. 1(b). The black dotted line is the path of the beam under
ideal conditions, the blue dotted line is the incident beam with
both positional and angular beam deviations, and the red dotted
line is the control result of the FSMs based on the beam devia-
tions from detection units. It can be seen that there are errors in
the feedback control.
Third, errors are caused by the detection mode of the angular

deviation. The accuracy of angular detection is related to the
focal length of the lens: the longer the focal length, the higher
the accuracy. However, an increase in the optical path leads
to an increase in instability, which results in a decrease in the
detection accuracy. Therefore, it is difficult to improve the accu-
racy of the angle detection using ordinary lenses.
The optical structure was improved by considering the above

factors. A lens was added in front of detector1 to image the beam
at FSM2 to the test surface of detector1. By introducing the
object–image relationship, FSM1 and detector1 as well as
FSM2 and detector2 form closed-loop systems that effectively
reduce errors caused by the coupling effect of piezoelectric devi-
ces. However, it remains difficult to solve the second problem
mentioned above.
The error separation technique can solve all of the problems

mentioned above, and Fig. 1(c) shows the correction process
using a hollow retroreflector mirror (HRM). The HRM uses
three orthogonal surfaces to reflect light back to the source at
the same angle as the incident beam. Unless the incident and
reflected beams strike the center of the HRM, they will not over-
lap, but will instead be shifted with respect to each other, such
that they are symmetrical about the center point where the three
faces intersect. Therefore, the position of the reflected beam can
be changed by shifting the HRM position. D1 in Fig. 1(c) is the
distance from the beam center to the target location on the
detection surface, and D2 is the distance that the HRM needs
to move. The incident beam (blue dotted line) with positional
and angular beam deviations intersects the HRM at points A
and B, respectively. After reflection, it is incident to point C
on the detection plane. When the HRM moves by a distance
D2 [solid red line in Fig. 1(c)], the incident laser (red dotted line)
intersects the HRM at points D and E and is incident to point F
on the detection plane.
According to the geometric relationship shown in Fig. 1(c),

the following equations can be obtained:

D1 = L3 · cos�α�, (1)

L3 = �L1 − L2� · cos�2α�, (2)

Fig. 1. (a) Optical system based on error separation technique, (b) error analy-
sis of improved calibration optical system, and (c) error analysis of optical
system based on error separation technique. FSM, fast steering mirror;
HRM, hollow retroreflector mirror; BS, beam splitter; L, lens.
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where L3 is the distance from point F to the BC segment, and the
point of intersection is I. α is the angle between the incident
beam and the horizontal line, L1 is the distance between points
A and B, L2 is the distance between points D and E, and L is the
distance between point D and the center point where the three
faces intersect. L1 and L2 are calculated using the following
equations:

L1 = fL� �p2D2=2��1� tan�π=4 − α��g= cos�π=4� α�, (3)

L2 = L= cos�π=4� α�: (4)

By substituting Eqs. (3) and (4) into Eq. (2), the simplification
is as follows:

L3 = �2D2�= cos α: (5)

By substituting Eq. (5) into Eq. (1), we obtain

D1 = 2D2: �6�
According to Eq. (6), the distance the HRM moves is always

half of the deviation value detected by the detector when the
incident beam has positional and angular beam deviations.
Thus, after correcting the HRM, the beam can be accurately inci-
dent into the center of FSM2, and FSM2 can correct the angular
deviation with high precision. What is more, a single lens is
replaced by a group of lenses in the system, which improves
the accuracy of angular deviation detection. Therefore, this opti-
cal system can solve the three problems.

3. System Configuration and Alignment Principle

According to the principle introduced, the method for spatial
alignment and stability of beams in a multi-beam system is pre-
sented in Fig. 2.
It consists of two modules for the stabilization of beams of

different wavelengths, and the detection part of one module
can detect different wavelengths at the same time to ensure
the coincidence of the intensity centers of the two beams.
Figure 2(a) shows the schematic of the double beams stabiliza-
tion system, and Fig. 2(b) shows the experimental setup.
Wavelengths of 780 and 532 nm were used in the system, which
is consistent with that used in super-resolution imaging or
super-resolution lithography.
The first laser beam (λ = 780 nm, continuous wave) passes

through the mirror, FSM (Thorlabs-POLARIS-K1S2P, angular
resolution is ∼0.5 μrad for 0.1 V), HRM (Thorlabs-HRR201-
P01), beam splitter (BS1, T :R = 90:10 and BS3, T :R = 50:50),
and then enters the next part of the light path. The laser energy
enters the detection part at 10% to monitor the positional and
angular deviations in real time. The stabilization setup consists
of two units: the beam position correction unit (BPCU) and
beam angle correction unit (BACU). They work independently
to avoid errors caused by the coupling effect of the piezoelectric
devices. The second laser beam (λ = 532 nm, continuous wave)
passes through the same optical elements as the first laser.

Finally, the two beams exit with the same beam center and high
stability.
When the system operates, the first laser beam is turned on,

and position sensitive detectors, PSD3 and PSD4 (Thorlabs-
PDQ80A, the resolution is approximately 0.17 μmand the band-
width is 150 kHz), are used for position and angle detection. The
PSD is used as a detector, which has the unique characteristic of
being able to accurately monitor the displacement of the inci-
dent beam and provides positional information of any spot
within the detector region independent of the beam shape, size,
or power distribution. HRM1 and HRM2 are set on substrates
that are connected to two piezo stages (Thorlabs-NF15AP25/
M, piezo resolution is 0.76 nm, and response is 1 ms) and
can thus move along the x and z directions, which correspond
to the x–y plane of the incident plane. Then, by controlling
HRM1 and FSM1, the beam center position and propagation
angle are moved to stable positions that are the same as those
of the second laser beam. In addition, the positional information
of the beams on PSD1 and PSD2 (Thorlabs-PDP90A, the reso-
lution is 0.75 μm, and the bandwidth is 15 kHz) is recorded as
the stable parameters of the first laser beam. Subsequently, a fil-
ter is placed between BS3 and BS4 to block the first laser, and thus
only the second laser beam can pass through. Finally, the second
laser beam is turned on; PSD3 and PSD4 can only detect the sec-
ond laser beam at this time, and the second laser beam is stabi-
lized at the same position. Through these operations, the two
beams can exit with the same beam center and high stability.
The fluctuations can be classified into positional �x, y� and

angular �α, β� beam deviations, and a single variable is moved
back and forth to compare the designed movement with the
actual movement and verify the validity of the parameters
and the algorithm. The positional movement ranges from 0 to
�5 μm, �5 to −5 μm, and finally back to 0 μm. The angular
movement ranges from 0 to�5 μrad,�5 to −5 μrad, and finally
back to 0 μrad. Figure 3 shows the results of the single-direction
decoupled control experiments. Figures 3(a)–3(d) show the
results for the first laser beam and Figs. 3(e)–3(h) for the second
laser beam.
Based on these results, we can reach the following conclu-

sions. First, the actual movement coincides well with the

Fig. 2. (a) Schematic of the spatial alignment and stability of multi-beam opti-
cal system: M, mirror; TS, translation stage; PSD, position sensitive detector.
(b) Experimental setup of the optical system.
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designed movement, which indicates the validity of the param-
eters and algorithm. Second, when one variable changes, the
other three variables only change randomly and have nothing to
do with the movement of this variable. This means that the sys-
tem can achieve the regulation of a single variable that avoids
errors caused by the coupling effect of piezoelectric devices.
Third, the angular deviations of the laser beam are relatively
large, which influences the accuracy of the angular correction.
However, during the control process, the angular deviations
become very small. Finally, the resolution of the detectors used
for the first laser beam was smaller than that used for the second
laser beam. High-precision detectors were chosen as common
detectors to ensure that the two beams were centered, and detec-
tors of a large range were chosen for the first laser beam to
increase the adaptability and better align the centers of the
two beams.

4. Experimental and Discussion

A scheme based on Fig. 2 was set up in our laboratory to evaluate
the performance of the spatial alignment and stability of the

multi-beam system. Vortex and solid distributions of the laser
beams were selected to observe the coincidence of the beam cen-
ters. A CCD (MER-630-60U3C-L) and a lens (f = 100mm)
were used to image the two beams, and the spatial alignment
was observed in the image results. To further demonstrate the
performance of the system, another detector was placed approx-
imately 30 cm from the system to detect the emitted laser beams,
as shown in Fig. 4(a).
To better align the centers of the two beams, the position and

pointing of the first beam were adjusted through changing the
locked positional and angular values. Initially, the positions of
the two laser beams were detected, and then the second laser
beam was blocked (black arrow), as shown in Fig. 4(b), where
the positions of the first laser beam had nearly the same x
and y values, indicating that the centers of the two beams over-
lapped well. The average values of deviations along the x direc-
tion were −0.32 and −0.23 μm before and after the second laser
beam was blocked, respectively. The relevant average values of
deviations along the y direction were 0.30 and 0.43 μm.
Therefore, the average errors of center positions along the x
and y directions were 0.09 and 0.13 μm, which were equivalent
to 0.60 and 0.87 nm at the sample plane under an oil immersion
lens (f = 2mm) because the distance between the detector and
system was 30 cm.
To test the ability to avoid the errors caused by inaccurate cor-

rection calculations and the stability of the system, an active
angular disturbance source was added to the first laser beam,
as shown in Fig. 5. The detector placed approximately 30 cm
from the system showed the results of beam deviation without
feedback control [Fig. 5(a)]. The peak-to-valley (PV) value is
approximately 30 μm, and the PV value becomes smaller than
1.5 μm with feedback control, as shown in Fig. 5(b).
Figures 6 and 7 show the positional and angular deviations of

the first laser beam and the second laser beam, respectively,
detected by internal detectors over 1 h with feedback control.
The stability of the beam was measured by the STD value, which
evaluated the fluctuation of beam drift over much of the time.
The deviations along the x and y directions of the first laser beam
were, respectively, taken as the abscissa and ordinate of Fig. 6(a),
which recorded the position changes of the spot center. The
sampling rate of the system was 10 Hz, and the STD values of
the deviations were 0.07 and 0.08 μm, respectively. There were
intervals between the recording points, which corresponded to
the resolution of detectors. We believed the random fluctuations

Fig. 4. (a) Photography of the test setup and (b) positional deviations of emit-
ted laser beams detected by external detection. AVG, average.

Fig. 3. Single-direction decoupled control results along (a) x, (b) y, (c) α, and
(d) β directions of the first laser beam and (e) x, (f) y, (g) α, and (h) β directions
of the second laser beam.
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in the results mainly come from the detector’s electrical noise.
This means that the system control has achieved almost the
highest possible accuracy. Figures 6(b) and 6(c) show the varia-
tion of the deviations in the x and y directions presented in
Fig. 6(a) over time. Despite the obvious random fluctuations,
the center remained at essentially the same position. The instan-
taneous disturbance was found at approximately 0.2 h, and the
system could be instantly stabilized, as shown in the figure,
which indicates the quick response capability of the system.
The deviations in the α and β directions of the first laser beam

were taken as the abscissa and ordinate in Fig. 7(d), respectively,
recording the angular changes of the spot center over 1 h. The
STD values were 0.26 and 0.32 μrad, respectively, which would
cause an error of approximately 0.5 nm at the focal point with an
oil immersion lens (f = 2mm). Figures 6(e) and 6(f) show the
deviations in the α and β directions simultaneously, as shown
in Fig. 6(d). The results showed that the random fluctuations
along the angular deviations were larger than those along the
positional deviations, which might have been caused by the
longer optical path of the angular detection part.
As for the second laser beam, the STD values were 0.03 and

0.04 μm for the positional deviations and 0.65 and 0.57 μrad for
the angular deviations, as shown in Figs. 7(a)–7(f). The detection
results were the same as those obtained for the first laser beam.

Thus, the error separation technique has advantages for the spa-
tial alignment and stability of beams inmulti-beam systems, and
the two beams can exit with the same beam center and high sta-
bility. With smaller resolution and lower noise of detectors, the
spatial alignment and stability of multi-beam optical systems
will achieve better performance.
Figure 8 shows the deviations of the incident beams and exit

beams over 1 h with feedback control. Two PSDs were placed
before our setup to directly detect the deviations before the
beams entered the system. The X- and Y-axes drifts of the first
laser beam and the second laser beam were over 20 μm, 10 μm
and 30 μm, 20 μm, respectively. The laser beams passed through
the system of spatial alignment and stability of beams, and a
commercial optical beam profiler (DataRay, model: BC2-HR)
was placed at the exit to verify the control results. The positional
deviations of emitted beams are shown in Fig. 8(c), the sampling
rate was 1 Hz, the X- and Y-axes drifts became less than 2 μm,
and RMSs were 0.57 and 0.35 μm for x and y directions during
1 h, respectively.
For high-precision optical systems using an objective, angular

deviations will have a more serious impact. A lens (f = 0.30m)

Fig. 5. Under-active disturbance: the results of the external detector (a) with-
out and (b) with feedback for the first laser beam.

Fig. 6. Display of positional and angular deviations of the first laser beam
(780 nm) over 1 h with feedback control. (a) Translational deviations,
(b) and (c) deviations along the x and y directions over time, respectively,
(d) angular deviations, and (e) and (f) deviations along the α and β directions
over time, respectively.

Fig. 7. Display of positional and angular deviations of the second laser beam
(532 nm) over 1 h with feedback control. (a) Translational deviations, (b) and
(c) deviations along the x and y directions over time, respectively, (d) angular
deviations, and (e) and (f) deviations along the α and β directions over time,
respectively.

Fig. 8. Deviations of incident laser beams: (a) the first laser beam, (b) the
second laser beam, and (c) positional and (d) angular (f = 0.3 m) deviations
of exit beams under control with an optical beam profiler.
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was used with a commercial optical beam profiler to detect the
angular deviations of the exit beams. The results of the angular
deviations are shown in Fig. 8(d), where the sampling rate was
1 Hz. The X- and Y-axes drifts became less than 0.6 μm, and the
RMSs were 0.16 and 0.09 μm for x and y directions over 1 h,
respectively. The experimental results showed that the PV values
of angular deviations were less than 2 μrad, and the RMSs were
approximately 0.53 and 0.30 μrad for the α and β directions,
respectively, which were equivalent to approximately 1.06 and
0.60 nm at the sample plane under an oil immersion lens
(f = 2mm). The deviations were less than one-third of those
currently reported in multi-beam systems in Refs. [17,18].

5. Conclusions

In conclusion, a new method for spatial alignment and stability
of beams in amulti-beam system is presented. Compared to pre-
vious studies, the error separation technique has the advantage
of avoiding alignment errors caused by the coupling effect of pie-
zoelectric devices, inaccurate correction calculation, and detec-
tion mode of angular deviation. The spatial alignment and
stability of the multi-beam optical system was built with a small
size, and the experiments proved that the centers of the two
beams overlapped. The average errors of center positions along
the x and y directions were 0.09 and 0.13 μm, which were equiv-
alent to 0.60 and 0.87 nm at the sample plane under an oil
immersion lens (f = 2mm). The results of internal detectors
show that the STD values of the deviations are 0.07 μm,
0.08 μm, 0.26 μrad, and 0.32 μrad for the first laser beam and
0.03 μm, 0.04 μm, 0.65 μrad, and 0.57 μrad for the second laser
beamwith feedback control. A commercial optical beam profiler
was placed at the exit of the system to detect the deviations of the
emitted beams, where the positional deviations of exit beams
became less than 2 μm, and the RMSs were 0.57 and 0.35 μm
for the x and y directions over 1 h, respectively. The angular
deviations became less than 2 μrad, and the RMSs were 0.53
and 0.30 μrad for the α and β directions over 1 h, respectively,
which were equivalent to approximately 1.06 and 0.60 nm at the
sample plane under an oil immersion lens (f = 2mm). The devi-
ations are less than one-third of those currently reported in the
relevant literature onmulti-beam systems. Althoughmany other
factors will affect the precision, such as the temperature fluc-
tuation and external vibration, the results show that the PV val-
ues of deviations are close to the resolution of PSDs, which
means our system has achieved almost the highest possible accu-
racy. Thus, with our method, higher alignment and stability
accuracy can be achieved to meet the requirement for further
development of multi-beam systems, especially those involving
high-precision optical systems.
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