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Design and application of a laser beam alignment system
based on the imaging properties of a multi-pass amplifier
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Image relaying is presented as a technique for aligning beams onto mm-sized target of high power laser. On
the basis of summarizing the preceeding work on the near-field image relaying of multiple spatial filters,
the far-filed image relaying is suggested firstly. The near-field and far-field image relaying properties of
multiple spatial filters in laser beams automatic alignment system are analyzed. A geometrical optics
approach and an ABCD ray matrix theory are used throughout. The reasonable and optimum scheme for
automatically aligning multi-pass beam paths is presented and demonstrated on the multi-pass amplifier
system of the SG-III prototype.
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The inertial confinement fusion facility is the largest
and most complex one of high power lasers, such as the
Nova laser, the National Ignition Facility, the GEKKO-
XII laser of Japan, the LMJ project of France, and the
SG-III facility of China. These lasers, propagating from
the master oscillator driver to the target, interact with
more than 100 near-field (NF) optical elements and pass
through several spatial filter pinholes over a distance
exceeding 100 m. To ensure the accuracy of these laser
systems, the beam automatic alignment system has been
installed on all of them. It has become an important and
absolute necessary part of this kind of laser.

It is well known that the multiple spatial filters can
sharply minimize nonlinear effects in high power laser
amplifiers[1,2], which is accomplished by employing both
the normal filtering properties and the imaging proper-
ties of a spatial filter. This phenomenon may be called as
NF image relaying. On basis of summarizing the preceed-
ing work on the NF image relaying of multiple spatial
filters, the far-field (FF) image relaying is suggested
firstly. The application of NF and FF image relaying
properties of multiple spatial filters in laser beam auto-
matic alignment system is analyzed. A geometrical op-
tics approach and an ABCD ray matrix theory are used
throughout. An automated, closed-loop, image relaying,

Fig. 1. Typical optical system for NF image relaying.

laser beam alignment system is described here. Its func-
tion is to sense beam alignment errors in the laser beam
system and automatically steer mirrors to maintain beam
alignment. A reasonable and optimized scheme for au-
tomatically aligning multi-pass beam paths is presented.
It is demonstrated experimently on the multi-pass am-
plifier system of the SG-III prototype[3].

A typical NF image relaying optical system is depicted
in Fig. 1, in which confocal lens pairs are used to meet
these imaging properties. The optical transfer matrix for
the kth pairs element of this system is
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where mk = (f2
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k ) is the magnification of the lens
pair. For a system requiring N lens pairs, the system
transfer matrix is

T NF
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tNF
k . (2)

In terms of geometrical optics, if

B = mkd1
k + (mk)−1d2

k − f1
k − f2

k = 0, (3)

the beam profile in the plane d1
k will be imaged on the

plane d1
k+1 with magnification mk. When Eq. (3) sat-

isfies all k, the beam will be repeatedly imaged or relayed
throughout the optical train[1,2,4,5].

Based on the research of NF image relaying, we find
that multiple spatial filters have properties of FF image
relaying as well. This means that the transverse intensity
profile in one spatial filter’s focal plane would be reim-
aged onto the next spatial filter’s focal plane. Figure 2
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Fig. 2. Typical optical system for FF image relaying.

depicts an optical system of FF image relaying in mul-
tiple spatial filters. We can obtain the optical transfer
matrix for the kth element of this system

tFF
k =

(
A B
C D

)

=
( −mk 0

(f1
kf2

k )−1dk − (f1
k )−1 − (f2
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)
, (4)

where mk = (f2
k )/(f1

k ) is the magnification of the lens
pair. For a system requiring N lens pairs, we get the
system transfer matrix

T FF
N =

N∏
k=1

tFF
k . (5)

Since B ≡ 0, the beam profile in the objective plane
will be imaged on the image plane with magnification
mk.

The objective of the beam automatic alignment sys-
tem is to sense an alignment error in a high power laser
system and automatically steer mirrors preceeding the
detection point in a closed-loop control system to return
the beam alignment to its reference location. Figure 3
is the close-loop of a typical beam automatic alignment
system. The alignment errors can be introduced by the
temperature changing, the mechanical frame’s distortion
of mirrors, the excursion of the oscillator’s output beam
or any other random factors. Thus it is needed to read-
just the beam paths before the new shot of the laser
facility[6−10].

The alignment errors include centering errors and
pointing errors of the beams. In terms of these errors,
the beams can be removed to the old location by adjust-
ing motorized mirrors. The beam path is adjusted from
head to foot until it reaches the target. The centering
and pointing errors can be detected by a NF imaging
detection system and a FF imaging detection system,
respectively. The NF and FF imaging detection systems
are established according the image relaying properties.

Fig. 3. Alignment closed-loop system.

Fig. 4. NF imaging detection system.

A single spatial filter, as shown in Fig. 4, is an ex-
ample for explaining applications of NF image relaying
in NF imaging detection system. The collimated beam
propagates from plane A to plane B. The plane A is an
objective plane, and plane B is the image plane of the
plane A and an observational plane as well, which is the
detection plane of a charge coupled device (CCD).

In terms of geometrical optics, using Eq. (1), the opti-
cal transfer matrix of this system from plane A to plane
B is(

A B
C D

)
=
(
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)
, (6)

where M = f2/f1 is the magnification of the lens pair.
Since plane B is the image of the plane A,
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+ f1 + f2 = 0. (7)

Thus (
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)
=
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)
. (8)

An arbitrary ray at plane A can be described as(
rA

θA

)
, where r is the beam position at the entrance

to the system, θ is the beam incident angle. Thus the
beam trace at plane B is(
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)
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)
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It is obvious that the beam position at plane B is linear
to that of plane A. The NF CCD can detect the beam
position at plane B. So centering errors can be obtained
from the NF imaging detection system in laser beam
automatic alignment system.

Figure 5 is a sketch of FF imaging detection system,
where the pinhole plane is imaged onto the plane B.
The detection plane of the FF CCD is the image plane
as well as plane B. The second lens focal length is f2.
In the same way for the NF imaging detection system, an

Fig. 5. FF imaging detection system.
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arbitrary ray trace of plane A can be depicted in plane
B as
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)
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It can be seen from that the beam position at plane
B is linear to the ray angle of plane A. Thus pointing
errors can be detected from the FF imaging detection
system in laser beams automatic alignment system also.

The cavity mirror (CM) is a key optical element of
multi-pass amplifiers in aligning high-power laser facil-
ity. When the beams pass back and forth several times
through a multi-pass amplifier, they must be reflected
by the same reflector (the cavity mirror). A four-pass
amplifier is shown in Fig. 6 as an example, in which
beams are reflected by the CM two times. So the CM
position is fixed, and if it is not accurate, the whole
beam paths cannot be correctly aligned, whatever other
reflector mirrors are adjusted.

Generally, four pinholes P1, P2, P3, and P4 have the
same size. In terms of the aforementioned FF image
relaying, the four-pass amplifier contains several pairs of
relay images. First, the CM images itself in the four-pass
beam path. Second, pinholes P1 and P2 are located in
the pinhole plane symmetrically; pinholes P3 and P4
form another pair of conjugate images as well. Third,
the pinhole plane and the CM plane are located at the
two focal planes of lens L, respectively.

To adjust the CM, a camera FF CCD of a FF imaging
detection system is set behind imaging lens. The center

Fig. 6. Alignment of the cavity mirror.

of pinhole P2 is set as the FF CCD detector reference.
The beam light passes through pinhole P2 and is focused
in the CCD photosensitive plane. At the same time,
this focal plane must be the conjugate imaging plane of
pinhole P2. Since pinholes P1 and P2 are conjugate and
have the same size, pinhole P1 image must be relayed
to the CCD photosensitive area of FF CCD. Thus the
CM can be adjusted conveniently. A negative lens OM
was inserted in front of pinhole P1 in order to make
the light illuminate it. It can be examined to determine
whether the image of pinhole P1 is located exactly inside
pinhole P2. Figure 7(a) shows that the image of pinhole
P1 was intercepted by the pinhole P2 while the CM was
not correctly aligned. But the motors on CM can be
driven to make the pinhole P1 image to move exactly on
the center of pinhole P2. Then there was a symmetric
and circular image on FF CCD, as shown in Fig. 7(b).
The results indicate that the cavity mirror was correctly
adjusted[11−13].

Figure 8 depicts an experimental system of the four-
pass amplifier in the SG-III prototype facility, which
has half a size of the prototype facility. Based on the
techniques and principles above mentioned, aimed at the
multi-pass beam paths on the SG-III prototype laser
facility, a unique scheme for automatically aligning the
multipass beams was conceived. The alignment process
includes 3 main steps. The cavity mirror is adjusted
first. Then the first-pass and the second-pass beams
are aligned. Finally, the third-pass and the fourth-pass
beams are corrected. The detailed methods are as fol-
lows.

Fig. 7. Images before (a) and after (b) adjusting the cavity
mirror.

Fig. 8. Alignment experimental system of the SG-III prototype facility.
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The methods above mentioned were used to adjust the
CM with the help of the FF CCD 12, which was set
behind back reverse mirror BM2. To align the first and
second passes, the NF CCD 12 was placed behind injec-
tion mirror IM1, and IM1 is located at the NF image
relayed plane. The NF and FF error information was
obtained through the imaging detection systems of NF
CCD 12 and FF CCD 12. Then a computer caused the
mirrors IM0 and IM1 to move to steer the injected beam
passing through the pinholes P1 and P2. For adjusting
the third and fourth passes, the NF CCD 34 imaging de-
tection system was set behind the reflector BM3, and the
NF image-relayed plane was set at the middle of mirrors
BM2 and BM3. The FF CCD 34 was located behind the
target mirror TM1, and its reference (objective plane)
was set at the pinhole plane of spatial filter-2. Thus the
mirrors BM2 and BM3 were adjusted so that the beam
could pass through the pinholes P3, P4 and the pinhole
of the spatial filter-2 accurately.

In the experiments, the beam adjustment of the four-
pass amplifier system can be accomplished in 20 minutes.
The precision of the NF adjustment was less than 0.5%
of the spot. The accuracy of the FF adjustment was 14.3
μrad. To verify the repeatability of the beam alignment,
the beam adjustment was repeated every half an hour.
The results were shown in Fig. 9. For these measure-
ments, the beam was just controlled to the same CCD
pixel address only 10 times. The triangle points are posi-
tions of the FF beam before alignment. The rectangular
points are positions of FF reference. The circular points
are result positions of the FF beam after alignment. In
experiments, the far field spot has a less than ideal in-
tensity profile with its details changing in time due to
gas motion in the propagation path or other factors.

Fig. 9. Experimental results of the FF beam alignment.

On the basis of summarizing the preceeding work on
the NF image relaying of multiple spatial filters, the FF
image relaying is suggested firstly. The application of
NF and FF image relaying properties of multiple spatial
filters in laser beam automatic alignment system is ana-
lyzed. A geometrical optics approach and an ABCD ray
matrix theory are used throughout. A reasonable and op-
timized scheme for automatically aligning the four-pass
amplifier is presented. It is demonstrated on the four-
pass amplifier experimental system of the SG-III proto-
type. The beam adjustment of the four-pass amplifier
system can be accomplished in 20 minutes. The pre-
cision of the NF adjustment was less than 0.5% of the
spot. The accuracy of the FF adjustment was 14.3 μrad.
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