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The model of a beam propagating in a high power laser system is built based on relay imaging. The
displacement sensitivity of the lens to beam positioning error is obtained using this model, which is then
compared with the traditional method. Two real systems, the pre—amplifier and four—pass amplifier in
SGII-U, are presented to further discuss the differences between the two methods. The limitation and
application range are summarized in the end. The findings can be used to provide guidance in similar

systems.

OCIS codes: 140.3280, 140.3425, 220.1140, 080.3620.

doi: 10.3788/COL201210.091401.

The high power laser system for inertial confinement
fusion (ICF) is a precise, large facility with numerous
components, the most important of which are the confo-
cal lens pairs in the spatial filters (SFs). Relay imaging
achieved with the confocal lens pairs is a distinctive
and significative property in high power laser systems.
In Refs. [1,2], relay imaging in the nearfield permits
near—uniform filling of amplifier apertures, while keep-
ing whole beam self-focusing and diffraction effects in
check. In Ref. [3], the references used for beam auto-
alignment are provided through relay imaging in the
nearfield and the farfield.

As a beam traverses the numerous components of a
high power laser system, inherent but undesirable devia-
tions caused by structural excitation, thermal excitation,
and so on, can develop and increase inevitably. The
deviations are represented by beam positioning errors in
the farfield?®! and increase with relay imaging. Relay
imaging in the farfield can also be used to analyze beam
stability in a high power laser system, but no theoretical
analysis has yet to be reported. This letter builds the
beam propagation model of several sequential lens pairs,
and provides an analysis method of beam stability in a
high power laser system based on relay imaging.

A relay imaging system consists of several imaging
units IUs. The in-out model of the kth IU (IUy) is de-
picted in Fig. 1. A beam passes through the previous
components and focuses on a spot in the farfield, where
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Fig. 1. kth IU (IUy) in high power laser systems.
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it inputs to IU; with (rk,l,Gk,l)/. Then, it traverses
two lenses that drifts from their designed positions with
Az 1 and Axy o respectively, and outputs with (rk,ﬁk)/
on the image plane where the spot is relayed. To take
structural drifts into account, an augmented matrix in
Eq. (2) is used to build the beam propagation model of
misaligned optical system!*®!. According to Ref. [5], the
relationship between (rk,l,Gk,l)/ and (rg, O )/ is given
by
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where tj is the optical transfer matrix, my is the mag-
nification index, and 7, and 6y are the output positioning
and pointing error, respectively. The relationship of in—
out positioning errors IUy, is given by

rp = (—mgri—1+Bibk—1) + (Axg2 + mpAxg1). (6)

In terms of geometrical optics, the object in the plane
dy,1 is imaged on the plane dj 2 with magnification index
my if

d
B, = —mpdi,1 — k2 + fe1 tfi2=0. (7)
Mg
Given that Eq. (7) is satisfied for all k, the object is

repeatedly reimaged or relayed throughout the optical
train. When

det = frn _
{ dk,2 :fk,Q = By =0, (8)
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Eq. (6) becomes
re = —MEre—1 + (A,T]ﬁz + mch«T/c,l) . (9)

It shows explicitly how the magnification of the IU,
my, amplifies the positioning error of input beam rg_;
to the output beam ry.

When Eq. (7) is satisfied for all k, the optical sys-
tem can be regarded as a combination of sequential IUy,
where k=1, 2,7-, N. The positioning error on the Nth
image plane can be obtained by iterating Eq. (9), shown
as

N
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where qq is the scale factor of system for input beam po-
sitioning error 7o, and g1 and gi2 are the sensitivities
of displacement for the first and second lens in the IUy,
respectively.

For the purpose of comparison, the empirical formula
of sensitivity analysis is described in Eq. (12). This is
typically used to analyze the beam stability of the ICF
system[®7]. The relationship between the positioning er-
ror on target (rrar ;) and the movement of lens (Ax;) is
given by
TTar,i = nA'r’L (fTar/fi)y (12)

where n is the number of times that the beam passes
through the optical components, and fr., and f; are the
focal lengths of target lens Lr,, and the ith lens L;, re-

spectively. The displacement sensitivity of L; is given
by
w; = n e (13)
fi

Given that the final lens along the beam path is the
target lens Loy, (i.e. fv2 = frar), Eq. (11) can be re-

vised as
_ frar [ N51 fiz2
Qi1 = I ——
Jea \ =k fiia

N—1 f '
Qk = fTar 1—[ f],2
Tr2 \ =k fiv1a
The difference between Eqs. (13) and (14) in a single
pass system (where n=1) is simply due to the sequential

products in brackets in Eq. (14). From Egs. (13) and
(14), we get

(14)

= W) H fJ7

[ (n=1,1={1,2}), (15)

where the subscript of ¢ in Eq. (13) is replaced by k, [ to
develop a uniform format.

The focal length ratio, i.e., the magnification of SFy
(shown in Fig. 1), is given by

M1 = f]};:;’l, (16)
then Eq. (15) becomes
N1
Gkl = Wk, Jl;[k Mt (17)

It indicates that Eqs. (11) and (13) are congruent in a se-
quential 4 f-type SF system, in which the magnifications
are equal to 1. However, the focal length of lenses in the
SFs are usually not equal but designed to be different
for the purpose of controlling the location of an image in
the high power laser system.

To further illustrate the differences between Egs. (11)
and (13), the pre—amplifier (Fig. 2) and the four—pass
amplifier (Fig. 3) in the high power laser system are dis-
cussed. The pre—amplifier consists of four SFs, namely,
SFl to SF4 (Flg 2)

The parameters of the lenses in the pre—amplifier sys-
tem are listed in Table 1. Based on Egs. (11) and (13),
their sensitivities resulting from both methods are also
provided in Table 1 and further illustrated in Fig. 4.

Figure 4 indicates the different results of sensitivity
analysis from the relay imaging method and the tradi-
tional one. The following information can be gathered:

e there are large differences in sensitivity values be-
tween the two methods;

e the sensitivities calculated by the traditional method
are much higher;

e and the relative values of the sensitivities of the lenses
might be totally opposite, such as L3 and Lg, which may
lead us to ignore the real sensitive lens during stability
analysis and design.
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Fig. 2. Structure of the pre-amphfler.

Fig. 3. Structure of the four-pass amplifier system.
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Table 1. Optical Parameters and Sensitivities of Lenses in
the Pre-amplifier

Imaging Lens Focal Sensitivity — Sensitivity
Unit Length
L; qi wi
1U, fi(mm)
Ly 1500 0.3442 1.6520
U Lo 1500 0.3442 1.6520
1
L3 1300 0.3917 1.9062
Ly 2080 0.3917 1.1913
10U,
Ls 1920 0.4302 1.2906
U Leg 2880 0.4302 0.8604
3
L~ 1200 1.0325 2.0650
U Ls 2400 1.0325 1.0325
4
Lo (Ltar) 2478 1.0000 1.0000
2.5
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Fig. 4. Sensitivities of lenses in the pre-amplifier.

A similar comparison has been made for the four—
pass amplifier system. In this instance, the beam passes
through the optics more than once. The structure of the
four—pass amplifier system is shown in Fig. 3, which in-
cludes three parts: the transport SF (TSF), the cavity
SF (CSF), and the coupling part/>#l. The TSF mainly
includes two lenses (TSF-L; and TSF-Lg), a pinhole
plate (#1 and #2), and slab amplifiers (AMP). The CSF

mainly comprises two lenses (CSF-L; and CSF-Ls), two
cavity mirrors (CM1 and CM2), a pinhole plate (#1, #2,
#3, and #4), AMP, and a plasma electrode Pockels cell
(PEPC). The coupling part comprises two polarizers (P1
and P2) and two reflecti mirrors (RM1 and RM2).

A polarized beam is injected through pinhole #1 in the
TSF with input beam pointing error Arg. After passing
through both TSF-L; and the amplifier, the beam is
reflected into the CSF by mirrors RM1 and RM2 and
by polarizers P1 and P2, respectively. Then, the beam
passes four times through CSF-L,, the pinholes, CSF-
Ly and the amplifier, through the polarization change
action of the PEPC. Afterwards, it is deflected out of the
CSF by P2, and then traverses CSF-L;, pinhole #2, and
CSF-Lsy in the TSF. Finally, the beam passes through
the target lens L, and focuses on the target.

Regardless of the reflection element, such as RM and
P, this four—pass amplifier system can be considered as
a relay imaging system (Fig. 5).

The respective optical parameters and sensitivities of
every lens in the four-pass amplifier system obtained us-
ing Eqgs. (11) and (13) are listed in Table 2. Considering
these lenses are traversed by the beam twice or four times,
they are repeated in Fig. 5 with different sensitivities g
from Eq. (11). The total value of lens sensitivity @; is
the sum of ¢ for the same lens, and is given as

QrsF-L, = 1,1 + q5,2 = 2frar/ frsF-1,
Qcsr-1, = Q1,2+ q31 + @32 +a51 = 4%
QcsF-L, = @1+ @22+ qa1 + a2 = 47]%];::;2;:;1
Qrsr-12 = d6,1 = fTar/fTSF—Lg
(18)
Given that the lenses have approximate (equal) focal
lengths in CSF (TSF), as shown in Table 2, these two
methods give much the same results as the sensitivities
shown in Fig. 6. To further analyze the impact of focal
length change on sensitivities, the value of f; is changed
to 12000 mm. The resulting sensitivities of the lenses in
the new system are shown in Fig. 7.

Table 2. Optical Parameters and Sensitivities of Lenses in the Four—pass Amplifier

Imaging Lens Focal Sensitivity Lens Sensitivity Sensitivity

Unit Length .

L, qk,1 { Qi wj
1U;, i1 (mm)
o Li 16 000 0.1187

Lio 11883 0.1599 TSF-L1 0.2375 0.2375
- Lo 11117 0.1599 (L1135 Ls 2)

2

Lo 11117 0.1599 CSF-L:
U, Laa 11883 0.1599 (L1,2; La,1; 0.6396 0.6396

L3,2 11 883 0.1599 L3,2; L5,1)
U, La 11117 0.1599 CSF-12

Ly 11117 0.1599 (Lz2,1; La,2; 0.6396 0.6836
IU5 L5,1 11 883 0.1599 L4,1; L4,2)

Ls,2 16 000 0.1188

TSF-L 0.1188 0.1188

1Us Le,1 16 000 0.1188 (L6,1)2

Le,2 1900 1.0000
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To analyze the phenomena shown in Figs. 4, 6, and 7,
Eq. (17) is re—discussed below.

e In Fig. 4, the different results between two methods
are due to the magnifications of SFs, specifically, M is
not equal to 1 in Eq. (17). In contrast, the same re-
sult appears in Fig. 6 for the approximate (equal) focal
lengths of their SFs.

e Beam expansion is one of the main functions of SF's;
thus, the product of My in the ICF system is generally
bigger than 1. As a result, traditional sensitivity values
become higher than relay imaging values, as shown in
Fig. 4.

e In the traditional method, the sensitivity of the lens
is only affected by its own focal length, which is why Ls
is much more sensitive than Lg in Fig. 4.

e In the relay imaging method, the sensitivity of the
lens is affected by the other lenses located next to it
along the beam path. We intentionally changed the focal
length of TSF-L1, and as a result, the sensitivities of the
front lenses changed (e.g., CSF-L; and CSF-Ls), but
those behind the lens did not (TSF-Ls) (Fig. 7).

In conclusion, the model of a beam propagating in a
high power laser system is built based on relay imaging.
The displacement sensitivity of the lens to the beam po-
sitioning error has been obtained using this model, which
is then compared with the traditional method. Two real
systems, the pre—amplifier and the four—pass amplifier,
have been depicted to further discuss the differences be-
tween these two methods. From the above discussion,
the range of application can be summarized as

cspL CSF L]CSFL CSFLICSFL TSFL\

-B
1
¥ CSF3%  CSF2# CSF 1# TSF 1#
|
|
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|
Lyl > -
CSF3#  CSF4#  TSF2#

Fig. 5. Structural sketch of the four-pass amplifier system.
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Fig. 6. Sensitivities of lenses in the four-pass amplifier (f;
=16000 mm).
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Fig. 7. Sensitivities of lenses in the four-pass amplifier (fi =
12000 mm).

e If the whole system is combined with sequential 4 f-
SF's, these two methods are congruent. The traditional
method is recommended in this case for its simple ex-
pression.

e Except the above case, the focal length of the lens
should not be considered as the only factor of its sensi-
tivity (frar is constant). Actually, the sensitivity of the
lens is also affected by the others that located next to it
along the beam path, or it could be that it has nothing to
do with its own focal length, as exemplified by TSF-L;
and CSF-Ly in Eq. (18). In this instance, the method
based on relay imaging is recommended.

e By adjusting the magnifications of TU, my(or the
magnifications of SF, My), the sensitivities of the lenses
can be more harmonized in a high power laser system,
with the improvement of whole beam stability.

This work was supported by the Chinese and Israeli
Cooperating Research on High Power Laser Technology
under Grant No. 2010DFB70490.
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