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A mosaicking method for echelles is proposed. The “zero-order” and diffraction-order interference fringes of
the echelle can be imaged simultaneously on the detector using a mirror—echelle structure designed. The five-
dimensional mosaicking errors are divided into two categories for elimination using the
the diffraction order. During the experiments, adjustment devices for the mosaicking errors are installed on

«

zero order” and

two echelles for these two categories to avoid mechanical coupling. As theoretical analysis, we follow the
experimental steps to obtain a mosaicked echelle.

1. Introduction

In the 1990s, optical telescopes with diameters of up to 10 m were
built worldwide. High-resolution spectrometers were widely required
for these telescopes, but the apertures of the available gratings [1] could
not meet the requirements of astronomy applications. The mosaicked
echelle was then proposed [2] and most large telescopes were equipped
with a mosaicked echelle to increase their spectral resolution for as-
tronomical observation [3]. More recent, telescopes such as the Hobby-
Eberly telescope [4], the James Webb Space Telescope [5] and the Thirty
Meter Telescope (TMT) [6] will require large-sized mosaicked echelles.
In addition, the OMEGA EP system [7-9], Pric2000 [10,11] and FIREX-
1 [12] demonstrate the importance of large-sized mosaicked gratings
for inertial confinement fusion (ICF) applications.

There are three main methods for mosaicking of gratings: far-
field patterning [13-16], interferometry [17-20] and object-image—
grating self-tiling [21]. In the far-field patterning method, the shapes
of the zero-order and diffraction-order far-field diffraction spots of
the two mosaicked gratings are monitored, when both of the zero-
order and diffraction-order spots of the two gratings are overlap as
one ideal airy disk, the mosaicking errors meet the requirements of
the specific application. The OMEGA EP laser system [7,8] and Zeng
et al. [13-15] adopted this method for mosaicking gratings based
on specified Strehl ratio and R80 targets. And Zeng et al. propose a
double-wavelength method to achieve a better mosaicked grating. The
object-image-grating self-tiling method can eliminate the mosaicking

errors by using the relationship between the object and the image
along with the far-field spot. However, when the diffraction spots of
the two gratings overlap, the residual mosaicking errors remain large,
which can be seen by the interference map. Then the interferometry
method is proposed, which is based on interferometry and uses the
wavefronts of the mosaicked gratings as the main targets [9]. The
shapes of the far-field diffraction spots of the two mosaicked gratings
are well adjusted and the interference fringes produced by the two
gratings are then observed. After the zero-order and diffraction-order
interference fringes of the two gratings are both moved to the same,
the mosaicked grating is completed. And Lu et al. [19] propose a
double-angle incident light method to eliminate the mosaicking errors
completely. However, the interferometry method mentioned above is
not suitable for mosaicked echelle, the detector cannot detect the zero
order because of the extremely low zero-order efficiency.

Based on the characteristics of the echelle, an interference method
that is suitable for mosaicking echelles is proposed in this work. To avoid
low zero-order efficiency, we design a new structure called the mirror—
echelle structure to image simultaneously the zero-order and diffraction-
order interference fringes on the screen to remove the five-dimensional
mosaicking errors. A theoretical model of echelle mosaicking is estab-
lished, and the steps of the mosaicking experiment are summarized.
The experiment is carried on with two echelles, the peak-to-valley (PV)
values are 0.4944 and 0.4524, where 1 is the operating wavelength.
The adjustment mechanisms for the mosaicking errors are installed
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Fig. 1. Five degrees of freedom between two adjacent echelles.
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Fig. 2. The mirror-ecehlle structure.

on two echelles to avoid mechanical coupling. Then, a mosaicked
echelle is obtained, the PV value is 0.5924, the diffraction energy is
largely concentrated within the central Airy disk, and the Strehl ratio
is 0.947.

2. Theoretical analysis of the mosaicking echelle

As shown in Fig. 1, within the coordinate set up, G1 is the refer-
ence grating, while G2 is the moving grating. The x-axis is along the
indexing direction, the y-axis is along the groove direction, the z-axis is
perpendicular to the grating surface.
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There are five-dimensional mosaicking errors. The tip angle is the
rotation around the x-axis, and is represented by 46,; the tilt angle is
the rotation around the y-axis, and is represented by 46,; the in-plane
angle is the rotation angle around the z-axis and is represented by 46,;
the grating space is the distance between the two gratings along the
x-axis, represented by Ax; and the longitudinal offset is the distance
between the two gratings along the z-axis, and is represented Az. The
characteristics of the mosaicking errors mean that they can be divided
into in-plane errors (46, and Ax) and coplanar errors (46,; 40, and Az),
and they can be eliminated by using the diffraction order and the zero
order, respectively.

By comparing the mosaicking errors with the theory of the diffraction
wavefront [22,23], the optical path difference (OPD) between the two
gratings can be obtained as shown in Eq. (1):

A=ny - (-y;40, + x;40, + Az)(cos 0; + cos O;) + n, - (y;40, + Ax)mji, (€D)]

where 6, is the angle of incident light, 6, is the angle of diffracted light,
m is the diffraction order, d is the grating constant, and (y;, x;) is the
position on the grating surface, n; and n, are the integers, and 4 is OPD.
The first component of the equation describes the coplanar errors, while
the second item describes the in-plane errors.

The OPD can be shown as an interference fringe pattern by using an
interferometer, as described by Eq. (2).

]=A-[1+cos(27”-A) s (2)

where A is the light intensity constant, and I is the light intensity.
The theoretical model of the mosaicked grating indicates that the
effects of the five dimensional mosaicking errors on the interference
fringes produced by light diffraction differ, 40, and 46, can make
the interference fringes have different periods, and 460, can make the
interference fringes have different slopes, and Ax and Az can make the
interference fringes misalignment.

Because the zero-order reflected light of the echelle is very weak, a
new type of mirror—echelle structure is designed in which the aluminum
film is reserved as a mirror during the echelle ruling process to replace
the zero order. The size of the mirror-echelle structure are as shown in
Fig. 2, two mirror—echelle structures are placed side-by-side. The blue
part represents the reserved aluminum film that acts as the mirror rather
than the zero order to eliminate the coplanar errors.

When this special echelle structure is used, the zero-order and the
diffraction-order interference fringes can be imaged on the detector
simultaneously, the five mosaicking errors can be demonstrate on the
interference fringes respectively, in particular, Az can be eliminated by
combining the mirror-echelle structure with the double-angle incident
light. The optical path is illustrated in Fig. 3, where 6;; is the angle of
the incident light, and 6,, is the angle of the double-angle incident light.

The black line is the diffraction order in the Littrow structure. The red
solid line represents the zero order of the mosaicking echelle represented

Mirror2

Mirrorl

Fig. 3. The optical path.
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Fig. 4. “Zero-order” and diffraction-order interference fringes.

by the aluminum film mirror on the echelle plane, and it can return
to the interferometer by using Mirrorl. The red broken line represents
the double-angle incident light generated by the prism, it can return to
the interferometer by using Mirror2, it is used to remove Az. When the
Mirrorl is used, the interference fringes of the mosaicking echelle are
as shown in Fig. 4.

In Fig. 4, the upper portion is one of the echelles and the lower
portion is the other echelle. The interference fringes in the red box are
the “Oth order” and the left side is the diffraction order.

The interference fringes that are generated by the “Oth order” on the
right side show the influence of the coplanar errors, the OPD is shown
as Eq. (3).

Ay =4-cosb;y - (—y; - 40, + x; - AD, + Az), 3)

The stripes that are generated by the diffraction order on the left side
show the effects of all the mosaicking errors, and the OPD is shown as
Eq. (4).

4, =2c0s 0;(—y; 40, + x; 46, + Az) + (y; 40, + Ax)%l. )

When the coplanar angle errors are removed using the “Oth order” to
make the interference fringes of the two echelles have the same period
and the same inclination, the in-plane angle error should be adjusted to
make the period of the diffraction-order interference fringes consistent,
and the displacement errors are then in the schedule.

First, Az is adjusted. One echelle is moved along the z-axis to
align the “zero-order” interference fringes of the two echelles, and the
resulting “zero-order” OPD is shown in Eq. (5).

Ag=4-Az-cos0; =k - A 5)

where k; is an integer in the same manner as k,, k3 and k, which will
appear below.

Second, Ax is adjusted. The other echelle is then moved along the x-
axis to align the diffraction-order interference fringes, and the resulting
diffraction-order OPD is shown in Eq. (6).

Am=2-Az~c0s9i1+Ax~m7}“=k2-l. (6)

Finally, Mirror1 is taken away and a prism is added to the optical
path to generate the double-angle incident light, as indicated by the red
broken line in Fig. 3. At this moment, the interference fringes are as
shown in Fig. 5.

The interference fringes on the left side are the diffraction-order
fringes, and the right side in the red box shows the “Oth order” formed
by the double-angle incident light. The double angle allows 4z to be
moved to zero when the two parts of the interference fringes in Fig. 5
are both aligned.

The OPD on the right side, which is the Oth order, is shown
in Eq. (7).

7

Ay =4-Az-cosb;,.
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Fig. 5. Double-angle “zero-order” and diffraction-order interference fringes.

There are now two cases of the OPD in Eq. (5) with regard to Az of
the “zero order”.

®

In both cases, the two-part interference fringes of the diffraction
order can be aligned, corresponding to 4x, as shown in Eq. (9).

ki =2k or kj=2-k+1.

Ax:k2~i, orAx:k2-£+lv£. (C))
m m 2 m
If the above experiment represents the first case, then:
ky=2-k
10
Ax =k - i (10)
m

When the interference fringes of the “zero order” that were refracted
by the prism and the diffraction order are both aligned, 4z is then either
0 mm or 0.3467 mm or larger. However, a gap of 0.3467 mm would be a
visible gap, which can clearly be excluded. Therefore, this is the correct
mosaicking situation.

If the above experiment represents the second case, then:

{klzz-k+1

d 1 d an
Ax=ky - —+=-—.
X 2 m+2 m

When the interference fringes of the “zero order” refracted by the
prism and those of the diffraction order are both aligned, Ax and Az
contribute an OPD of k34 + A/2. The minimum values are that Az is
31.4201 pm and Ax is 175.8087 nm in this case. If we continue to move
the echelle along the z-axis by another 31.4201 pm, then the interference
fringes of the zero order that were refracted by the prism and the
diffraction order will be aligned again. Based on this phenomenon, we
can correct this mistake. If one echelle is moved along the x-axis by a
distance of 175.8087 nm, this situation can be converted into the correct
mosaicking situation.

Therefore, the initial of Az must be less than 0.3467 mm to allow
completion of the mosaicking experiment.

3. Experimental results

A Zygo interferometer is used at a wavelength of 632.8 nm. The two
echelles in the experiment have the same parameters, as following: the
grating density is 79 gr/mm, the diffraction order is the —36th order, the
blaze angle is —64.1373°. And the peak-to-valley (PV) values of the two
gratings are 0.494 1 and 0.452 A, where 1 is the operating wavelength.

Based on the description above, the steps required for mosaicking of
the echelles can be summarized as follows.

In preparation for the mosaicking experiment, the adjustment de-
vices are installed on echelles of the two different types. The two far-
field diffraction spots of the “Oth order” are adjusted to overlap by
moving the echelle using the coplanar-error adjustment devices; they
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Table 1
The efficiency of 36th order, Oth order and the aluminum mirror of two mirror—echelle
structures.

The efficiency of the zero order and the aluminum mirror

Echelle Area on the mirror-echelle Absolute efficiency
Topl Mirror 0.4232

Oth order 0.0954

36th order 0.2686
Top2 Mirror 0.4095

Oth order 0.0913

36th order 0.2600

are then positioned at the center of the screen by moving Mirrorl,
and the coplanar errors are thus coarsely removed. The two far-field
diffraction spots of the —36th order are adjusted to overlap by moving
the echelle using the in-plane-error adjustment devices; they are then
positioned at the center of the screen by moving the Zygo interferometer,
and the in-plane errors are thus coarsely removed. We then check
the interference fringes of both the “Oth order” and the —36th order.
The Zygo interferometer is adjusted until the —36th-order interference
fringes of the echelle with the in-plane-error adjustment devices are
vertical. Mirrorl is then adjusted until the “Oth-order” interference
fringes of the echelle with the in-plane-error adjustment devices are
vertical and the period is appropriate. The experiment begins and the
mosaicked echelles will not be touched.

(1). Adjust the coplanar angle errors (46,, 46,) using the “Oth-order”
interference fringes. The echelle with the in-plane-error adjustment
devices acts as the reference grating. Then, 46,, and 46, are tuned so
that the Oth-order interference fringes of the two echelles have the same
period and are oriented parallel to each other, and the coplanar angle
errors are removed.

(2). Adjust the in-plane angle error (46,) using the —36th-order
interference fringes. The echelle with the coplanar-error adjustment
devices acts as the reference echelle. The echelle with the in-plane-
error adjustment devices must be moved until the diffraction-order
interference fringes of two echelles have the same period and the in-
plane angle errors are thus removed.

(3). Remove the longitudinal offset (4z) and the grating space
(4x) using the “Oth-order” interference fringes in cooperation with
the —36th-order fringes. The “Oth-order” interference fringes of the
two echelles are aligned to eliminate Az by moving the echelle using
the coplanar-error adjustment devices. The —36th-order interference
fringes are then aligned by moving the echelle using the in-plane-error
adjustment devices to eliminate Ax.

(4). Remove the periodic effects of Az using double-angle incident
light. The prism is placed into the optical path. The “Oth-order” inter-
ference fringes that are generated by the light refracted from the prism
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Fig. 7. Layout of the optical path.

and the —36th-order interference fringes of the echelles are both aligned
by moving the echelle using the coplanar-error adjustment devices.

(5). The correctness of the experiment must now be tested. The stroke
of the adjustment mechanism for Az is 250 pm. If there are multiple cases
in which the —36th-order and Oth-order interference fringes are aligned
simultaneously when the ecehlle is move along z-axis only, then it is
the wrong case. The echelle with the in-plane-error adjustment devices
should be moved by a distance of 175.8087 nm along the x-axis, and
steps 3 and 4 are repeated to complete the experiment when 4z is
removed.

By following the experimental steps described above, the mosaicking
experiment should then be set up. The ecehlle efficiencies of the —36th
order, the Oth order, —36th order and the aluminum mirror are shown
in Table 1.

In Table 1, the efficiency of the Oth order of the echelle is 0.0954
and 0.0913, so the mirror—echelle structure is thus designed such that
the aluminum film replaces the Oth order of the echelle.

The interference fringes and a three-dimensional map of the Oth
order of the mirror—echelle structure are shown in Fig. 6, where the
PV value of the Oth order on the mirror—echelle structure is 0.3924, and
the root-mean-square (rms) value is 0.0364. In the three-dimensional
map, the distance between the echelle surface and the aluminum surface
is 0.074, and the aluminum film surface is smooth overall, with a PV
value of 0.044A. The two echelles are generated from the same replica
of the same master echelle, so the other echelle has the same structure.
Therefore, the reserved aluminum film can replace the Oth order of the
echelle in the mosaicking experiment.

The experimental optical path is shown in Fig. 7, includes a prism,
a mirror, the mosaicked echelle and the Zygo interferometer. The angle
of the incident light is 64.1373°; the coplanar-error adjustment devices
and in-plane-error adjustment devices are installed on the two echelles,

@ 2490

Intensity Map

Fig. 6. The interference fringes and three-dimensional map on Oth order.
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Fig. 8. Interferogram of “Oth order” and —36th order.

and the mosaicked echelle lies flat on the ground. The prism and the
mirror can both be moved anytime.

In the experiments, an interferogram is obtained from the Zygo
interferometer as shown in Fig. 8. The red box on the left side contains
the Oth order, which is reflected by Mirrorl. The right side shows the
—36th order of the echelle in the Littrow configuration.

In accordance with the experimental steps described above, the
echelle with the coplanar-error adjustment devices is moved to elim-
inate both 46, and 46, by using the “Oth-order” interference fringes
on the left side. The echelle with the in-plane-error adjustment devices
is then moved to eliminate 46, by using the —36th-order interference
fringes on the right side.

After the angle errors are removed, the angle adjustment devices
should then be locked. The echelle with the coplanar-error adjustment
devices is moved along the z-axis to remove Az by aligning the “Oth-
order” interference fringes; the echelle with the in-plane-error adjust-
ment devices is then moved along the x-axis to remove Ax by aligning
the —36th-order interference fringes. However, Az may bring kA to affect
the OPD, so the prism must be added into the optical path.

In Fig. 9, the interference fringes of the Oth order, which are
generated by the light refracted from the prism, are in the red box shown
on the left side. The —36th-order fringes are shown on the right side. The
echelle with the coplanar-error adjustment devices is moved along the
z-axis until the interference fringes of the Oth order and the —36th order
are aligned simultaneously. The correctness of the experiment must then
be tested as described in experimental step 5, where steps 3 and 4 will
be repeated until Az is removed.

We then obtain a mosaicked echelle. The interference fringes of the
two echelles have the same period, are parallel and are aligned with
each other, as shown in Fig. 10.

The PV value of the mosaicked echelle is 0.592/, and its rms value
is 0.0494, as shown in Fig. 11.

Checking of the three-dimensional map of the mosaicked echelle
shows that the surfaces of the two echelles are basically in the same
plane; the edges of the echelles contribute most of the PV value, which
represents the quality of the echelles themselves, only (see Fig. 12).

As measured by the Zygo interferometer, a Strehl ratio of the
mosaicked echelle is 0.947 in which the diffraction energy is largely con-
centrated in the central Airy disk, as shown in Fig. 13.
(See Table 2).

During the mosaicking experiments, the postures of the echelles
are adjusted via the mechanical structures to avoid artificial touching.

Optics Communications 435 (2019) 271-276
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Fig. 9. Interferogram of double-angle “Oth order” and 36th order.
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Fig. 10. Interferogram of the mosaicked echelle.

+0.19495

-0.39746

0.049

Fig. 11. PV value and the rms of the mosaicked echelle.

The interference fringes of the “Oth order” and the —36th order were
adjusted by turning the Zygo interferometer and the mirrors. In addition,
the echelles were lying on the ground for greater stability.

While in the large-scale mosaicked ecehlle, the wavefront detection
of the substrates will be performed and qualified to manufacture an
echelle, the reserved aluminum film is good enough to be treated as
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400
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Fig. 12. Three-dimensional map of —36th order of the mosaicked echelle.

St X

PSF Size:

Fig. 13. Strehl ratio and diffraction spot of the mosaicked echelle.

Table 2
Results of the mosaicking experiments.
Topl Top2 Mosaicked ecehlle
PV(A) 0.494 0.452 0.592
RMS(4) 0.056 0.046 0.049
Strehl - - 0.947

the zero order. And the size of the echelle will be 400 mm x 500 mm,
the reserved aluminum film is a small area.

4. Conclusions

The characteristics of the echelle, which has high diffraction orders
and low zero-order efficiency, a new mirror—echelle structure is de-
signed, and a method for mosaicking echelles is proposed that allows
the “zero order” and the diffraction order to be detected simultaneously
to remove the mosaicking errors. As the different types of the mosaicking
errors, the adjustment devices are installed on the echelles respectively.
As the summarized steps, the mosaicking experiment is carried out with
two echelles of the PV values 0.4524 and 0.49441. We get a mosaicked
echelle, the PV is 0.5924, the three-dimensional map of the wavefront
shows that the surfaces of the two echelles are on the same plane and
that the Strehl ratio can reach 0.947.
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