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Grating tiling is an important fabrication technology for large-size gratings. However, when using grating tiling
technology to form large-size echelle gratings, the interferometer cannot detect the grating’s zero-order diffraction
wavefront because the zero-order diffraction light of the echelle grating is weak. This prevents use of the zero-
order and non-zero-order diffraction light of the grating to realize separation detection and correction of mosaic
errors. To solve this problem, a new method for separation detection and correction of mosaic errors in mosaic
gratings based on two detection lights with the same diffraction order but different incident angles is proposed
and a mosaic error detection system is designed. Then, the correction steps for mosaic errors are summarized
and the error in mosaic error detection system is analyzed. Finally, the measurement uncertainty in detecting the
wavefront of the mosaic grating and the mosaic accuracy of the grating wavefront are analyzed. The uncertainty
is 0.0084 (41=632.8nm) and the mosaic accuracy of the peak-to-valley wavefront is 0.0694, which shows that
high-precision measurements of the wavefront and high-precision mosaic of the wavefront were successfully
achieved. The proposed method can be used for the mosaic of all blazed gratings.

1. Introduction

Diffraction gratings have been widely used as optical elements in
applications including spectrometers [1-3], lasers [4-6], and couplers
[7-9]. Among these applications, astronomical spectrometers and nu-
clear fusion laser systems need to be equipped with large-size diffrac-
tion gratings to meet the spectrometer’s requirements for high resolu-
tion and the laser’s requirements for high energy. Spectrometers such as
the GMT-Consortium Large Earth Finder (G-CLEF) [10] and ESPRESSO
[11] and laser systems such as OMEGA EP [12] and PETAL [13] are all
equipped with large-size diffraction gratings. In light of the difficulty
of fabricating single large-size diffraction gratings, grating tiling tech-
nology was proposed. Grating tiling technology involves placing two or
more relatively small-sized gratings together, adjusting their attitudes
and their relative positional relationships, and then rectifying the five
dimensional errors until their error tolerance requirements are met. The
core process of the grating tiling technique is the separation detection
and correction of mosaic errors.

In 2007, based on the far-field diffraction principle, Yang et al. re-
alized the separation detection and correction of rotation errors using
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zero-order and diffraction-order light of a single wavelength and also
realized the separation detection and correction of translation errors
using a Michelson interferometer [14]. Zeng et al. realized the separa-
tion detection and correction of rotation errors using zero-order and
diffraction-order light of a single wavelength and realized the sepa-
ration detection and correction of translation errors using diffraction-
order light with dual wavelengths [15-17]. However, Qiao et al. ana-
lyzed the far-field pattern and the near-field diffraction wavefront and
concluded that there was aberration in the far-field imaging system for
large-aperture beams. This aberration would lead to inconsistency be-
tween the mosaic errors reflected by the mosaic wavefront and the mea-
sured far-field pattern. The optimal far-field pattern quality thus did not
correspond to the optimal mosaic state. The mosaic quality is better re-
flected by all mosaicked grating wavefronts in the near field [18].
Therefore, in 2016, based on the interference principle, Lu et al. real-
ized the separation detection and correction of the five dimensional mo-
saic errors using zero-order diffraction light and non-zero-order diffrac-
tion light of a single wavelength [19]. However, based on the inter-
ference principle, the mosaic error is detected and corrected using the
zero-order and non-zero-order diffraction light of the grating, which is
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Fig. 1. Mosaic errors between mosaic gratings. The x-axis is parallel to the grat-
ing vector direction, the y-axis is parallel to the grating line direction, and the
z-axis is parallel to the grating normal direction.

only suitable for a mosaic of ordinary blazed gratings and is not suitable
for a mosaic of echelle gratings with weak zero-order diffraction light.
Therefore, to solve the problem that the zero-order diffraction light of
the echelle grating cannot be used to complete the separation detection
and correction of the mosaic errors, in 2018, Cong et al. proposed reser-
vation of a specific area of the aluminum film on the edge of the mosaic
grating; they then used the light reflected by the aluminum film rather
than the zero-order diffraction light of the echelle grating at the same
angle of incidence to detect and correct mosaic errors [20,21]. How-
ever, the effective area of the mosaic gratings is much smaller than that
of the larger aluminum film. Additionally, the mosaic errors will not be
completely corrected if a smaller aluminum film is used because the sur-
face shape of the aluminum film area is insufficient to characterize the
surface shape of the grating area. Therefore, the separation detection of
mosaic errors should mainly focus on detection of the grating area.

To solve the problem of error separation detection and correction in
mosaicking echelle gratings, we propose a new five dimensional mosaic
error separation detection and correction method for all blazed gratings.
In this paper, Section 2 introduces the method for separation detection
and correction of mosaic errors. Section 3 introduces the mosaic error
separation detection system and the correction of the initial errors A6,
and Az. Section 4 introduces the results and discussion.

2. Method of separation detection and correction of mosaic error
2.1. Description of mosaic error

There are six dimensional errors in the mosaicking of two gratings as
shown in Fig. 1. The six dimensional mosaic errors are listed as follows:
A6, which is the error of rotation around the x-axis (grating vector di-
rection), as shown in Fig. 1(a); Ay, which is the error of rotation around
the y-axis (grating line direction), as shown in Fig. 1(b); A6,, which is
the error of rotation around the z-axis (grating normal direction), as
shown in Fig. 1(c); Ax, which is the error of translation along the x-axis
(grating vector direction), as shown in Fig. 1(d); Ay, which is the error
of translation along the y-axis (grating line direction), as shown in Fig.
1(e); and Az, which is the error of translation along the z-axis (grating
normal direction), as shown in Fig. 1(f). Among these errors, the trans-
lation error Ay only affects the effective area of the mosaic grating and
does not affect the mosaic grating performance, so it can be ignored.

According to the grating equation and grating cone diffraction the-
ory, the relationship between the mosaic error and the diffraction wave-
front is given by Eq. (1) [19]:

AHy mA
Appp = 24 (cosa +cos ff) - cos f ‘u+ i <A, — (cosa +cos f) - Af,

~v+[m7/1~Ax—(cosa+cosﬂ)‘Az]} [€))]
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Where, « is the incident angle, g is the diffraction angle, d is the
grating constant, m is the diffraction order, and Aypy, is the optical path
difference between the mosaic gratings.

From Eq. (1), the influence of the five dimensional mosaic errors on
the grating diffraction wavefront can be analyzed as follows: Af, can
cause the interference fringe of the moving grating tilt to change when
compared with the interference fringe of the static grating; A6, and A6,
can cause the interference fringe of the moving grating width to change
when compared with the interference fringe of the static grating; and
Ax and Az can cause the interference fringe of the moving grating dis-
placement to change when compared with the interference fringe of the
static grating. According to this analysis, the separation detection and
correction of Af, can be realized based on the tilt difference between
the interference fringes of the mosaic grating, but the separation detec-
tion and correction of Ad, and Af, cannot be realized because they will
influence each other, and the separation detection and correction of Ax
and Az also cannot be realized because they will influence each other.

2.2. Separation detection and correction of mosaic error

To realize the separation detection and correction of Ag, and A, and
to realize the separation detection and correction of Ax and Az, we pro-
pose to detect and correct the mosaic errors using the same diffraction
order for the detection beam but different incident angles. In addition,
based on the use of two detection beams with the same diffraction order
m and different incident angles of a1 and a2, the interference fields of
two groups of mosaic gratings can be obtained. The interference fields
of these two groups of mosaic gratings can be defined as the a1 inter-
ference field and the «2 interference field.

According to Eq. (1), the relationships between the mosaic error and
the diffraction wavefront between the a1 interference field and the a2
interference field can be written as follows:

A2 - Dopp =220pp — Alppp
=2 [(cosal + cos f1 — cosa2 — cos f2) - Ab,
- v+ (cosal + cos fl — cosa2 — cos f2) - Az] 2)

Where, a1 is the incident angle in the a1 interference field, a2 is the
incident angle in the a2 interference field, 1 is the diffraction angle in
the «1 interference field, f2 is the diffraction angle in the a2 interference
field, Alopp is the optical path difference between the mosaic gratings
in the ol interference field, and A2,pp is the optical path difference
between the mosaic gratings in the a2 interference field.

From Eq. (2), the influence of the five dimensional mosaic errors
on the grating diffraction wavefront can be analyzed as follows: only
A6, can make the width of the interference fringes of moving gratings
in the a1 interference field change when compared with the interfer-
ence fringes of moving gratings in the a2 interference field; only Az can
make the displacement of the interference fringe of the moving grating
change in the a1 interference field when compared with the interference
fringe of the moving grating in the 2 interference field. According to
this analysis, the separation detection and correction of A8, and A, can
then be realized based on the width difference between the interference
fringes of moving gratings in the «1 and «2 interference fields, and the
width difference between the interference fringes of moving and static
gratings in the al or a2 interference fields, respectively. Additionally,
the separation detection and correction of Az and Ax can be realized
based on the displacement difference between the interference fringes
of moving gratings in the a1 and a2 interference fields and the displace-
ment difference between the interference fringes of moving and static
gratings in the a1 or a2 interference fields, respectively.

However, based on the order where the rotation error is corrected
first and then the translation error is corrected, according to Eq. (2), it is
necessary to meet the following requirements when correcting A6, and
Az:

_ A2 =1)gpp —2-(cosal + cos f1 — cosa2 —cos f2) - Az

A0)( - (3)
2. (cosal +cosfl —cosa2 —cos f2) - v
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Fig. 2. Experimental optical path diagram of separation detection system for
mosaic error.

_ A2 - Dopp
" 2. (cosal +cos f1 — cos a2 — cos f2)

Where, A2 — 1)ppp = aA+bA(a=0, +1, 2, ...;0<b<1). For a per-
fect mosaic, it is necessary for Ad, to be equal to 0 and Az to be equal
to 0, which means that the parameter a is equal to 0 and the maximum
value of b is equal to 1. Then, based on Egs. (3) and (4), the initial values
of Ad, and Az must meet the following requirements when correcting
Af, and Az:

AD. = A—2-(cosal +cosfil —cosa2 —cos f2) - Az
T 2-(cosal +cos fl —cosa2 —cos f2) - v

Az C)]

(O]

X

A
" 2. (cosal +cos f1 — cos a2 — cos f2)

Az (6)

Finally, A6, can be corrected by adjusting the width of the interfer-
ence fringes of moving gratings in the a1 interference field when com-
pared with the interference fringes of moving gratings in the a2 inter-
ference field based on the premise that the value of Ad, is less than or
equal to that given by Eq. (5). Additionally, Az can be corrected by ad-
justing the displacement of the interference fringes of moving gratings
in the a1 interference field when compared with the interference fringes
of moving gratings in the a2 interference field based on the premise that
the value of Az is less than or equal to that given by Eq. (6).

3. Experimental
3.1. Mosaic error detection system

To cause the interference fringes of mosaic gratings in the a1 and a2
interference fields to appear on the same detector simultaneously and
improve the correction accuracy of mosaic errors, a prism is introduced
into the error detection optical path to generate a second incident angle
for the detection beam in the same error detection optical path, as shown
in Fig. 2.

Fig. 2 shows the experimental optical path diagram of the separa-
tion detection system for the mosaic error based on the same diffraction
order and different incident angles. Here, a Zygo interferometer is used
to detect the wavefronts of the mosaic gratings and obtain the mosaic
grating interference fringes. Mirrors 1 and 2 are used to make the two
incident angle detection beams return to their original path after grat-
ing diffraction to allow the Zygo interferometer to detect the wavefront
and the interference fringes of the grating. The key parameters for all
components are listed in Table 1. In the experiment, the peak-to-valley
(PV) wavefronts of the mosaic grating elements are 0.3494 and 0.3954,
respectively. The incident angle a1 is 68°, the diffraction angle f1 is
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Table 1
Key parameters for all components.

Compoments Parameters Performance index
Zygo Wavelength 632.8 nm
interferometer Beam diameter 100 mm
Type GPI XP/D
Mirror Diameter 100 mm
Reflectivity >90%
Root-Mean-Square 0.0054(4=632.8 nm)
(RMS)
Prism Material quartz
Pass light area 50 mm x 50 mm
Wedge angle 14°
Mosaic grating Area 35mmx35mm
element Groove density 79line/mm
Blaze angle 64°
Mosaic device Rotation accuracy 0.3prad
Translation 1nm
accuracy

Fig. 3. (a) Mosaic grating element; (b) interference fringes of the mosaic grating
element obtained by the Zygo interferometer. Al is the grating area, A2 is the
aluminum film area that is reserved at the edge of the grating, B1 shows the
interference fringes in area Al, and B2 shows the interference fringes in area
A2.

60.75°, the incident angle a2 is 74.66°, and the diffraction angle $2 is
56.65°

3.2. Correction of initial errors of A0x and Az

Egs. (5) and (6) indicate that the initial values of Af, and Az need
to be adjusted to be within a specific range before the mosaic errors
are corrected. Additionally, according to the relationships between the
mosaic error and the diffraction wavefronts, the zero-order diffraction
light of the grating can be used to realize detection and correction of A6,
and Az. However, the detection and correction of A6, and Az cannot
be realized using the zero-order diffraction light of the grating when
mosaicking echelle gratings, because the zero-order diffraction light of
the echelle grating is weak.

During grating engraving, a specific area of the aluminum film is
usually reserved at the grating edge to protect the grating engraving
quality and to protect the diamond engraving tool. Therefore, we pro-
pose to use the light reflected by the aluminum film on the edge of the
grating rather than the zero-order diffraction light of the grating at the
same angle of incidence to detect and correct the initial errors of Af,
and Az. The width of the aluminum film along the grating groove direc-
tion (the long side direction of the grating) is defined as 10 mm, which
can be used to complete correction of the initial error.

Fig. 3(a) shows the mosaic grating element. Area Al is the grating
area and area A2 is the reserved area of the aluminum film at the edge
of the grating. Fig. 3(b) shows the interference fringes of the mosaic
grating element obtained by the Zygo interferometer. In addition, cor-
rection of the initial value of A6, is realized by adjusting the width of
the interference fringes in the aluminum film areas and correction of
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Fig. 4. Correction process for mosaic errors based on interference fringes of
mosaic gratings. (a) Simulated results when using MATLAB, (b) simulated results
when using ZWMAX software, and (c) experimental results. The correction of
A6, is from (1) to (2); the correction of A6, is from (2) to (3); the correction of
AG, is from (3) to (4); the correction of Az is from (4) to (5); and the correction
of Ax is from (5) to (6).

Table 2
Mosaic errors corresponding to the mosaic errors correction process in Fig. 4.

A, (prad) A6, (urad) A6, (urad) Ax (um) Az (um)
Fig.4-1 5.330 43.633 26.180 23.560 1.490
Fig.4-2 5.330 0 26.180 23.560 1.490
Fig.4-3 0 0 -4.800 14.997 1.490
Fig.4-4 0 0 0 14.997 1.490
Fig.4-5 0 0 0 14.997 0
Fig.4-6 0 0 0 0 0

the initial value of Az is realized by adjusting the displacement of the
interference fringes in the aluminum film areas.

According to Egs. (5) and (6), the initial values of A6, and Az are
less than or equal to 46.64 prad and 6.47 pum, respectively. Finally, these
initial values of Ag, and Az are corrected to values of 5.33 urad and
1.49 pm, respectively.

4. Results and discussion
4.1. Interference fringe adjustment process

Fig. 4 shows the correction process for mosaic errors based on the
interference fringes of mosaic gratings. In each interference fringe pat-
tern, the first row is the interference fringe of a static grating in the al
interference field, the second row is the interference fringe of the mov-
ing grating in the «1 interference field, the third row is the interference
fringe of the static grating in the «2 interference field, and the fourth
row is the interference fringe of the moving grating in the a2 interfer-
ence field. In addition, the values of mosaic errors corresponding to the
mosaic errors correction process obtained by simulation in Fig. 4 are
listed in Table 2.

From Fig. 4, the specific correction steps for mosaic errors based on
the interference fringes are determined as follows:

(1) To ensure correction accuracy for the mosaic error, the interference
fringes of the static grating in the a1l and o2 interference fields are
adjusted to be parallel and uniform in width before the mosaic error
is corrected, as shown in Fig. 4(a)-1, Fig. 4(b)-1 and Fig. 4(c)-1;

(2) Ad,, is corrected by adjusting the interference fringes of the moving
grating and the static grating in the a1 or a2 interference fields to
be parallel, as shown in Fig. 4(a)-2, Fig. 4(b)-2 and Fig. 4(c)-2;

(3) Ad, is corrected by adjusting the widths of the interference fringes of
the moving grating in the a1 and «2 interference fields to be equal,
as shown in Fig. 4(a)-3, Fig. 4(b)-3 and Fig. 4(c)-3. Here, the number
of the interference fringes of the moving grating is usually adjusted
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to about the same as the number of the interference fringes of the
static grating in order to improve the accuracy of error correction,
as shown in Table 2, the errors of A, and Ax were changed from
Fig. 4-2 to Fig. 4-3;

(4) A9, is corrected by adjusting the widths of the interference fringes of
the moving grating and the static grating in the a1 or a2 interference
fields to be equal, as shown in Fig. 4(a)-4, Fig. 4(b)-4 and Fig. 4(c)-4;

(5) Az is corrected by adjusting the displacements of the interference
fringes of the moving grating in the «1 and a2 interference fields to
be equal, as shown in Fig. 4(a)-5, Fig. 4(b)-5 and Fig. 4(c)-5;

(6) Ax is corrected by adjusting the displacements of the interference
fringes of the moving grating and the static grating in the a1l or a2
interference fields to be equal, as shown in Fig. 4(a)-6, Fig. 4(b)-6
and Fig. 4(c)-6.

4.2. Error analysis in mosaic error detection system

In the mosaic error detection system, the mosaic error between grat-
ings is indirectly measured by the difference between the interference
fringes of the mosaic gratings obtained in real time by the Zygo interfer-
ometer. The influence factors of relative measurement of mosaic errors
mainly come from the surface-shape error of the mirror, the surface-
shape error of the prism and the surface-shape difference between mo-
saic gratings. These errors mainly cause the deformation of the interfer-
ence fringes of the mosaic gratings obtained by the Zygo interferometer,
and then affect the detection and correction of mosaic errors, as the ex-
perimental results in Fig. 4 show the aberration when compared with
the simulated results. Among them, the surface-shape error of the mir-
ror affects the interference fringes in the 1 and «2 interference fields.
The surface-shape error of the prism affects the interference fringes in
the a2 interference fields as shown in the difference between the third
and first rows interference fringes or the difference between the fourth
and second rows interference fringes in Fig. 4(c). The surface-shape dif-
ference between the mosaic gratings affects the interference fringes in
the a1 and «2 interference fields as shown in the difference between
the first and second rows interference fringes or the difference between
the third and fourth rows interference fringes in Fig. 4(c). However, in
the experiment, the surface-shape error (RMS) of the mirror is usually
required to be better than 0.0054, the surface-shape error of the prism
is required to be better than 0.014, and the mosaic gratings come from
the same master grating to ensure that the surface shapes of mosaic grat-
ings are consistent with each other. Therefore, these errors have a little
influence on the relative measurement of mosaic errors.

In addition to the influence of the above system errors, the detec-
tion and correction of mosaic errors are also affected by the environ-
mental vibration. The vibration of the environment mainly causes the
violent vibration of the interference fringes of mosaic gratings obtained
by the Zygo interferometer, and then affects the mosaic error cannot be
detected and corrected. Therefore, in the experiment, the air floating
platform is also required to be used in order to eliminate the influence
of environmental vibration.

4.3. Standard uncertainty in wavefront detection

The PV wavefront and the root-mean-square (RMS) wavefront of the
mosaic grating are measured using the Zygo interferometer. To estimate
the uncertainty in this measurement, we need to calculate the Zygo
interferometer measurement uncertainty and measurement repeatabil-
ity. The 36th-order diffraction wavefront data of the mosaic grating are
listed in Table 3, where the unit is 4 (1=632.8 nm).

(1) Zygo interferometer measurement uncertainty

The wavefront measurement accuracy of the Zygo interferometer is
better than 0.001 . Based on a uniform distribution, the wavefront stan-
dard uncertainty caused by the Zygo interferometer’s measurement er-
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+0.12254

wave

Table 3
Wavefront data of mosaic gratings.

Mosaic grating

PV 0.483 0.423 0.424 0.438 0.447 0.445 0.428
RMS 0.047 0.047 0.047 0.046 0.046 0.046 0.047

ror u; can be described by the following type B uncertainty:

_ 00014
V3

", = 0.00064 0

(2) Measurement repeatability

During wavefront measurement of the mosaic grating, the wavefront
values are recorded seven times, and these values have been averaged to
give the final results. The standard deviation of a single measurement ¢
is 0.02084, and thus the wavefront standard uncertainty caused by the
measurement repeatability u, can be described by the following type A
uncertainty:

_ o _ 002084
Vi

Therefore, the wavefront measurement standard uncertainty u can
be expressed as a root sum square of the two errors as:

u=/u,2 +u,2 =0.0084 ©)

This uncertainty is sufficiently small and can result in high-precision
measurement of the grating wavefront.

i

=0.00791 ®)

4.4. Mosaic accuracy of grating wavefront

The average value of the wavefront data of the mosaic gratings given
in Table 3 is regarded as the final mosaic result. The average value of the
PV wavefront is 0.44124, while the average value of the RMS wavefront
is 0.047A.

APV is defined as the difference between the mosaic grating wave-
front and the average wavefront of the mosaic grating element. APV
represents the mosaic accuracy of the grating wavefront. The mosaic
grating meets the mosaic requirement when APV is less than 0.24. The
average PV of the mosaic grating element is 0.3724 in the experiment.
Therefore, the mosaic accuracy of the grating wavefront is 0.0694 based
on the mosaic method presented in this paper.

The three-dimensional data of the 36th-order diffraction wavefront
of the mosaic grating were also obtained using the Zygo interferome-
ter, as shown in Fig. 5(a). The point spread function (PSF) of the mo-
saic grating is also obtained via that Zygo interferometer, as shown in
Fig. 5(b). The PSF shows that the diffracted energy is concentrated at the
center spot. The Strehl ratio is defined as the ratio of the peak intensity
of an aberrated system to the corresponding intensity of a diffraction-
limited system. The Strehl ratio is 0.935 in this case.
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Fig. 5. Mosaic results obtained via the Zygo inter-
3D Plot ferometer. (a) Three-dimensional wavefront of the
mosaic grating; (b) Point spread function (PSF) of
the mosaic grating, where the Strehl ratio is 0.935.

5. Summary

This study presented a new method for separation detection and
correction of mosaic errors based on use of detection beams of the
same diffraction order but with different incident angles. This method
solves the problem where the interferometer cannot detect the zero-
order wavefront of an echelle grating because of the weak zero-order
diffraction light, which means that the zero-order and non-zero-order
diffraction light of the echelle grating cannot be used to complete sepa-
ration detection and correction of mosaic errors. The proposed method
is suitable for mosaics of all blazed gratings.

In the experiments, we designed and built a mosaic error separa-
tion detection system based on this method. The interference fringes of
the mosaic gratings in the a1 and o2 interference fields can appear on
the same detector simultaneously to improve the mosaic accuracy of the
wavefront using this detection system. The results of mosaic experiment
show that the wavefront measurement uncertainty of 0.0084 and the
wavefront mosaic accuracy of 0.0694 can be achieved using this detec-
tion system. In addition, we summarize the correction steps for mosaic
errors and analyze the error in mosaic error detection system.
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