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The designs of 300 mm ruling engine producing gratings and echelles under interferometric control
(CIOMP-2) are presented. A new ruling-tool carriage system and its driving mechanism—which are easy
to manufacture—are proposed. A new blank carriage system, controlled by a dual-frequency laser inter-
ferometer and a piezoelectric actuator, is designed. The CIOMP-2 ruling engine can now rule grating
blanks with dimensions up to 300 mm x 300 mm, and mainly rules gratings with grating constants
between 10 and 2400 lines/mm. The wavelength range of CIOMP-2 gratings is from ultraviolet to
mid-infrared wavelengths. Experiments show that the new ruling-tool carriage system works well
and stability of motion is improved with the help of a flexure-hinge structure, and the threefold standard
deviation values of the blank carriage positioning errors are less than ~5 nm. For 600 line/mm gratings
(diffraction order m = —1), the scatter intensities and ghosts reach 105 of the maximum intensity. The
scatter intensities and ghost of gratings ruled with CIOMP-2 are low, and no Rowland ghosts are visible.
The gratings ruled by CIOMP-2 have high diffraction efficiency and resolving power. CIOMP-2 can also

produce varied-line-space, bend-line, and aberration-reducing gratings and echelles.
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1. Introduction

There is an urgent demand for large-area plane
diffraction gratings and echelles having excellent
properties in fields such as the military, aerospace,
astronomy, and biochemical analysis [1-4]. The
mechanical ruling method [5] has been the main
method used to produce large-area infrared-laser
gratings and echelles [4] that have deep grooves with
strict triangular shapes.

The mechanical ruling method is the ruling of
gratings using a ruling engine. Presently, the sec-
ond-largest and largest ruling engines producing
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gratings and echelles are the MIT-B and MIT-C
engines in the United States, ruling grating blanks
with dimensions up to 260 mm x 430 mm and
450 mm x 635 mm, respectively [6]. The ruling-tool
carriage systems and blank carriage systems of
MIT-B and MIT-C are similar [6-12]. The ruling-tool
carriage systems of the MIT engines [7,8] mainly
comprise a cylindrical monorail, two ball bearings,
a ruling-tool carriage and an optical flat. The car-
riage is suspended downward through ball bearings
from the monorail and can swing freely, except for the
restraint provided by the contact between the shoe of
the carriage and the optical flat. The stability of the
movement of the carriage is mainly decided by the
restraint provided by the two bearings and the con-
tact between the carriage’s shoe and the optical flat
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[7,8]. To ensure the stable motion of the ruling-tool
carriage, the precision of the mechanical production
of the cylindrical monorail and the optical flat should
be very high. The cylindrical monorail of MIT-C is
63 mm in diameter and 100 cm in length and its
straightness in a lengthwise direction is within
274 nm [9]. The optical flat of MIT-C is 10 cm x
10 cm x 51 em in size and its straightness in a
lengthwise direction is within 69 nm [9]. The blank
carriage systems of the MIT engines comprise a main
carriage and a subcarriage [11,12]. The main car-
riage is connected to the subcarriage by specially de-
signed flexure-hinge structures. The subcarriage can
move along two metallic rolling guides. The blank
carriage system of an MIT engine runs in continuous
advance mode. During ruling operation, the subcar-
riage moves at an approximately uniform speed and
the main carriage driven by a motor corrects for
positioning errors of the grating blank in real time.
The blank-positioning error of MIT-B is ~7 nm [8].

In this paper, a new ruling-tool carriage system
and a new interferometrically controlled macro-
micro stage [12]—which are easily designed,
processed, and assembled—are proposed and suc-
cessfully introduced into the design of the CIOMP-
2 ruling engine. It has been experimentally verified
that CIOMP-2 is now the world’s third-largest ruling
engine producing both gratings and echelles, and
rules grating blanks that are up to 300 mm x
300 mm in size and have good grating performance.
By interferometric control, CIOMP-2 can also pro-
duce gratings and echelles with varied line space
[13], bent lines [14], and reduced aberrations [15],
among others [16,17].

2. Description of CIOMP-2

CIOMP-2 was manufactured by the Changchun
Institute of Optics and Fine Mechanics and
Physics (CIOMP). For the past six years, CIOMP-2
has been modified to improve its grating perfor-
mance in terms of the scatter intensity, ghost, and
resolving power. The new structure of CIOMP-2 is
shown in Fig. 1. A new ruling-tool carriage system
and a new macro-micro stage have been designed,
and an interferometric control method using a
piezoelectric actuator and a dual-frequency laser
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Fig. 1. New structure of the CIOMP-2 engine.
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Fig. 2. Relative position between the ruling-tool system and
blank carriage system.

interferometer was introduced to precisely position
the blank carriage. The temperature control was also
improved. The temperature can be controlled within
0.02°C. Figure 2 presents the relative position
between the ruling-tool system and blank carriage
system of CIOMP-2. The grating blank is mounted
on the blank carriage. The blank carriage works in
a stop-and-go mode. When the blank carriage is
stopped, CIOMP-2 rules a grating line along the pos-
itive direction of the x axis. When the blank carriage
moves (along the positive direction of the z axis), the
diamond tool moves along the negative direction of
the x axis and is separated from the grating blank
by approximately 200-400 pm.

3. Ruling-Tool Carriage System

A new ruling-tool carriage system that is easily
manufactured was designed for CIOMP-2 (see
Fig. 3). The system mainly comprises a saddle slider,
a flexure-hinge structure (including a flexure hinge,
a fixing plate, a filling piece, and a rigid shoe), a tool
carriage, five rigid shoes, three spring shoes, a
balance weight, and an optical flat. Our ruling-tool
carriage system requires no cylindrical monorail,
the construction of which would demand very high
mechanical precision as in the cases of MIT-B and
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Fig. 3. New structure of the ruling-tool carriage system.
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Fig. 4. Connection between the diamond tool and tool carriage.

MIT-C. Side A of the saddle slider has three spring
shoes within compression springs. Side B of the sad-
dle slider has three rigid shoes. Side C of the saddle
slider has two rigid shoes. The saddle slider can move
along the optical flat (see Fig. 3) with the help of the
above eight shoes. The tool carriage is installed on
side B of the saddle slider through the flexure-hinge
structure. The balancing weight, whose function is to
balance the weight of the tool carriage, is fixed on
side A of the saddle slider. The thickness of the filling
piece can be changed to provide a sufficient closing
force between the tool carriage and optical flat.
Assisted by the closure-force contact between the
saddle slider and optical flat, the diamond tool moves
along the optical flat and rules the grating blank as
the saddle slider returns.

The diamond tool is connected to the tool carriage
by two pairs of vertical and horizontal steel plates
(see Fig. 4), and the weight of a lead block is used
to control the grating groove depth.

Because stable movement of the ruling-tool car-
riage system is important to grating performance
in terms of the scatter intensity and diffraction wave-
front, a dual-frequency laser interferometer is
adopted to measure the stability of the movement
of the tool carriage (see Fig. 5). In Fig. 5, the inter-
ferometer and the optical flat are fixed on the mount-
ing base, a long mirror is installed on the saddle
slider, and the relative displacement between the
long mirror and the interferometer is recorded dur-
ing the movement of the saddle slider on the optical
flat along the positive direction of the x axis.

Figure 6 presents four measurements of the stabil-
ity of a former tool-carriage system of CIOMP-2—the
main difference between the former and new ruling-
tool carriage systems is that the former ruling-tool
carriage system has no flexure-hinge structure and
the tool carriage is directly fixed on side B of the
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Fig. 5. Optical layout of the measurement of the stability of the
tool carriage.
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Fig. 6. Stability of a tool carriage of a former ruling-tool carriage
system.

saddle slider. Figure 7 presents four measurements
of the stability of the new tool-carriage system, which
has a flexure-hinge structure. In Figs. 6 and 7, the
total length of movement of the tool carriage is
~66 mm. Comparing Figs. 6 and 7, it is seen that
the addition of the flexure-hinge structure reduces
the peak-to-valley (PV) value of the curve of the mo-
tion of the tool carriage from ~701 to ~226 nm, and
reduces the nonrepeatability error of the motion of
the tool carriage from ~127 to ~21 nm. The flex-
ure-hinge structure based on the lever principle
can thus greatly reduce the effect of the nonrepeat-
ability of the movement of the saddle slider on the
stability of the tool carriage. Considering the effect
of the PV value of the long mirror’s surface on the
PV value of the curve of movement of the tool car-
riage, the grating-line bend error is much less than
~226 nm.

4. Driving Method of the Ruling-Tool Carriage System

In the new structure of the CIOMP-2 engine, the
crank link induces a reciprocating action of the rul-
ing-tool carriage system via the copper slide and
push-pull rod (see Fig. 8). Because of the difficulty
of ensuring that the two axis lines of the motions
of the copper slide and ruling-tool carriage system
are coincident, the connection mode among the
copper slide, push—pull rod, and ruling-tool carriage
system affects the grating-line bend error.
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Fig. 7. Stability of the tool carriage of the new ruling-tool car-
riage system.
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Fig. 8. Driving method of the ruling-tool carriage system.
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Fig. 9. Stability of the optical flat under the old drive system.

In the old mechanical structure, the connection be-
tween the copper slide and push—pull rod was flexible
(e.g., a joint bearing connection) and the connection
between the push—pull rod and ruling-tool carriage
system was rigid (i.e., a fixed connection). This re-
sulted in displacement of the optical flat by the laser
interferometer during the reciprocating motion of
the ruling-tool carriage system (see Fig. 9). In Fig. 9,
three curves separately represent different displace-
ments of the center bottom of the optical flat for
different angles § between the axes of the motions
of the copper slide and ruling-tool carriage system
(see Fig. 10), and the reciprocating cycle of the
ruling-tool carriage system is 10 s. As the angle f in-
creases, the peak-to-valley value of the displacement
of the optical flat increases. As the angle $ increases
from f, to fy + 1.6", the displacement of the optical
flat increases by ~109 nm.

In the new mechanical structure, both ends of the
push—pull rod are connected with joint bearing struc-
tures. The displacement of the optical flat during the
reciprocating motion of the ruling-tool carriage sys-
tem is shown in Fig. 11. For the new connection mode
of the push—pull rod, as the angle g increases, the PV

axis line of copper slider axis line of ruling-tool carriage

\\ﬁ /| l
| quartz guide
copper slider A—,
X

Fig. 10. Angle f between axes of the motions of the copper slider
and ruling-tool carriage.
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Fig. 11. Stability of the optical flat under the new drive system.

value of the displacement of the optical flat remains
almost the same. The two joint bearings at the two
ends of the push-pull rod greatly reduce the effect
of the misalignment of the two axes of the motions
of the copper slide and ruling-tool carriage system on
the grating-line bend error.

5. Blank Carriage System

A new blank carriage system (see Fig. 12) based on
interferometric control was designed to improve the
precision of the positioning of the grating blank. The
blank carriage system is a basin-type structure in
appearance and mainly comprises a main carriage,
a subcarriage, two optical guides, two springs, a
piezoelectric actuator (PZT), and four steel plates.
One side of the PZT is fixed on the subcarriage,
and the other side is in frictional contact with the
main carriage. The function of the two springs is
to keep the piezoelectric actuator and main carriage
in close contact. The main carriage is supported by
four steel plates that are mounted between the main
carriage and subcarriage. The subcarriage brings
the main carriage along the two optical guides. A
two-axis differential interferometer is introduced
to measure the distance between the grating blank
(see Fig. 12) and the optical flat (see Fig. 5). The
measuring mirror of the interferometer is mounted
on one side of the grating blank, and the referring
mirror of the interferometer is mounted at the
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Fig. 12. Schematic of the blank carriage system.
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Fig. 13. Positioning error of the grating blank for different
grating constants.

bottom center of the optical flat. The interferometer
measures both the displacement and yaw angle of
the grating blank. A wavelength tracker is adopted
to compensate for the wavelength error of the inter-
ferometer.

The blank carriage system works in a stop-and-go
mode. First, the subcarriage is driven by a screw—nut
mechanism (see Fig. 3) to induce coarse positioning of
the main carriage. The piezoelectric actuator then
drives the main carriage and induces precise posi-
tioning of the main carriage with the help of the
measurement made by the two-axis differential
interferometer. For closed-loop control of the piezo-
electric actuator, we use proportion integration
differentiation (PID) control with parameters
adjusted by a back-propagation (BP) neural network
algorithm, BP-PID. The BP neural network struc-
ture has three layers, namely, an input layer with
four nodes, a hidden layer with five nodes, and an
output layer with three nodes. At the £th moment,
we assume that the error signal is E(k), and the pro-
portion, integral, and differential parameters of the
PID controller are P(k), I(k), and D(k), respectively.
The four nodes of the input layer are the input
signal, E(k), E(k)—-E(k-1), and E(k) -2E(k - 1)+
E(k - 2). After the training of the BP neural network
algorithm, the three nodes of output layer are P(k),
I(k), and D(k). At each moment, the proportion,
integral, and differential parameters of the PID
controller are trained and optimized by the above
BP neural network algorithm.

Figure 13 shows the positioning errors of the
grating blank within one grating-line length under
the conditions of the same grating-line ruling speed
(6 lines/ min) and closed-loop control. The figure
reveals that the two grating lines having a grating
constant of 35 and 60 lines/mm have large position-
ing errors (i.e., threefold standard deviation values of
~13 and ~33 nm, respectively). Many experiments
reveal that the positioning error for a grating blank
with low grating-line density (such as 35 or
60 lines/mm) mainly relates to the effect of the
subcarriage motion on the positioning error of
the grating blank. Under an ideal condition, the
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Fig. 14. Positioning error of the grating blank for the two control
methods.

subcarriage remains still when the piezoelectric
actuator is adjusting the displacement of the main
carriage. Instead, when ruling a grating blank with
a low grating constant, the subcarriage continues to
move to a large extent because of its inertia. To solve
this problem, a lower ruling speed should be chosen
when ruling gratings with low grating-line density.
By choosing an appropriate grating-line ruling speed
to keep the ruling-tool carriage system still and using
the BP-PID control method, the threefold standard
deviation values of the positioning errors of the
CIOMP-2 grating blank can be reduced to less than
~5 nm. Figure 14 shows the positioning errors of the
grating blank when the blank carriage system moves
in steps of 35 lines/mm at a grating-line ruling speed
of 3 lines/ min; the threefold standard deviation val-
ues of the positioning errors of the grating blank
when using the BP-PID method and PID method
are less than 4.1 and 5.3 nm, respectively. The BP-
PID method is thus better than the PID method in
controlling the CIOMP-2 blank carriage system.

6. Ruling Results

A. Commonly Used Gratings and Echelles

CIOMP in China has more than 55 years of experi-
ence in the field of grating ruling technology. The
CIOMP-2 engine usually rules at a grating constant
between 10 and 2400 lines/mm. Many experiments
have revealed that the diffraction efficiency of the
gratings ruled by CIOMP-2 can be as high as those
ruled by the MIT-B and MIT-C engines. The relative
diffraction efficiency—which is the ratio of the real
diffraction efficiency to the theoretical diffraction
efficiency—of gratings ruled by CIOMP-2 ranges
approximately 85%-96%. Generally speaking, the
theoretical maximum of the diffraction efficiency is
proportional to the wavelength 1. As a result, the real
diffraction efficiency depends on the wavelength A
also. For example, the real diffraction efficiency of
a 100 line/mm grating (1 = 10.6 pm, diffraction or-
der m =1) produced with CIOMP-2 can reach
~95%, that of a 1200 line/mm grating (A = 250 nm,
m = 1) can reach ~70%, that of a 600 line/mm gra-
ting (A = 500 nm, m = 1) can reach ~80%, and that of
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Fig. 15. Diffraction light of a 600 line/mm grating ruled by
CIOMP-2.

a 79 line/mm echelle (1 = 632.8 nm, m = 36) can
reach ~60%.

Figure 15 shows the diffraction light (A = 532 nm)
for a 600 line/mm grating ruled by CIOMP-2. No
Rowland ghosts were found. The scatter intensities
and ghost of CIOMP-2 gratings are low in general.
For 600 line/mm gratings (diffraction order m = -1),
the scatter intensities and ghosts reach 10~ of the
maximum intensity.

Figure 16 shows the diffraction wavefront
(4 = 632.8 nm) of order —1 for a 600 line/mm grating
with a ruling area of approximately 66 mm x 70 mm
ruled by CIOMP-2, where W, is the normalized
length of the diffraction wavefront and W,,, is the
normalized width of the diffraction wavefront. The
PV value of the diffraction wavefront is ~0.31.
The bend error of the grating line is small and hardly
affects the PV value of diffraction wavefront. The
main factor affecting the PV value of the diffraction
wavefront of a CIOMP-2 grating is the displacement
errors of the grating lines, which are generated by
the instability of external factors such as tempera-
ture, humidity, and atmospheric pressure.

According to the diffraction wavefront of a grating,
we can acquire the complex amplitude distribution of
a grating’s diffraction spectrum and estimate the res-
olution power of the grating [18]. We assume that the
normalized coordinates of the diffraction wavefront
are n(|n| £ 1) and £(|¢] £ 1). Each point of the diffrac-
tion wavefront is assumed to have the same complex
amplitude value. The angular coordinates of the
grating’s diffraction spectrum are u and v. The
wavelength dispersion of the grating is along the
directions of # and u. The complex amplitude of
the grating’s diffraction spectrum can be expressed
as

11, .
E(u,v) =C/ / etk A1) piuntv0) qdpd g, 1)
1)

04/

034

Diffraction wavefront ()
o
ha

Fig. 16. Diffraction wavefront of a 600 line/mm grating.
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where C is a constant and A(y,¢) is the grating
diffraction wavefront.

The normalized complex amplitude of grating’s
diffraction spectrum can thus be given as

C f_l1 f_l1 ethA018) gt wn+vd)) qpd &
C f—ll f—11 dndé

= 1 / ! / ! etk A1) piun+v0) qpdg. (2)
4 /1)

A(u,v) =

According to Eq. (2), the normalized diffraction in-
tensity of the grating’s diffraction spectrum I; can be
acquired as

e
{A(u’v) — IFFT FFTa‘Z
Ig = A(u,v)A*(u,v),

_ [forpr(e®20m)

)

where fppr is the fast Fourier transform function,
forrr 18 the two-dimensional fast Fourier transform
function, m is the grating diffraction order, and A(m),
having dimensions a x b, is the mth-order diffraction
wavefront of the grating.

Using Eq. (3), we can acquire the half width Au of
the main spectral line. Employing the Rayleigh
criterion, the ratio R, of the real resolution power
to the ideal resolution power of the grating can be
expressed as

R, = = x100%. (4)
Au

From Eq. (3) and the diffraction wavefront shown
in Fig. 16, we can obtain the two-dimensional diffrac-
tion spectrum distribution of the grating with
approximate dimensions of 66 mm x 70 mm. The
contours of the two-dimensional diffraction spectrum
of the above CIOMP-2 grating are shown in Fig. 17,
where u and v are the angular coordinates of the gra-
ting diffraction spectrum and u is the wavelength
dispersion direction of the grating. The contours of
the two-dimensional diffraction spectrum of the ideal
grating are shown in Fig. 18. The contours in Fig. 18
are all regular with elliptical shapes. Comparing
Fig. 17 with Fig. 18, we can see that the diffraction

20

E o
>
-10
-20
2 10 o 10 20
u (m)
Fig. 17. Contours of the diffraction intensity of the CIOMP-2
grating.
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wavefront error (see Fig. 16) mainly affects the spec-
trum distribution along the u axis and makes the
contours of the diffraction intensity become irregular.
Figure 19 shows the intensity distribution of the dif-
fraction spectrum of the above CIOMP-2 grating
with approximate dimensions of ~66 mm x 70 mm
when v = 0. From Eq. (4) and Fig. 19, we can obtain
the result that the CIOMP-2 grating has very high
resolution power and a resolution power ratio R, ex-
ceeding 99%. The diffraction wavefront shown in
Fig. 16 produces a few satellites near the parent line
(see Figs. 17 and 18) but hardly affects the resolu-
tion power.

B. Special Gratings and Echelles

The CIOMP-2 ruling engine works in a stop-and-go
mode using a piezoelectric actuator and dual-
frequency laser interferometers to realize interfero-
metric control, and it actively obtains and adjusts
for grating-line displacement errors and grating-line
bend errors when ruling each grating line. CIOMP-2
can thus also produce gratings and echelles with var-
ied line space, bent lines, and reduced aberration,
among others.

Figure 20 shows the diffraction wavefront of order
-1 for a varied-line-spacing grating with a grating
constant of 600 lines/mm and a ruling area of ap-
proximately 66 mm x 8 mm ruled by CIOMP-2,
where Wy, is the normalized length of the diffraction

0.8
0.6
0.4

0.2

Normalized diffraction intensity

u (m)
Fig. 19. Intensity distribution of the grating diffraction spectrum
v =0).

Diffraction wavefront (3,

Fig. 20. Diffraction wavefront of the varied-line-space grating.

Diffration wav efront (3, )

Wan 00 W,

Fig. 21. Diffraction wavefront of the bend-line grating.

wavefront and W,, is the normalized width of
the diffraction wavefront. The shape of the varied
line space is ruled to be a curved shape, and the
PV value of the diffraction wavefront is 1.5/.

Figure 21 shows the diffraction wavefront of order
-1 for a bent-line grating with a grating constant of
600 line/mm and a ruling area of approximately
66 mm x 8 mm ruled by CIOMP-2. As for the var-
ied-line-spacing grating, the shape of the bent line
is ruled to be a curved shape and the PV value of
the diffraction wavefront is 0.54.

7. Conclusions

The design and experiments on a 300 mm ruling en-
gine with interferometric control (CIOMP-2 engine)
were presented. A new ruling-tool carriage system
and its driving mechanism—which are easily real-
ized—were proposed. Experiments showed that the
new ruling-tool carriage system works well and its
stability of motion is improved with the help of a flex-
ure-hinge structure. The new driving mechanism of
the ruling-tool carriage system greatly reduces the
effect of misalignment between the ruling-tool
carriage system and its driving structure.

A new blank carriage system with interferometric
control was designed. The effect of the ruling speed
on grating blank positioning errors was analyzed.
PID control with parameters adjusted by a BP neural
network algorithm (BP-PID) was introduced to
control the blank carriage.

The CIOMP-2 engine is presently the world’s
third-largest ruling engine producing gratings and

1 March 2015 / Vol. 54, No. 7 / APPLIED OPTICS 1825



echelles with dimensions of 300 mm x 300 mm.
CIOMP-2 mainly rules gratings with grating con-
stants between 10 and 2400 lines/mm. The wave-
length range of a CIOMP-2 grating is from
ultraviolet to mid-infrared wavelengths. Using a
dual-frequency laser interferometer as the measure-
ment standard and keeping the ruling-tool carriage
system still, the threefold standard deviation values
of grating blank positioning errors were less than
~5 nm. Ruling experiments showed that the diffrac-
tion efficiency of the gratings ruled by CIOMP-2
can be as high as those of gratings ruled by the
MIT-B and MIT-C engines. CIOMP-2 gratings have
no Rowland ghosts visible. The scatter intensities
and ghost of CIOMP-2 gratings are low. For
600 line/mm gratings (diffraction order m = -1), the
scatter intensities and ghosts reach 1075 of the maxi-
mum intensity. Additionally, the resolving power of a
CIOMP-2 grating can reach a high level.

With the help of interferometric control, the
CIOMP-2 engine can produce gratings and echelles
with varied line spacing, bent lines, and reduced
aberration, among others.
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