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High-accuracy translation–rotation
encoder with two gratings in a Littrow mount

Michel Nevière, Evgeny Popov, Bozhan Bojhkov, Lyubomir Tsonev, and Svetlun Tonchev

A new type of translation–rotation encoder that makes use of two identical transparent dielectric gratings
lighted in a 21-order Littrow mount is proposed. The correct choice of the wavelength-to-groove-spacing
ratio produces only two transmitted beams, which interfere with the highest possible visibility in a large
range of experimental conditions. Thus this mounting permits high-accuracy encoders to be produced
by the use of cheap photoresist or plastic gratings and opens the way to industrial applications in
high-precision mechanics, information processing, etc. © 1999 Optical Society of America
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1. Introduction

It is known1,2 that one can measure interferometri-
cally the relative displacement between a grating
~here called the upper grating! and a detection fork
omposed of a vertically incident beam and a second
rating by causing two beams diffracted by the upper
rating ~e.g., the 11 and 21 orders! to interfere ~Fig.
!. If the upper grating moves along an axis Ox
ormal to the grooves and situated in the mean plane
f the upper grating, the 11 order experiences a
hase shift w, given by

w 5 2p~xyd!, (1)

where x is the displacement and d is the period of the
pper grating, while the 21 order experiences a
hase shift 2w. Equation ~1! shows that the dis-

placements that will be measured by detection of the
interference fringes produced below the second grat-
ing are independent of wavelength l of the incident
beam but depend on groove spacing d. Most dis-
placement encoders produced until recently used
gratings with periods greater than or equal to 4 mm,
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tique, Unité Propre de Recherche de l’Enseignement Supérieur
Associée, Centre National de la Recherche Scientifique 6079, Fac-
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which limited the resolution to ;1 mm. Increasing
requirements for positioning accuracy of precision
machine tools in recent years ~e.g., in semiconductor
technology and in production of diffractive-optics
components! as well as increasing requirements for
information storage and reading in compact disks
have fueled a demand for encoders with resolutions
in the submicrometer range. One might think a pri-
ori that the classic He–Ne laser interferometers3

could solve the problem. Despite their long-term
wavelength stability,4 high measuring accuracy re-
quires operating in vacuum; this possibility is pre-
cluded in many practical situations, among which are
those in which high-precision machine tools and most
coordinate measuring devices are used. As soon as
measurements in vacuum are precluded, the accu-
racy of the measurements in air depends strongly on
the refractive-index fluctuations.5 It implies strict
control of air pressure, temperature, and relative hu-
midity, which always have local fluctuations. Thus
it leads to an accuracy that deteriorates with increas-
ing measurement length. Grating interferometers
do not suffer from these inconveniences. In partic-
ular, our study brings a solution that is independent
of

~i! The wavelength, permitting the use of nonsta-
bilized sources such as light-emitting diodes,

~ii! The environmental parameters ~temperature,
ressure, relative humidity, etc!, and
~iii! The spacing between the moving and the read-

ut gratings.

t also involves a large degree of tolerance of the
arallelism of these two elements and in the groove
1 January 1999 y Vol. 38, No. 1 y APPLIED OPTICS 67
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shape of the gratings, permitting the use of cheap
photoresist or plastic gratings. It always provides
high visibility of the fringes without requiring equal
efficiencies of the two transmitted orders diffracted
by the upper grating.

2. Description of the Encoder

The new translation–rotation encoder consists of two
identical transmission gratings ~see Fig. 2!. Their
groove shape is symmetric with respect to the normal

Fig. 1. Grating encoder basic mount.

Fig. 2. Schematic representation of the encoder.
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on the mean plane of the grating. The profile can be
any one of the profiles currently used ~e.g., sinusoidal,
lamellar, trapezoidal!. It also can consist of parallel
metal rods. Each grating is adjacent to each of the
moving parts whose displacement has to be mea-
sured, and the two gratings are approximately par-
allel. The upper grating is illuminated in a 21 order
Littrow mounting. This means that the incidence u
is chosen in such a way that the 21 reflected order
propagates in the same direction as the incident
beam but in the opposite sense. This implies an
incidence angle u, given by

sin u 5 ly2d, (2)

here l is the incident wavelength. The lyd ratio is
chosen in such a way that only two orders propagate
in the medium surrounding the two gratings, which
implies that sin u . 1y3 or u . 19°289. Then Eq. ~2!
leads to l . 2dy3. Because Eq. ~2! already implies
that l , 2d, wavelength l must satisfy

2dy3 , l , 2d. (3)

This condition implies that only the zeroth and the
21 orders will propagate below the upper grating and
that they will fall upon the second grating under the
same Littrow condition as in Eq. ~2!. The result is
that, below the second grating, only four orders will
propagate, respectively denoted ~21, 0!, ~21, 21!, ~0,
21!, and ~0, 0!, under diffraction angles 6u. In prac-
tice, the upper grating is illuminated with a beam
with finite width D, so the upper grating gives two
transmitted beams with the same widths D. These
two beams are spatially separated below the upper
grating after a vertical distance Mx, given by

Mx 5 Dy~2 sin u!,

and we choose a distance between the two gratings
less than this value to create the desired interference.
After a vertical distance greater than Mx, the inter-
ference patterns of the ~21, 0! and ~0, 21! orders on
one side, and of the ~21, 11! and ~0, 0! orders on the
other side, do not overlap and can then be captured by
a detector. It is worth noting that no extraparasitic
order ~e.g., 11 or 22 order!, which could lower the
contrast, propagates. The incident beam must be
linearly polarized ~TE or TM!.

3. Interference Pattern

A. Theory

Under the illumination conditions specified above,
the upper grating will produce two diffracted or-
ders, with amplitudes T0 and T21, which fall upon
the second grating under angles of incidence 6u.
The 21 order falling upon the second grating then

roduces two transmitted orders with amplitudes
21,0 and T21,11, whereas the zeroth order gives

transmitted orders with amplitudes T0,21 and T0,0.
Inasmuch as the two profiles are identical and sym-
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metrical with respect to the grating normal Oy, we
nd that

T21,0 5 T21 3 T0,

T21,11 5 T21 3 T21,

T0,0 5 T0 3 T0,

T0,21 5 T0 3 T21 5 T21,0.

The result is that a detector that receives the inter-
ference pattern of the ~21, 0! and ~0, 21! orders
shows the intensity of the sum of two propagating
waves with equal amplitudes and with opposite
phases w and 2w given by Eq. ~1! when a relative
displacement x is produced between the two gratings.
Then it is well known6 that the intensity 1 is given by

1 5 2uT0,21u2~1 1 cos w! (4)

nd that it varies between the minimum, 121,min 5
uT21,0 2 T0,21u2 5 0, and the maximum, 121,Max 5
4uT0,21u2. The visibility V, defined by

V 5
1Max 2 1min

1Max 1 1min
, (5)

will be optimum ~equal to unity!, independently of the
elative values of the grating efficiencies in the zeroth
nd the 21 orders. Even for weakly modulated

gratings, the contrast will be optimum. On the
other hand, the luminosity of the interference pattern
depends on the product uT0 3 T21u2. Because the
sum uT0u2 1 uT21u2 is bounded by the energy-balance
riterion, it is expected that the luminosity will be
aximum when

uT0u2 5 uT21u2. (6)

This condition can be fulfilled by use of deep gratings
with optimized groove shape. However, electronic
detection does not require the highest luminosity.
Only good visibility is required, which can be ob-
tained with cheap photoresist gratings.

Note that the interference pattern between the
~21, 11! and ~0, 0! orders is generally less favorable
for use. Indeed, in general, T21,11 is different from
T0,0, and the interference pattern’s intensity varies
between its minimum 10,min and its maximum 10,Max
values:

10,min 5 uT0,0u2 1 uT21,11u2 2 2uT0,0uuT21,11u,

10,Max 5 uT0,0u2 1 uT21,11u2 1 2uT0,0uuT21,11u.

Thus the visibility is given by

V 5
2uT0,0uuT21,11u

uT0,0u2 1 uT21,11u2
. (7)
This expression may be far inferior to unity. For
example, if the gratings produce transmitted orders
with a ratio 10 in their efficiencies,

uT21u2

uT0u2
5

1
10

,

q. ~7! leads to V 5 0.18, and the interference will be
ard to use. There is a solution to raise V given by
q. ~7! to unity; it consists of having uT0,0u 5 uT21,11u,
hich implies the equality of transmitted efficiencies

tated in Eq. ~6!. Again, this requires optimized
roove shape deep gratings, with the consequence of
eing costly. Anyway, when such gratings with
qual transmitted efficiencies are available, it is
orth noting that if the detector receiving orders ~21,
! and ~0, 21! detect an intensity varying as 1 1 sin
, a second detector, which receives orders ~21, 11!
nd ~0, 0!, detects an intensity that varies as 1 2 sin
, because of the symmetry of the configuration. By
se of both measurements it is then possible, with an
dequate electronic network, to eliminate random
arasitic signals from a hostile environment and thus
o improve the visibility of the fringes.

B. Experimental Results

Two pairs of identical sinusoidal photoresist gratings,
with a period d equal to 0.85 mm, were produced by
holographic recording. The first type, called type A,
was characterized by a high modulation ratio ~hyd,
where h is the groove depth! close to unity. In TE-
polarized light ~electric-field vector parallel to the
grooves!, the absolute zeroth and 21 transmitted ef-
ficiencies were 32% and 34%, respectively. In TM
polarization the energy was unevenly distributed:
45% into the zeroth order and 20% in the 21 order.
For the second type ~type B! the modulation ratio was
;0.5. In TE polarization the zeroth- and the 21-
order efficiencies were 43% and 17%, respectively.
All these measurements were done with a He–Ne red
laser @with wavelength l equal to 0.6328 mm and
under the Littrow incidence u 5 21.85° derived from
Eq. ~2!#. However, a large tolerance on the incidence
condition was found; departing from a Littrow mount
within 610° angular deviation changed the efficien-
cies only within 2%.

Each grating was in fact produced upon a thin glass
plate ~cut from spectroscopic plates!. To avoid the
interference pattern that is due to the multiple re-
flection between the two sides of the thin glass plate,
we attached that plate to a 1-cm-thick glass plate by
using an immersing liquid, so the beams reflected at
the grating and at the flat backside of the plate were
separated spatially, thanks to the nonnormal inci-
dence. The two gratings of a given couple, together
with the thick glass plates, were mounted upon sep-
arate optical micropositioners to permit independent
motions for alignment. The second grating was
mounted upon a piezocontrolled small table. This
table had two perpendicular directions of movement
with a full run of ;12 mm, electrically controlled to
within 40 nmyV, which permitted a precision of ;50
1 January 1999 y Vol. 38, No. 1 y APPLIED OPTICS 69
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nm in the relative positioning of the two gratings.
This piezotable was mounted upon another micropo-
sitioning table, which had several degrees of freedom:
It could move in the y direction ~note that the x di-
ection lies in the grating plane and is perpendicular
o the grooves, the z direction also lies in the grating
lane and is parallel to the grooves, and the y direc-
ion is perpendicular to the grating plane!, could ro-
ate about the z axis to allow for introducing some
ngle between the grating planes, and could rotate
bout the y axis. The last-named movement is nec-
ssary for making the grooves of the two gratings
arallel to each other.
The system was illuminated close to a Littrow
ount by a He–Ne laser through a beam expander

hat produced a beam width of ;18 mm. As we
bserve below, a beam divergence ~or convergence! of
s much as 5° was not critical for the results of the
xperiment. A quantitative investigation of the in-
uence of the beam divergence outside these limits
as not carried out because these were the limits of

he beam expander to produce nonparallel beams.
The two gratings were mounted face to face, and we
ade the blanks almost parallel by observing the

osition of the diffracted spots. After that, the sec-
nd grating was slowly rotated about the y axis ~per-
endicular to the grating plane! to ensure parallelism
f the grooves. Because the recording beams were
lightly divergent, the grooves were not straight; thus
arallelism was obtained in a relatively small zone
ith a 7-mm radius, which corresponds to the central
art of Fig. 3~a!. This figure clearly shows the exis-
ence of curved grooves. Experiment has shown
hat the precision of the alignment of the grooves in
arallel must be greater than 3 3 1025 rad for a

zero-interference spot larger than 5 mm.
After positioning at the zero point of the interfer-

ence pattern, the upper grating was translated a dis-
tance dy2 along the Ox axis situated in the mean
plane of that grating and normal to the grooves. The

Fig. 3. Photographs ~actual size! of the interference pattern. ~a!
~b! starting from the position defined in ~a!, the upper grating is t
0 APPLIED OPTICS y Vol. 38, No. 1 y 1 January 1999
interference pattern was changed into the one in Fig.
3~b!. Comparison of Figs. 3~a! and 3~b! shows that
the dark areas were turned into bright ones and vice
versa.

A small 3-mm-diameter detector was then put in
the central part of the interference pattern, and its
signal was recorded while the upper grating was
moved along the Ox axis. Figure 4 shows the result.
t represents the intensity of the interference field
roduced by the ~21, 0! and ~0, 21! orders with the
ratings of type B, which had 43% and 17% efficien-
ies in the zeroth and the 21 orders, respectively.
he intensity varied from 3 to 15 mW, which led to a
easured visibility of 67%. As expected, the visibil-

ty was high despite the great difference in grating
fficiencies. The period of the signal was 850 nm,
hich was the period of the grating. It is worth
oting that the same signal will be recorded whatever
he location of the small detector in the interference
eld may be. On the other hand, the interference
attern obtained with the ~21, 11! and ~0, 0! orders
roduced a signal that oscillated from 20 to 38 mW,
eading to a poor visibility of 0.31. The reduction in
isibility observed when experiments were compared
ith theory comes mainly from the nonnegligible de-

ector size compared with the width of the fringes of
he interferogram. Thus the detector integrates the
ntensity over the size of its aperture instead of de-
ecting the exact minima and maxima. We also
ade other measurements by replacing a grating of

ype B with a grating of type A. Table 1 lists both
he experimental results and the predicted visibility
iven by Eq. ~7!.
One can see that, as soon as the ~21, 0! and ~0, 21!

rders are used, high visibility can be obtained for
oth types of grating, whatever the values of their
ransmitted efficiencies may be. On the other hand,
he use of the ~21, 11! and ~0, 0! orders leads to high
isibility only for gratings of type A, for which the
ransmitted efficiencies are equal. Indeed, because

gratings are placed to have a minimum in the center of the field;
lated a dy2 distance along the Ox axis.
The
rans
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of the Littrow incidence and equal refractive indices
of the superstrate and the substrate, we obtained T0

2

5 0.32 5 T0,0 and T21
2 5 0.34 5 T21,21. Thus Eq.

~7! gives a theoretical visibility of 0.998. In all cases
there is an important difference between the predicted
visibility and the measured one, which points out the
need to use a better detector. An array of photodiodes
placed anywhere in the interference pattern could per-
mit processing the signal and suppressing random sig-
nals coming from a hostile environment.

The tolerance with respect to the parallelism of the
grating plates, i.e., between the moving planes, was
also studied and turned out to be large. It was ob-
served that the interference pattern is not disturbed
if the second grating is rotated about its z axis to
within 1° in both directions, i.e., within 3.5 3 1022

rad. This large tolerance is explained by the facts
that the incidence is the Littrow incidence and that
the difference between the directions of the rays dif-
fracted by the gratings when they are not parallel is

Fig. 4. Measured intensity at the center of the interference patter
piezoelectric table.

Table 1. Comparison of the Interference Signals Produced b

Numbers of Interfering Orders Interference

~21, 11! and ~0, 0! Minimum
Maximum
Measured Visi
Theoretical Vi

~21, 0! and ~0, 21) Minimum
Maximum
Measured Visi
Theoretical Vi
much smaller than the angle between the blanks, as
can be established from the Fraunhofer equation ~see

ppendix A!.
The interference pattern shown in Fig. 3 was not

hanged when the second grating was moved in the
irection of the y axis ~perpendicular to the surface!.

A small-scale movement was ensured by the piezo-
electric table; and a large-scale movement ~as much
as 10 mm!, by the supporting table. When the grat-
ings were separated by a distance greater than 15
mm the interference pattern disappeared as a result
of the spatial separation between the beams that
were assumed to interfere.

A last experiment was done with a different light
source. Together with the He–Ne laser, a much
cheaper semiconductor diode laser ~from a laser
pointer!, with wavelength of 675 nm, was used. Us-
ing a semitransparent mirror, we combined the two
laser beams to compare the interference patterns un-
der similar conditions. There were only two notice-

a function of displacement x and of corresponding voltage V of the

Two Kinds of Interference Field for the Two Types of Grating

al Power

Grating Type

Grating A Grating B

5 mW 20 mW
40 mW 38 mW

@Eq. ~4!# 0.78 0.31
ty @Eq. ~7!# 0.998 0.68

5 mW 3 mW
35 mW 15 mW

@Eq. ~4!# 0.75 0.67
ty @Eq. ~7!# 1 1
n as
Sign

bility
sibili

bility
sibili
1 January 1999 y Vol. 38, No. 1 y APPLIED OPTICS 71
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able differences between the two wavelengths used:
the 21- order position was shifted because of the
rating dispersion and because the beam-spot distri-
ution of the diode laser was disturbed owing to its
esonator parameter. Otherwise, minima and max-
ma were observed simultaneously at both wave-
engths, pointing to a weak spectral dependence of
he device properties.

4. Determination of the Sense of the Displacement

In the version presented so far, the relative displace-
ment x between the two moving parts is deduced from

q. ~1!, and w is determined from an interferogram
hose intensity is given in Eq. ~4!. Thus the sign of
, i.e., the sense of the displacement, is unknown.
he present device gives access only to the length of
he displacement. It can thus be useful to measure
he velocity of the displacement, on top of its ampli-
ude.

When the sense of the displacement is required, the
evice can be completed in the following way: A
hird grating, identical to the two previous ones, is
dded upon the surface of the element in which the
ower grating in Fig. 2 is engraved. However, the
hird grating is translated along the z direction of the
rooves in such a way that the rulings of the two
ower gratings do not overlap. Moreover, the third
rating is translated along the x direction normal to
he rulings in the lower grating plane by a distance
qual to dy4. Figure 5 shows a top view of the rel-

Fig. 5. View from the top of the lower mobile element on which
two shifted identical gratings are engraved, a second grating is
engraved with dy4 translation along the x axis, and there is a shift
in the ruling direction large enough that the two rulings do not
overlap.
2 APPLIED OPTICS y Vol. 38, No. 1 y 1 January 1999
tive positions of the two lower gratings. The inci-
ent beam is assumed to have a width in the z
irection that is large enough to illuminate the two
ower gratings. A second detector is placed in such a
ay as to receive the interference pattern of the ~21,
! and ~0, 21! orders produced by the second lower
rating. It follows from the dy4 shift that, when the
rst detector, which analyzes the interference pat-
ern of the ~21, 0! and ~0, 21! orders of the first lower
rating, receives an intensity that varies as shown in
q. ~4!, the second detector receives an intensity 19,
iven by

19 5 2uT0,21u2 F1 1 cos
2p~x 1 dy4!

d G
5 2uT0,21u2~1 2 sin w!. (8)

quations ~4! and ~8! permit w to be determined in a
nique way: Displacement x is deduced from Eq.
1!.

5. Elimination of Random Noise

As established in Section 3, the use of the interfer-
ence pattern that results from the ~21, 0! and ~0, 21!
rders always produces optimal visibility, whereas
his is not so, in general, for the interference pattern
hat results from the ~21, 11! and ~0, 0! orders. As
e have already pointed out, there is a solution that
ill raise the latter pattern’s visibility to unity, which

onsists of having

uT0,0u 5 uT21,11u. (9)

If we denote the amplitudes of the transmitted orders
of the second grating T09, T119, and T219, by defini-
tion we have

T0,0 5 T0 3 T09, (10)

T21,11 5 T21 3 T119. (11)

Thus there are several ways to satisfy Eq. ~9!, which
e discuss in detail in this section.

A. Use of Identical, Symmetric Profiles

As soon as the second grating has a profile that is
symmetric with respect to the normal on the mean
plane, T119~2u! 5 T219~u!; moreover, because the two
ratings are identical, T219~u! 5 T21~u! and T09 5 T0.

Thus Eqs. ~10! and ~11! lead to

T0,0 5 ~T0!
2, (12)

T21,11 5 ~T21!
2 (13)

and Eq. ~9! is satisfied as soon as we have

T0 5 T21. (14)

Again, there are several ways to arrive at that
solution, assuming the working conditions stated by
Eq. ~2! and inequality ~3!. The first way7,8 consists
f using gratings made with metal rods and lighted in
E polarization. The nature of the metal has little
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significance as soon as the groove depth is high
enough. Equation ~14! is well satisfied in the case of
a rod grating with a rectangular section when the
width X of the dielectric medium between the rods
satisfies ly2N , X , lyN, where N is the refractive
index of the dielectric. A recent paper9 has shown
that the equality between T0 and T21 can also be
obtained in TM polarization if X , ly2N, although
this solution leads to poor luminosity when X ap-
proaches zero. A completely different approach2

consists of using deep lamellar dielectric gratings,
whose groove depth Y and bump width X, illustrated
n Fig. 6, have been conveniently determined. With
omputer codes founded in the electromagnetic the-
ry of gratings10 it has been established that, in TE

polarization, the optimal values of the normalized
groove depth Yyl are located upon the curve shown in
the center of the hatched area in Fig. 7. This curve
consists of two parts ~A and B!, which meet at a point
~X1, Y1!, with X1 5 0.593 and Y1 5 1.039. Part A
has the following equation:

Yyl 5 8.399~Xyl!2 2 6.616~Xyl! 1 2.009, (15)

with

Xyl [ @0.40, X1#;

Fig. 6. Groove geometry of a dielectric lamellar grating.

Fig. 7. Optimal groove depth and groove width of a dielectric
lamellar grating to produce equal transmitted efficiencies.
part B has the equation

Yyl 5 1.039~Xyl! 1 0.423, (16)

with

Yyl [ @Y1, 1.3#.

When Eq. ~15! or ~16! is satisfied, the amplitudes of
he two transmitted orders are equal. Moreover, it
as been established that in the hatched region in
ig. 7 delimited by curves parallel to the heavy curve
he sum of the transmitted efficiencies is greater than
.8, whereas their relative difference is less than
0%, which permits the tolerance on the optimized
rating manufacturing to be estimated. The bound-
ries of the hatched region are defined by six equa-
ions:

Yyl 5 8.679~Xyl!2 2 6.851~Xyl!2 1 2.113,

Yyl 5 0.974~Xyl! 1 0.514,

Yyl 5 8.120~Xyl!2 2 6.381~Xyl! 1 1.905,

Yyl 5 1.039~Xyl! 1 0.383,

Xyl 5 0.40,

Yyl 5 1.30.

We recall that these results hold for TE polarization.
It is likely that convenient domains of groove depth
and groove width can also be found in TM polariza-
tion, but because the choice of the polarization is
usually open we have limited our effort to the study of
TE polarization.

To conclude this section, let us point out that, in-
dependently of the path that has been followed to
yield a symmetric grating with equal transmitted
efficiencies, the use of identical gratings has ensured
that the ~21, 11! and ~0, 0! orders produced an in-
terference phenomenon with the same visibility as
the one given by the ~21, 0! and ~0, 21! orders.
Thus, as we already pointed out at the end of Sub-
section 3.A, by combining measurements obtained
with the two interference patterns, which vary as 1 1
sin w and 1 2 sin w, we can then use signal processing
to eliminate random noise or any parasitic signals
that could arise from hostile environment. Figure 8
shows a detailed view of the complete mounting.
The second grating illustrated in Fig. 5, as well as the
two corresponding detectors, are not represented in
this figure.

B. Use of Nonidentical Gratings with Symmetrical
Profiles

The use of two identical gratings is, of course, the
easiest solution for a manufacturer who would like to
produce the encoder. However, one can arrive at the
same result as in Subsection 5.A with two symmet-
rical profiles but different gratings, each grating be-
ing optimized so the gratings have equal transmitted
efficiencies. For example, one may combine a metal-
rod grating used in TE polarization with ly2N , X ,
1 January 1999 y Vol. 38, No. 1 y APPLIED OPTICS 73
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lyN and a deep dielectric grating optimized as shown
n Fig. 7. It is assumed only that T0 5 T21 and that

T09~u! 5 T219~u!. The symmetry of the profile gives
T119~2u! 5 T219~u!, and Eqs. ~10! and ~11! lead to

T0,0 5 T0 T09,

T21,11 5 T21T 1 19~2u! 5 T21T219 5 T0 T09.

Moreover,

T21,0 5 T21T09 5 T0 T09, (17)

T0,21 5 T0 T219 5 T0 T09. (18)

ere, too, the two interference systems are produced
ith equal-intensity beams. The visibility is opti-
um, and all the conclusions of Subsection 5.A apply.
n the other hand, if one moves to gratings with
symmetric profiles, identical or not, it is not possible
o obtain interferences with equal-intensity beams,
ven in the ~21, 0! and ~0, 21! interference pattern.
his result is linked with the fact that, contrary to
hat happens for the zeroth reflected order, in trans-
ission we have T09~2u! Þ T09~u!. Also, T119~2u! Þ

T219~u!. Thus Eqs. ~10! ~11! and Eqs. ~17! and ~18!
lead to different intensities.

6. Extension to the Detection of Rotation Motion

Although the device has been described in detail from
the viewpoint of detecting a translation motion, its
extension to the detection of rotation motion is
straightforward. It suffices to replace the two clas-
sic linear gratings by gratings ruled upon rings, with
the groove direction through the centers of the rings,
as illustrated in Fig. 9. The centers of the rings have
to be located on the axis of the rotation motion.

Fig. 8. Mounting for eliminating parasitic signals. Heavier
lines represent the two gratings. Hatched areas are two detec-
tors.
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7. Discussion of the Results

To understand fully the potentialities of the new de-
vice, one has to keep in mind that the experimental
results of Subsection 3.B were obtained not with good
gratings produced by a manufacturer but with poor
gratings that anyone can produce in a lab. Because
the recording beams were slightly divergent, the
grooves are not straight, and the interference field
illustrated in Fig. 3~a! is far different from the flat
field that would be obtained with straight grooves.
Anyway, the device works. Moreover, the detector
has a 3-mm input diameter, whereas an ideal detec-
tor should be infinitely small. The result is that it
averages the field intensity on the input surface in-
stead of detecting the exact value at a given point.
This is the main reason that explains the discrepancy
between the measured visibility ~0.75! and the theo-
retical visibility ~1!. However, with 0.75 or 0.78 vis-
ibility, as shown in Fig. 4, it is possible to measure
displacements as small as 0.08 mm, corresponding to

y10. This resolution could easily be pushed to 0.04
m by use of 2400-grooveymm gratings, which are
asy to produce nowadays by holography. Such a
echnique avoids pitch errors and allows gratings to
e produced with widths greater than 10 cm, which
ive the corresponding maximum displacement.
or longer displacements, gratings with 40-cm
idths have already been produced, some of them
ith 6000 groovesymm for the Far Ultraviolet Spec-

roscopic Explorer mission,11 which push the resolu-
tion to 0.017 mm. We realize that such gratings are
xpensive, but only copies of a master are required.
et us point out that the use of copies of the same
rating eliminates the perturbation that would be
ntroduced by use of two gratings with slightly dif-
erent pitches. A further improvement could be
ade in the detection. In the simple version that we

roposed, a punctate detector placed in the central
rea in which a flat field is obtained is sufficient to
ecord the measurements in Fig. 4, through which
he least-mean-squares method permits the cosinu-
oid described by Eq. ~4! to be drawn. The displace-
ent is then measured by fringe counting. No

alibration is required, and the uncertainly intervals
f the measurement, linked with the classic accuracy
f photometric measurements and with laser fluctu-
tions, have a negligible influence on the accuracy of
easured displacement. In an improved version

he punctual detector can be replaced by a photodiode

Fig. 9. Schematic of gratings used to detect rotation motion.
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array placed anywhere in the interference field, with
a suitable electronic to process the signal. But this
is the classic signal treatment, which is beyond the
scope of this paper.

8. Conclusion

A new translation–rotation encoder has been pro-
posed. It has been proved to work under conditions
of large tolerance. First, by use of the interference
pattern between the ~21, 0! and the ~0, 21! trans-
mitted orders it is possible to obtain high visibility
with a large variety of transmission gratings without
requiring particular specifications of their groove
shape. This permits using cheap photoresist or
plastic gratings. Second, any kind of light ~TE- or

M-polarized light! can be used, and a cheap semi-
onductor diode can be used as the source. Third,
here are wide degrees of tolerance of incident condi-
ions, of the degree of parallelism of the gratings, and
f the distance between their mean planes. Despite
hese large tolerances, the device is able to detect
isplacements of ;dy10, i.e., ;80 nm in our cases,
nd even shorter displacements when d is reduced in
he range stated in inequality ~3!. More-
ophisticated profiles permit parasitic signals coming
rom hostile environments to be eliminated. Thus
he proposed device has a great potential for high-
echnology public applications. It is patented in
rance under patent number 9,805,729 ~6 May 1998!.

Appendix A: Angular Deviation Caused by the
Nonparallelism of the Grating Planes

Let us imagine that the incident beam falls upon the
first grating in a Littrow mount at angle uL, given by

sin uL 5 ly2d, (A1)

where d is the groove period and l is the incident
wavelength. If the gratings are not parallel, with
the angle between their x axes equal to a1 as illus-
rated in Fig. 10, then the zeroth order of the first
ratings falls upon the second grating under inci-
ence u1:

u1 5 uL 1 a1 (A2)

nd is diffracted by the second grating in its 21 order
n direction u2 with respect to the second grating

normal, O9y9, given by the grating equation

sin u2 5
l

d
2 sin u1, u2 . 0. (A3)

Thus this beam makes an angle u29 with the normal
Oy to the first grating, given by u29 5 a1 1 u2. Let us
ntroduce

a2 5 uL 2 u2; (A4)

we obtain

u29 5 uL 1 a1 2 a2.
This beam will interfere with the 21 beam dif-
fracted by the first grating order ~which is transmit-
ted as a zeroth order by the second grating!,
propagating in direction uL ~with respect to the y
axis!, so period I of the interference pattern will de-
pend on the difference a1 2 a2 ~Ref. 6!:

2 sin
a1 2 a2

2
5

l

I
. (A5)

Equation ~A5! shows that, if a1 5 0 5 a2, I3 ` and
the interference field is uniform if the gratings have
perfect, rectilinear, parallel grooves. At a given
point of the field where we place the detector, the
intensity of the field will vary if a translation of a
grating occurs, as was illustrated in Fig. 4. Intro-
duction of a nonparallelism produces interference
fringes. However, the value of a1 5 1° with l 5
632.8 nm and d 5 0.85 mm inserted into Eqs. ~A3!–
A5! results in I 5 5 mm; i.e., the interference picture

has a period of 5 mm, which does not disturb the
measurements significantly.

This large tolerance can be understood when we
remark that, because of the Littrow incidence, the
rotation of the 21 transmitted order is null up to
second order when incidence u1 is increased by du1,
starting from uL. If, starting from parallel gratings,
we rotate the lower grating by an infinitely small
angle a1, we get du1 5 a1. Differentiating Eq. ~A3!
eads to

cos u2 du2 5 2cos u1 du1.

Because before rotation u1 5 uL 5 u2, we obtain du2 5
2du1. Thus du2 5 2a1, which shows that the 21

Fig. 10. Angular deviation of the ~21, 0! and ~0, 21! beams owing
to a tilt of the second grating.
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support the faithful reproduction of a mask pierced with peri-

7

order diffracted by the second gratings maintains a
fixed position with respect to the y axis.
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