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Abstract. In this article, we demonstrate the capability of  Despite the number of publications on photorefractive
a two-beam coupling photorefractive optical novelty filter of novelty filters, a rigorous treatment of its main figure of merit,
detecting changes in the amplitude or phase of optical imagethe novelty contrast, that is in agreement with experiments, is
These changes may either be continuous or discrete in timstill lacking. We show, that the predictions of the commonly
The performance of the two-beam coupling novelty filter isused coupled-wave theory (see, for example, [15]) are not in
investigated and expressions for the output contrast correagreement with experimental results. We therefore develop
ponding to phase and amplitude changes based on a novalsimple theoretical model of the two-beam coupling novelty
simple interference model of two-beam coupling are derivedilter that is based on the simple mechanisms of diffraction
These expressions are verified by experimental results on tlaad interference and is confirmed by experimental results. We
novelty contrast, revealing that the amplitude contrast is nahen show that, following from the working principle of the
described correctly by the commonly accepted coupled-wavgovelty filter, it can be operated in two modes, image differen-
theory. The novelty filter was applied to the detection of tem4iation and image subtraction. We then report on experimental
porally continuous phase changes provided by a gas flonealizations of different applications of the photorefractive
and moving microscopic objects. A novel scheme for imagéwo-beam coupling novelty filter. The device was applied to
subtraction is also demonstrated, showing the novelty filter'she visualization of a gas flow and motions of biological ob-

ability to detect temporally discrete changes. jects in a novelty filtering microscope. We have also realized
an optical object inspection system that is based on the sub-
PACS: 42.65H; 42.30; 07.07.D traction of subsequentimages.

Due to its inherent parallelism, optics is considered advantar |nierference model of photorefractive two-beam
geous for processing high-resolution images. For temporally ¢qp|ing

changing images, a key processing element is the so-called

optical novelty filter [1]. An optical novelty filter is a de- The working principle of the two-beam coupling photorefrac-
vice that detects temporal changes in an image sequence aigé novelty filter has already been described by Anderson
suppresses its stationary parts. Applications of optical novand Feinberg [1]. Novelty filtering is performed by the de-
elty filters include, for example, object tracking [2, 3], motion structive interference of a current input image and the readout
detecting microscopy [4], edge enhancement [5, 6], visualof an image holographically stored in the photorefractive in-
ization of plasma jets [7], novelty-filtering intensity correla- dex grating. Due to the dynamic nature of the photorefractive
tion [8], audio sound processing [13] and phase front meagyrating formation, the latter is an exponential time average of
urement [10, 11]. Most optical novelty filters realized up toa|| previous input images. Based on this working principle,
now are based on the photorefractive effect. However, Conﬁg,ve now deve|0p a new and Simp|e model of photorefrac-
urations based on the same principle but other nonlinear opive two-beam coupling based on interference and compare
tical effects such as phase conjugation in an organic film [12}s predictions of the novelty filter contrast to the predictions
or using photon-echo [9] do exist. The novelty filter based orpf the widely accepted coupled-wave theory as well as with
photorefractive two-beam coupling used in this work was firsexperiments.

proposed and demonstrated by Cronin-Golomb et al. [14]. 'The idea of our model is visualized in Fig. 1. Beams 1
This novelty filter Configuration exhibits two main advantage%nd 2 are incident on the Crysta| and form an interference
— a high contrast and the relative ease of adjustment. grating | (dashed lines) with grating periad, relative to
I which both beams have an angleWithout loss of general-
Dedicated to Prof. Dr. Eckard Kratzig on the occassion of his 60th birthdayity, we assume the grating vector to be parallel todfeis.
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tering is performed, whereas coherent image amplification
occurs when the image is imposed on beam 2.

Let us now calculate the intensities of the two beams at
the output portd1(L) = I andlo(L) = I} (with interaction
length L of the beams) as functions of the input intensities

- [1(0) andl»(0) according to the interference model. It is well
known that the intensity of two interfering collinear waves of
intensitiesl; and|, with phase differenc# is given by

| = E1+Eol? =11+ lo+ 2/ 111, cosw . (2)

To calculate the intensities at the output ports, we first have
to determine the expressions for the two waves that interfere
- there. Itisassumed thata portibﬁj2 =l 2 of every wave is
diffracted into the direction of the other and a portidn =
Fig. 1. Interference model of photorefractive two-beam coupling. Beams(]f'_lt._.n)ll’2 I? trzans;mtte.d’ Wr:jera IS the eﬁe(;tlve2(1|ffrr1actlon
1 and 2 form an interference grating dashed lines with grating wave- e ICIeI_’1_Cy0 the refractive index grating. Using ( )rt e output
length A, that creates a refractive index grating $lid lineg, shifted by  intensities become:

a phase o relative to the interference grating. Consequently, the transmit-
ted part of beam 1 (2) interferes with the diffracted part of beam 2 (1)  Output port 1.

. | o . 1= 11+15+ 2\/1]15 cospaz
A refractive index gratingR (solid lines) is created via the
photorefractive effect, which is spatially shifted with respect =1-mli+nl2+ 2,/(1=n)linl2coSpqz. 3)
to interference grating. In purely diffusion-dominated crys-
tals, this grating phase shift is exactty2, but can deviate Outputport2
from this value even iBaTiO; crystals [16, 17]. Therefore, /gt qd td
the grating phase shift is referred togm this article. l2=lz+ 11+ 21517 c0Span
~ Beams 1 and 2 are diffracted by the refractive index grat- = (1—n)l2+nl1+ 2y/(1—1n)l2nl1cOSpq; . (4)
ing they have produced with diffraction efficiengyat output
port 1 (2), the diffracted part of beam 2 (1) interferes with All parameter dependencies of photorefractive two-beam
the transmitted part of beam 1 (2). The energy transfer igoupling are contained in the diffraction efficiency.
photorefractive two-beam coupling originates from the differ- ~ The diffraction efficiency of a photorefractive index grat-
ent phase shifts of the interference in the two ports. Wheing with arbitrary phase shié was first derived by Kukhtarev
diffracted from a phase grating, the first order of diffractionet al. [20]. Assuming hole-conductingaTiGs, it can be
has a relative phase shift f 2 with respect to the zero-order Written as

(i.e. transmitted) beam [18, 19]. In addition, the diffracted L
part of beam 2, then propagating in the direction of beam 1, 2mexp(—yL/2) [COSK—VL/Z) - COS(—Ztanzp)]
experiences an additional phase shift because it is diffractdtkuk = (1+m) [1+ mexp(—yL)] - ()

from the index grating which is spatially shifted with respect

to the interference grating and thus has to propagate over &fere,y is the photorefractive coupling coefficient given by
additional path length oft (see Fig. 1). This additional path y = 27n;sing/(x cosd), whereg is the half-angle of inter-
length can easily be shown to be equivalent to the gratingection of the two beams, amd describes the modulation
phase shify, independent of the angle of incidertteas long  depth of the photorefractive index grating.is the intensity

as the phase shift itself is independentfofThis situation ratio of the incoming beams, definedras= 11(0)/12(0).

holds for the case of diffusion-dominated crystals{ 90°), The diffraction efficiency of (5) accounts for the diffrac-
which is the case considered in this article. The path differtion in all directions. For photorefractive beam coupling de-
ence and thus the phase shift have the opposite sign for tiseribed by the interference model, only the portion of the
diffracted part of beam 1 with respect to beam 2. Thus, incordiffracted beam collinear to the transmitted part of the other
porating the phase shift/2 due to diffraction from a phase beam is relevant. Due to the effect of hologram bending for
grating, which always has positive sign, the two beams expep # 7/2 [20], diffraction also occurs in other directions in

rience the following total phase shifgs this case, thus not contributing to the beam coupling. The
- diffraction efficiency relevant to the beam coupling is thus

diffracted part of beam 1: pg1 = — — ¢, different fromn. The hologram bending increases with in-
7?[ creasing deviation of the grating phase shiftom /2, thus

diffracted part of beam 2: pq2 = 5 +¢. (1) the effective diffraction efficiency must decrease wieap-

proaches 0. In the case ¢f= /2, no hologram bending
Consequently, we have destructive interference of the transecurs and the effective diffraction efficiency is equal to the
mitted portion of beam 1 and the diffracted portion of beam 2one givenin (5). Fop = 0, the hologram is only tilted and the
in output port 1 and constructive interference of the trans-Bragg-diffracted beam thus has no component collinear to the
mitted portion of beam 2 and the diffracted portion of beam lother writing beam, requiring = 0 in our model. Our simple
in output port 2 Thus, beam 2 is amplified and beam 1 isinterference model gives no information about the diffrac-
depleted. When an image is imposed on beam 1, novelty fikion efficiency. Thus, we have to find an expression that leads
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to results in agreement with experiments. A good choice i€xperiments for the investigation of the novelty contrast have
multiplying Kukhtarev’s expression for the diffraction effi- been performed with the relatively simple setup shown in
ciency by a factor of sih, which fulfills the requirements Fig. 2. Experimental values of the amplitude contrast for the
for n mentioned above. The diffraction efficiency relevant fortwo-beam coupling photorefractive novelty filter were ob-
beam coupling thus reads tained using a nominally undoped, single-domB&TiOs
crystal (64 x 2.4 x 3.2mm) in a configuration using extraor-
dinary polarization to exploit the large electrooptig coef-
ficient and are shown in Fig. 3. The incident angles on the
crystal are 83and 53 with respect to the normal of the crys-
tal surface for the reference and signal beam, respectively
(compare Fig. 2). The figure also shows theoretical curves ac-
Coherent signal amplification is known to be described excelording to the coupled-wave theory (9) for different realistic
lently by the coupled wave theory. Having chosen the effectvalues of the coupling parametek. It is evident that the ex-
ive diffraction efficiencyy as above, the signal gain, perimental values are not reproduced by theoretical curves ac-
cording to the coupled-wave theory. For example, it is shown
_la(L) easily by differentiation, that (9) never has a maximum. How-
~ 1,(0) ever, it turns out that the simple interference model developed
above can be used to describe the experimental results for the
agrees with the signal gain due to the coupled wave theorympliude contrast. According to the interference model, the
with a deviation of less tha% for typical experimental
values of 104 < m < 10* andyL ~ 3—4 for ¢ # /2. For
example, a value ap = 70° andm = 10* leads to a devia-
tion of 1%, a value ofp = 87° and the samen in a devia-
tion of less than 0.2%. Fap = /2, i.e. a purely diffusion-
dominated crystal, a complete agreement of the gain due {o
the interference model using this effective diffraction effi-
ciency with the gain due to the coupled-wave theory is ob-
tained, which can also be proved analytically [21]. This jus-
tifies the choice of) according to (6).

N — Nkuk SING =
2mexp(—yL/2) [cosf(—yl-/ 2)— COS(%)]
(L4+m) [1+mexp—yL)]

sing . (6)

= (1—n) +nm+2,/(1—n)nmcospq: , (7)

Laser >

2 Contrast for amplitude and phase changes

The most important figure of merit for an optical novelty filter
is the visibility of the novel parts in an image compared with PD
the unchanged parts. This leads to a definition of the novelty
contrast as the intensity ratio of the novel part of the image

to the same part when it is no novelty [1,22]. When ampli-_ _ _ o
%3/2. Experimental setup for the investigation of the novelty contrast. M:

tUd.e c_hanges are con5|dered,_the Change_ can be defined rors, BS: beam splitter, VA: variable attenuator, S: shutter, PD: photo
switching on or off a complete image bearing beam (beam digge

in our nomenclature). The alternating switching on and off
of the image bearing beam then leads to a series of peaks
with exponential decay [22]. The appearance of a novelty thus
corresponds to switching on beam 1 without a grating in the
crystal, and consequently the ouptut intensit§0). When the
novelty filter has adapted to the change, a grating is formed
due to the interaction with beam 2 and the output intensity of
the depleted image beam is thliglL). The amplitude con- )
trastC, is thus written as

_ (0
H(Sh

Because coupled-wave theory (see, for example, [15]) is e
known to describe coherent signal amplification very well, 10 | yL=2

[e2]
o

8)

a

contrast C

20 173 x x

it was also the theory of choice in previous publications for

the description of the novelty filter contrast [1, 4]. Accord-
ing to the coupled-wave theory, the contrast for amplitude
changes is

110 1+mtexpiyl)
Ty 1+m-1t

Ca

yL=1.5

0"
10

-2

10

Fig. 3. Experimentally obtained amplitude contr&sf as a function of the
(9) intensity ratiom using an undope®aTiOs crystal Gtarg and theoretical
curves according to the coupled-wave theory (9)yfbr= 15, 2, 3,4
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amplitude contrast is plitude contrast. It is given by the intensity ratio of the novelty
filter output with and without a phase change/of

11(0) n [ r
Ca= =|1- —+ 2 /—0A- ,
(L) [ n+m+ m( 1) COSQq2 "o (%@wﬁ:IﬂLAw
1

l1i(L, Ay =0)

where we have useth(0) = 11(0)/m. The diffraction effi- B L—n+g+ 2/ 51— codpa+ AY)
ciency is given by (6). Fop = /2, we again obtain complete - :
agreement with coupled-wave theory, which also implies that 1-n+gm+ 2\/ m (1= 1) COSpaz
no maximum occurs in the curve. However, for£ /2, . . . o .
considerable deviations compared to the coupled-wave thdhe diffraction efficiency is given by (6) as for the amplitude
ory occur. The contrast according to (10) can be shown tgontrast. A slight deviation apg from_n has no noticeable
increase whenpg, approachesr, which means thap ap- effect on the phase contrast according to (11) and thus we
proachesr/2 and with increasingL. The first requirement aSSUM&dz = 7. Then, using the replacement
is fulfilled when the charge transport in the photorefractive
medium is pure diffusion and the second evidently corres- 2/7—1
ponds to strong beam coupling. V= —————
Taking these theoretical results into account, we were able % -2 % -1
to increase the amplitude contrast by a factor of 10. Using
acobalt-dope®aTiO; crystal (85x 3.6 x 5.5mm) underthe  (11) can be written in the simple form:
same conditions as for the nominally undo@ad’iO3, a con-
trast larger than 400 was achieved. In Fig. 4, these experime@; = 1+ v(1— CoSAY) , (13)
tal results are plotted together with a fit of the interference
model according to the optimal contrast condition in (10)which has already been derived in a different way for the
for the fit parametergL = 8.8 and¢ = 85°, showing good beam-fanning novelty filter [10]. Experiments for measuring
agreement between the experimental data and the interfererite phase contrast have been performed using a liquid-crystal
model. Using this theory and the appropriate fit parameterghase modulator to introduce phase shifts. In Fig. 5, experi-
the experimental data of Fig. 3 could also be found to be irmental values of the phase contrast are shown together with
good agreement with the theoretical behaviour. a fit of (11). The only fit parameteyL was estimated as
Large beam coupling as in this case of high contrast igL = 1.54, showing a good agreement between theory and
necessarily connected with strong beam fanning, which corexperiment.
tributes to depletion of the image-bearing beam and alters the
beam intensity ratio in the interaction region. Thus, we have
included a correction factor of 025 in the intensity ration, 3 Continuous changes: gas flows and microscopic objects
accounting for this effect. In our fit parameters, a deviation of
the grating phase shif from the commonly assumed value Soon after its discovery, it was recognized that a photorefrac-
of 90° occurs. Such a deviation has already been measureide optical novelty filter performs a temporal differentiation
using different methods in several samplesBafTiO; (see, of the incoming optical information [1, 14]. Due to the contin-
for example, [16,17]). uous erasing and re-writing of the photorefractive hologram
The phase contras, as the novelty filter's response to formed in the crystal, it represents the time-exponential aver-
phase changes is calculated in the same manner as for the aage of the past images. Due to the destructive interference,

(11)

12)
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Fig. 4. Amplitude contrasiC, as a function of the intensity ratim using phase Change In

a cobalt-doped®aTiO;s crystal (stars). The solid curve is a fit of the interfer- Fig. 5. Dependence of phase contr&ton the magnitude\y of the phase
ence model (10) with parameteys = 8.8, ¢ = 85°, and correction factor change. Experimental valuestér9 and fit of the theoretical curve with fit
0.125 for the intensity ration parameterL = 1.54
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which is the working principle of the novelty filter as dis- a broad range of gas flows can be visualized by this method.
cussed in Sect. 1, this time-averaged image is optically sulFhis clearly demonstrates the novelty filter's ability to detect
tracted continuously from the actual image. This operation isontinuous phase changes. Such phase changes may be of
in fact an approximation of a temporal differentiation [14]. particular interest in different areas of science and technology
Thus, a photorefractive novelty filter is well suited for the vi- as fluid dynamics, aerodynamics, and thermodynamics.
sualization of continuous changes. We have illustrated this by
realizing two exemplary applications, using for both cases ou.2 Motion-detecting microscopy
Co:BaTiO; crystal due to its potential to realize high contrast
ratios in novelty filtering. In the experiments, the conditionsAnother vivid example of the high application potential of
for the optimization of the contrast derived in the previousoptical novelty filters is the motion-detecting microscope, as
chapter were used to adjust the devices to their best perforrfirst proposed and demonstrated by Cudney et al. [4]. The de-
ance parameters. vice consists of a two-beam-coupling novelty filter, in which
the image information is imprinted on the image beam via
a conventional microscopic setup. Thus, it enables us to ob-
3.1 Visualization of gas flows serve only moving microscopic objects, while stationary ones
remain invisible. The experimental setup we have used is
The experimental setup for the visualization of gas flows iglepicted in Fig. 7. The image beam is expanded via a mi-
a straightforward extension of the simple two-wave-mixingcroscope objective, a pinhole and a lens to illuminate the
setup shown in Fig. 2. The only difference is that the signamicroscopic objects, mounted via an object holder oxgn
beam is expanded and focused into the crystal and the gasnslational stage. Via a microscope objective and an ocular,
flow is made to pass the signal beam in the expanded regiothe image was magnified, focused into the crystal and then
As an example, we chose the gas flow out of a fire lighterfilmed from a screen. The only difference from a conventional
that was not lit. A series of snapshots showing the entranamicroscope is that no virtual image of the object is created,
of the gas into the observation region and its turbulent flowbut a real image that is viewed on the screen. Using this setup,
against an obstacle are shown in Fig. 6. Because the minimuwe have achieved an optical magnification of 200. An addi-
speed that can be detected with the novelty filter is definetional speckle suppression was achieved by a slight vibration
by the diffraction-limited smallest siztin the object divided of the screen via a loudspeaker, which leads to a time averag-
by the characteristic photorefractive response time constaing of speckled images and thus to a reduction of the speckle
of the material [23], and is usually in the rangelofim/s,  contrast.

Using this setup, we have observed moving micro-
organisms in a drop of water. Due to a slight saturation of
the camera detection, the contrast observed in the figures is
smaller than the real experimental contrast in accordance with
Fig. 4. In Fig. 8, a slipper animalcule with a size of approxi-
mately 70pm is shown without novelty filtering (top) and
with novelty filtering in two different moments in which it has
made a sudden movement (bottom). It is interesting to note
that, due to the sudden movement that is faster than the time
constant of the novelty filter, the microscopic object appears
in two positions in the novelty filtered image, which are the
initial and the final position. Figure 9 shows an insect larva
without novelty filtering (top), with novelty filtering at rest
(middle), and with novelty filtering while it is suddenly bend-
ing its body. Again, the object is visible in two states in the

time

BS

Nd:YAG -~ M
532 nm v

A 4

Y object
holder Y

objective

ocular

screen

a

Fig. 6a,b. Time series of the gas flow from a fire lightea) (Entering the
observation regionb In turbulent flowing against an obstacle in tlogver
right corner, visualized with the two-beam coupling novelty filter. Both Fig. 7. Experimental setup of the motion detecting microscope. BS: beam
image series cover a time period 26 splitter, M: mirrors, MO: microscope objective, Ph: pinhole, L: lens
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Fig. 8. Slipper animalcule (size approximateR0um), observed with the
motion-detecting microscope. Top: without novelty filtering. Bottom: with
novelty filtering, object at sudden motion

Fig. 10. Digestive system of a larger insect larva, observed with the motion-
detecting microscope. Top: without novelty filtering. Bottom: with novelty
filtering. The bright regions clearly indicate liquid flows

bottom image. We have also observed the digestive system of
a larger insect larva using the motion detecting microscope.
The results are shown in Fig. 10. The top image shows the
object without novelty filtering and the bottom image with
novelty filtering. It is important to note, that the object it-
self is at rest. Thus, the bright regions inside the objects are
movements of liquids due to the larva’s digestion.

4 Discrete changes: object comparison via image
subtraction

Although a novelty filter performs a temporal differentiation
of images with temporally continuous changes, it performs
an image subtraction when the changes in the input image
are temporally discrete. Thus, a novelty filter can be used as
a parallel optical image subtractor. In contrast to electronic
systems, the images do not have to pixelated.

For use in the field of object inspection, we have therefore
realized a system that is capable of detecting the deviation
of a test object from a given reference object. In our system,
the image information of the objects is provided by the ob-
jects themselves, being placed in the image beam path, thus
performing an amplitude modulation. Figure 11 shows the
experimental setup used. The principle of operation of our
method is as follows. The image beam is split by beam split-
Fig.9. Images of an insect larva. Top: without novelty filtering. Middle: terl mtp a re,ference bea}m and an ObJeCt bgam, which are
with novelty filtering, but with object at rest. Bottom: with novelty filtering, '€COmbined via beam splitter 2 and are then incident on the
object in sudden motion crystal under the same angle. A liquid-crystal phase mod-
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Y

Laser VBS M1
Nd:YAG
532 nm

VA —/

reference
L4 beam

L2 pH

L1
T >
BS2

Fig.11. Experimental setup for object comparison using the two-t
coupling novelty filter. VBS: variable beam splitter, BS: beam sp
L:lens, M: mirror, S: shutter, PH: pinhole, VA: variable attenuator,
phase modulator

M3

ulator PM is used to adjust the relative phases of the
beams. In order to achieve pure phase modulation, we
structed a single-field modulator filled with parallel nen

liquid crystals. The phase variation of this modulator c

be adjusted by applying an external electric field from

3 with an accuracy better than1Gr. During operation, tl

two image beams are switched alternately by electron
controlled shutters. Thus, no interference takes places ni uic
beam splitter during the object inspection. First results of:ig. 12. Experimental result of object comparisofop master objectMid-
an object inspection using this method are shown in Fig. 121 oPiect under tesBottom detected output

Disturbances in this figure that result in a poorer object com-

parison result stem from inhomogeneities in the plane wave’s Conclusion

used in both arms.

In this configuration, we have reached an inspection ratgVe have first analyzed and optimized the performance of the
of up to 4Hz This rate can be substantially enhanced iftwo-beam coupling photorefractive novelty filter. Because the
the image information of the test object is only incidentcommonly accepted coupled-wave theory has proved to be in-
for a short time period, just long enough to detect the recapable of describing the device’s most important figure of
sult of the test. Under these circumstances, the hologram eierit, the novelty contrast, a simple but effective interference
the reference object stored in the crystal is not noticeablynodel was developed. This model is in good agreement with
erased and the inspection rate is only limited by the timexperimental measurements of amplitude contrast and phase
necessary to replace the test objects. The resolution of thntrast. The novelty filter was then applied to the visualiza-
system is in principle not limited by the inspection methodtion of temporally continuous changes in an image, namely
itself but by the detection of the result via the CCD cam-a gas flow and micro-organisms. Its capability of performing
era. The minimum resolvable object deviation appeared tan image subtraction for temporally discrete changes was ex-
be strongly dependent of the magnification of the result oploited by the realization of an object inspection system based
the CCD chip via a lens system (not shown in Fig. 12). Inon image subtraction.
our experiments, we were able to detect object deviations
of down to 30pum. Using CCD cameras with smaller pixel AcknowledgementsThe authors acknowledge technical assistance by
size, the minimum resolvable feature size could be furtheM. Fiegler. This work was partially supported by the Deutsche Forschungs-
reduced. Due to the design of our setup including large apefémeinschaft, Schwerpunkt *Automatische Sichtpriifung.
ture lenses, we were able to keep the average speckle size
below the value 080m. Thus, speckles are not limiting the
resolution at the present status of the experiments. AttentioReferences
should be paid to the fact that undesired relative transverse
shifts of the objects are detected by the system in the samel. D.z. Anderson, J. Feinberg: IEEE J. Quantum Elect@&-25, 535
way as the deviations the system is wanted to detect. Thus,2 (S9TS|3) it L3, Cheng: Opt. EngO, 571 (1881)
an automatic fine alignment of the test objects is desired. An ¢ P-!-H. LU, L.-J. Cheng: Opt. Engil, -
extension of our system incorporating automatic object po- ° gégg)c“at“hek’ T- Rauch, C. Denz, T. Tschudi: Opt. Comdile).25
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