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Abstract

An apparatus (1) for detecting a 3D structure of an object comprises a first
laser emitter (2a), which generates laser radiation having a first wavelength, a
second laser emitter (2b), which generates laser radiation having a second
wavelength, wherein the first wavelength differs from the second wavelength,
optical devices (4, 9, 10, 13, 14), of which at least one is a beam splitter (4),
which splits the laser radiation of the laser emitters (2, 2a, 2b) in each case
into a reference radiation (5) and an illuminating radiation (6), wherein the il-
luminating radiation (6) impinges upon the object (15) to be measured, is re-
flected by the object (15) as object radiation (21) and interferes with the refer-
ence radiation (5), and a detector (12), which receives the interference pat-

terns formed therefrom.

The laser emitters (2, 2a, 2b) are located in such a manner that the illuminat-
ing radiation (6) of the first laser emitter (2a) and the illuminating radiation (6)
of the second laser emitter (2b) impinge upon the object (15) at different an-
gles of incidence.

The apparatus (1) further comprises a measuring device (27), which
measures the two wavelengths of the laser radiation of the laser emitters (2,
2a, 2b) and influences the recording of the interference patterns.

(Figure 1a)
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Apparatus for detecting a 3D structure of an object

The present invention relates to an apparatus for detecting a three-
dimensional structure of an object, comprising a first laser emitter, which gen-
erates laser radiation having a first wavelength, a second laser emitter, which
generates laser radiation having a second wavelength, wherein the first wave-
length differs from the second wavelength, optical devices of which at least
one is a beam splitter, which splits the laser radiation of the laser emitters in
each case into a reference radiation and an illuminating radiation. The illumi-
nating radiation impinges upon the object to be measured, is reflected by the
object as object radiation, and interferes with the reference radiation. The de-

tector of the apparatus receives the interference pattern resulting therefrom.

Each document, reference, patent application or patent cited in this text is ex-
pressly incorporated herein in their entirety by reference, which means that it
should be read and considered by the reader as part of this text. That the doc-
ument, reference, patent application or patent cited in this text is not repeated

in this text is merely for reasons of conciseness.

Discussion of the background to the invention is intended to facilitate an un-
derstanding of the present invention only. It should be appreciated that the
discussion is not an acknowledgement or admission that any of the material
referred to was published, known or part of the common general knowledge of
the person skilled in the art in any jurisdiction as at the priority date of the in-

vention.

Apparatuses for detecting 3D structures are used, for example, in industry for
quality assurance. Processed surfaces can thus be examined for their quality,
for example, for adherence to dimensional accuracy and/or for adherence to a
predefined roughness. Furthermore, with such apparatuses it is also possible

to digitally detect and three-dimensionally map entire objects.
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Such an apparatus is referenced in US 6,809,845 B1. This operates according
to the principle of holography. Two laser beams having different wavelengths
are generated by means of two lasers. Each laser beam is split into an object
beam, which impinges upon an object to be measured, and a reference beam.
The object beam reflected from the object and the appurtenant reference
beam of one wavelength are combined and interfere with one another, the
phase relationships between the two beams being recorded. A three-
dimensional model of the reflected surface of the object can be created with
the aid of the difference between the phase relationships produced by the la-
ser beam having a first wavelength and the phase relationships produced by
the laser beam having a second wavelength. In addition to the lasers, an
Nd:YAG laser (neodymium-doped vyttrium aluminum garnet laser) and an
HeNe laser (helium neon laser), the apparatus comprises a plurality of mirrors,
beam splitters, filters, and apertures. The required space requirement of the

apparatus is large.

US 8,068,235 B1 also discloses an apparatus for the three-dimensional detec-
tion of surface structures. Two laser sources generate a laser beam. Parts of
these laser beams are combined into a composite beam, which impinges upon
the object to be measured. It is then reflected by the object and detected by a
camera. The remaining parts of the emitted laser beams impinge as reference
beams having different angles of incidence on the camera. Since the laser
beams are partially combined via beam splitters, the apparatus has an in-

creased space requirement.

In both patent specifications, the light of two or more wavelengths impinges
upon the object at identical angles. This causes so-called speckle noise be-
cause as a result of the wave nature of the light in the backscattered light of a
somewhat rough surface object, zones of so-called constructive (light) and
destructive (dark) interference occur. The object thereby appears “granular” for

the observer, which is designated as speckle or speckle noise.
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For the aforesaid reasons, embodiments described herein may serve to pro-
vide a compact apparatus for detecting a 3D structure of an object as well as

for reducing or minimizing the speckle noise.

According to a first principal aspect, there is provided an apparatus for detect-
ing a 3D structure of an object comprising:

a first laser emitter, which generates laser radiation having a first wave-
length,

a second laser emitter, which generates laser radiation having a second
wavelength,

wherein the first wavelength differs from the second wavelength,

optical devices, of which at least one is a beam splitter, which splits the
laser radiation of the laser emitters in each case into a reference radiation and
an illuminating radiation, wherein the illuminating radiation impinges upon the
object to be measured, is reflected by the object as object radiation and inter-
feres with the reference radiation, and

a detector, which records the interference patterns formed therefrom,

and

a measuring device for measuring the time behavior of the wave-lengths

of the laser radiation of the laser emitters,
wherein,

the laser emitters are located in such a manner that the illuminating ra-
diation of the first laser emitter and the illuminating radiation of the second
laser emitter impinge upon the object at different angles of incidence, and the
measuring device is connected to a control device for actuating the detector in
the case of substantially constant wavelengths and triggering a recording of

the interference patterns.

Optionally, the apparatus comprises a regulating device, which depending on
the measurement results of the measuring device, regulates the laser emitters
in such a manner that the wavelengths of the emitted laser radiation are sub-

stantially constant.
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Optionally, the measuring device is configured as a Fabry Perot interferome-

ter.

Optionally, the first laser emitter and the second laser emitter are located on a

common emitter chip spaced apart from one another.

Optionally, at least one of the optical devices is configured to reflect the refer-
ence radiation in such a manner that the reference radiation of the individual
laser emitters is incident on the detector at different reference angles of inci-

dence.

Optionally, at least one of the optical devices is a hologram which deflects the
illuminating radiation in such a manner that it impinges upon the object as one

or more illuminating strips.

Optionally, a micro-optic array comprises the beam splitter which splits the
laser radiation of the laser emitters into the reference radiation and the illumi-
nating radiation and supplies both sets of radiation with different radiation pro-

files.

Optionally, the micro-optic array comprises at least one polarizer in order to
polarize the illuminating radiation and/or the reference radiation of the laser

emitters.

Optionally, the micro-optic array comprises at least one hologram.

Optionally, at least one of the optical devices is configured as a chromatically

dispersive lens or as a chromatically dispersive mirror.

Optionally, the apparatus comprises two emitter chips and two detectors,
wherein the laser radiation of the laser emitters located on the one emitter chip
impinges upon the one detector and the laser radiation of the laser emitters

located on the other emitter chip impinges upon the other detector.
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Optionally, the apparatus comprises a measuring unit for measuring the thick-

ness of a layer located on the object.

Optionally, the measuring unit comprises a white light point sensor, which op-

erates according to the principle of frequency-scanning interferometry,

Optionally, the measuring unit is configured to determine the thickness of the

layer located on the object based on the principle of ellipsometry.

Optionally, the apparatus comprises optics having a plurality of optical devic-
es, wherein the optics are configured in such a manner that it can be inserted

into the inner mouth region of a patient or into a bore.

In one embodiment, the apparatus comprises a measuring device which
measures the two wavelengths of the laser radiation of the laser emitters. The
measuring device influences the recordings of the interference patterns by the
detector. Perturbing influences such as, for example, temperature variations
can have the result that the laser emitters generate radiation having fluctuating
wavelengths. With the aid of the measuring device, it is ensured that the
wavelengths of the laser radiation generated by the laser emitters and the time
behavior of the wavelegths are known exactly when evaluating the interfer-

ence patterns.

Optionally the measuring device measures the time behavior of the wave-
lengths of the laser radiation of the laser emitters, where a control device ac-
tuates the detector in the case of substantially constant wavelengths and trig-

gers a recording of the interference patterns.

This therefore means that the apparatus optionally comprises a measuring
device which allows the time behavior of the wavelengths of the laser radiation
of the laser emitters to be measured and that the measuring device is option-
ally connected to a control device, which is suitable for actuating the detector
in the case of substantially constant wavelengths and for triggering a recording

of the interference patterns.
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During a recording of the interference patterns by the detector, it is advanta-
geous if the time behavior of the wavelengths is substantially constant. In the
context of the present invention, the term substantially constant wavelengths
is understood to be wavelength fluctuations in the range of 10°and 107 times
the emitted wavelength, i.e. in the range of about 0.1 — 1 pm. The interference
patterns are recorded with an exposure time of preferably 10 — 100 us. The
short exposure time ensures that even with moderately moving objects the

phase-sensitive recording is not blurred.

It is also feasible that the apparatus has a regulating device which, depending
on the measurement results of the measuring device, regulates the laser emit-
ters in such a manner that the wavelengths of the emitted laser radiation are

substantially constant.

The laser emitters are located in such a manner that the illuminating radiation
of the first laser emitter and the illuminating radiation of the second laser emit-
ter impinge upon the object at different angles of incidence. Preferably the
illuminating radiation of the respective laser emitter impinges upon the object
at a relatively small angle of incidence. For example, with two laser emitters,
the typical angle of incidence is about 0.11° In the context of the invention it
was identified that advantageously when using more than two laser emitters -
i.e., for example, 8 - the illuminating radiation impinges upon the object at an-
gles of incidence of at most 1° preferably of about 0.8° Larger angles of inci-

dence of the illuminating radiation are also feasible.

Preferably the laser emitters emit laser radiation having a total power of at

least 100 mW, where the total power depends strongly on the exposure time.

The term illuminating radiation is understood in the context of the invention as
the part of the emitted laser radiation, which impinges upon the object to be
measured. The term object radiation designates the illuminating radiation re-

flected at the object. The reference radiation is the part of the emitted laser
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radiation which interferes with the object radiation unchanged as reference

and impinges upon the detector.

In the context of the present invention it was identified that the apparatus ac-
cording to the invention can also be used in the area of the human mouth. In
particular, it is feasible to use the apparatus for detecting surfaces and objects
in the inner mouth region, for example, as a dental scanner. In order to meet
these requirements, the apparatus preferably has corresponding dimensions,
which enable at least partial insertion of the apparatus into the inner mouth

region.

It is expedient to configure the measuring device as a Fabry Perot interferome-
ter. A Fabry Perot interferometer exists in the prior art. In the present case, a
resonator of the Fabry Perot interferometer comprises two glass plates, on
which mirrors are vapor-deposited in each case. Depending on the resonance
conditions of the resonator, the laser radiation having specific wavelengths is
transmitted through the vapor-deposited mirrors and in the present case, de-
tected by a detector array. With the aid of the Fabry Perot interferometer, it is
possible to exactly measure the wavelengths at which the respective laser
emitters emit laser radiation, in a specific wavelength range. The Fabry Perot
interferometer requires a certain basic stability of the wavelengths of the laser
radiation emitted by the laser emitters. However, the present-day laser emit-

ters are capable of providing such basic stability.

Preferably the first laser emitter and the second laser emitter are located on a
common emitter chip spaced apart from one another. For example, the laser
emitters are configured as multilaser diodes. Preferably the individual laser
emitters are located at a distance of at most 0.5 mm, particularly preferably at
a distance of at most 0.2 mm, especially preferably at a distance of at most 0.1

mm from one another.

Due to such small distances, multiple emitters are possible in a very narrow
installation space. A plurality of emitters form a wavelength group, by means

of which 3D surface information of an object and information about the depth
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of individual object points on the object (surface points on the object) can be
detected. Two or more wavelength groups can also be located on the same

chip in order to implement a reduction in speckle.

The apparatus advantageously comprises at most thirty two laser emitters,
where preferably at most sixteen laser emitters are located on one emitter chip
in each case. For example, all sixteen laser emitters located on one emitter
chip each emit laser radiation having a different wavelength. All sixteen laser
emitters form a wavelength group which can be assigned a central wave-
length. In the context of the present invention, the central wavelength is un-
derstood as the mean of all the wavelengths emitted by laser emitters of one

wavelength group.

However, it is also feasible to position the sixteen laser emitters in four rows of
four laser emitters each adjacent to one another on an emitter chip. Each row
having four laser emitters each forms a wavelength group, which can be as-
signed a central wavelength. Each of the laser emitters of one wavelength
group emits laser radiation having a different wavelength. The individual rows,
i.e. the different wavelength groups, preferably agree in their central wave-

lengths.

A central wavelength can preferably be between 750 and 850 nm, in particu-
lar about 800 nm. Central wavelengths around 950 nm or even 1300 nm are
also possible. Central wavelengths in the visible spectral range are also feasi-

ble, although this is technologically demanding to achieve.

Further configurations are feasible, where preferably one, two, or four wave-
length groups are located on one emitter chip. The number of laser emitters in
one wavelength group can vary and is not fixed at four, sixteen, or thirty two
laser emitters. Also the arrangement of the emitters in relation to the individual
wavelengths is not necessarily monotonically ascending or descending but
can also be “random”. Likewise, the number of groups on an emitter chip can

differ from the number described.
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It is advantageous to locate a plurality of wavelength groups on one emitter
chip adjacent to one another since then a reduction in speckle can be
achieved. A speckle pattern is formed by reflection of the laser radiation at an
uneven surface of an object, the configuration whereof is strongly dependent
on the angle of incidence of the illuminating radiation on the object and makes
object identification difficult. If a plurality of wavelength groups are located ad-
jacent to one another on an emitter chip, a larger angular spectrum with re-
gard to the angle of incidence of the illuminating radiation is produced. For
each wavelength group the depth information of the same illuminated object
points is then detected at different mean angles of incidence. The mean angle
of incidence is understood as the angle of incidence averaged over the angles
of incidence of one wavelength group. An averaging of the depth information
over the wavelength groups brings about a reduction in the influence of the

speckle pattern.

If a reduction in speckle is to be accomplished, it is advantageous if the differ-
ent wavelength groups agree in their central wavelengths. The expenditure in
the subsequent evaluation of the interference patterns is thereby kept low.
However, it is also feasible to achieve a reduction in speckle if the individual
wavelength groups emit laser radiation having different central wavelengths. If
the central wavelengths of the wavelength groups differ from one another,
they lie close to one another, i.e. the central wavelengths differ by about 50 —
100 nm.

It is understood that two or emitter chips with respectively one or more wave-

length groups can be used, where the central wavelengths can agree or differ.

It is expressly pointed out that the present invention is not limited to a number
of thirty two laser emitters. The configuration with a total of thirty two laser
emitters divided into two emitter chips is merely a preferred embodiment. It is
feasible to use far more than a total of thirty two laser emitters, preferably di-
vided into a plurality of emitter chips/ wavelength groups. The higher the num-

ber of wavelength groups, the better can resulting signal noise be suppressed
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during the evaluation of the interference patterns. The number of laser emit-
ters used and wavelength groups is only limited by the size/pixel density of the
detector and the selected illumination field on the object and the available

computing power for the evaluation of the interference patterns.

One of the optical devices is configured to reflect the reference radiation in
such a manner that the reference radiation of the individual laser emitters im-
pinges upon the detector at different angles of incidence. Preferably reference
radiation and object radiation of one wavelength impinge upon the detector
with different angles of incidence. For example, the object radiation which was
reflected at an object point of the object to be investigated impinges upon the
detector at the same angle of incidence regardless of its wavelength. In this
context, a minimum roughness of the surface structure of the object is as-
sumed. In the case of an ideally smooth object, different relationships are ob-

tained for the object radiation.

The beam paths of reference and illuminating radiation are partially super-
posed so that reference radiation and object radiation of one wavelength, i.e.
from the same laser emitter, interfere with one another. An interference pattern
per emitted wavelength is formed so that from all wavelength-dependent inter-
ference patterns, for example, in a processing device, the position of the ob-
ject point on the surface of the object and the position of the object point in the
depth is determined by means of a Fourier transformation or a Fresnel trans-

formation.

In an optional embodiment, at least one of the optical devices is a hologram.
The hologram deflects the illuminating radiation in such a manner that it im-
pinges upon the object as illuminating strip. For example, the hologram is exe-
cuted as a micro-hologram. If an object is to be detected, this is scanned dur-
ing a relative movement between apparatus and object along a scanning di-
rection. Preferably the illuminating strip is configured to be rectangular, where
the short sides of the rectangle run parallel to the scanning direction and the
long sides are aligned transversely to the scanning direction. The micro-

hologram changes the numerical aperture of the illuminating radiation in such

10
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a manner that the numerical aperture along the long sides of the rectangular
illuminating strip is greater than the numerical aperture along the short sides of

the rectangular illuminating strip.

If, for example, a weld seam is to be detected, the profile of the weld seam
predefines the scanning direction. Since the long sides of the rectangular illu-
minating strip run transversely to the scanning direction, the total width of the

weld seam can be detected with the aid of the illuminating strip.

Since short exposure times are used for the recording of the interference pat-
terns, regions of the weld seam recorded by the detector overlap partially. This
enables height differences, for example, due to movement of the object rela-
tive to the detector or due to mechanical errors of the apparatus during detec-

tion to be compensated.

However, it is also feasible that the hologram splits the illuminating radiation
and deflects it in such a manner that two illuminating strips impinge upon the
object. Advantageously both illuminating strips are located along the scanning
direction (short side). This enables operation of the apparatus according to the
invention as a hand scanner. Since two illuminating strips are used, possible
relative movements, in particular rotational relative movements of the appa-
ratus relative to the object, can be detected and taken into account in the
evaluation. It is understood that the hologram can split and deflect the illumi-
nating radiation in such a manner that more than two illuminating strips im-

pinge upon the object.

Advantageously at least one of the optical devices is a micro-optic array. The
micro-optic array is a combination of different optical components such as, for
example, lenses, beam splitters, circulators and/or holograms which are locat-
ed very compactly. The micro-optic array is preferably located in the beam

path directly behind the laser emitters.

It is expedient that the micro-optic array comprises the beam splitter which

splits the laser radiation of the laser emitter into the reference radiation and

11



07 Sep 2017

2014202103

10

15

20

25

30

the illuminating radiation. Preferably the reference and illuminating radiation
run at least partially overlapping. Consequently a particularly compact struc-

ture of the optics of the apparatus is possible.

Preferably the micro-optic array comprises a polarizer and/or circulator in or-
der to polarize the illuminating radiation and/or the reference radiation. Prefer-
ably the reference radiation is polarized relative to the illuminating radiation
such that the polarization plane is turned by 90 degrees with the aid of a polar-
izer and/or circulator. The polarization of the illuminating radiation on the other
hand is not influenced. This is particularly advantageous if a polarizing beam
splitter is located in the beam path after the micro-optic array, which for exam-
ple transmits laser radiation of a first polarization, in particular the reference
radiation and reflects laser radiation having a second polarization, in particular
the illuminating radiation. It is also feasible to rotate the illuminating radiation
with the aid of the polarizer and/or circulator by 90° and to leave the reference

radiation uninfluenced.

The micro-optic array can also comprise a hologram. The requirements on the
accuracy of lenses located in the beam path are thereby reduced. This reduc-

es the costs incurred during manufacture of the apparatus.

The hologram in the micro-optic array preferably also has the effect that the
reference and illuminating radiation in each case leaves the micro-optic array
with a different numerical aperture. For example, the reference radiation has a
high numerical aperture whereas the illuminating radiation leaves the micro-
optic array at least along the short sides of the rectangular illuminating strip
with a much smaller numerical aperture. Furthermore, with the aid of a holo-
gram it is easily possible to produce a plurality of illuminating strips, for exam-

ple, two illuminating strips.

Optionally one of the optical devices is configured as a chromatically disper-
sive lens. Preferably the chromatically dispersive lens is located in the beam
path of the object radiation, i.e. in the beam direction after reflection of the

illuminating radiation at the object. The expenditure of the Fourier or Fresnel

12
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transformation for the evaluation of the interference patterns can thereby be

reduced.

A further embodiment of the invention is characterized in that the apparatus
comprises two emitter chips and two detectors, where the laser radiation hav-
ing a first central wavelength of the laser emitted located on the one emitter
chip impinges upon the one detector and the laser radiation of a second cen-
tral wavelength of the laser emitter located on the other emitter chip impinges
upon the other detector. If, for example, two emitter chips having different cen-
tral wavelengths are used, the individual laser radiations can be split, for ex-
ample, by means of beam splitters which transmit or reflect the laser radiation
depending on its central wavelengths such that laser radiation having the first
central wavelength is incident on a first detector and the laser radiation having

a second central wavelength is incident on a second detector.

Advantageously the apparatus comprises a measuring unit for measurement
of the thickness of a layer located on the object. Consequently, in addition to
the surface of the object, the thickness of a layer possibly present on the ob-
ject can also be detected. If the apparatus is used as a dental scanner, the
thickness of gums on a tooth can be measured. For example, such a layer
thickness measurement can be implemented with the apparatus according to
the invention without additional components. Preferably the measuring unit is
configured as part of the processing device. Not only one but also a plurality of
surfaces, for example, two or three surfaces, can be detected with the aid of
the phase information from the interference patterns of a plurality of wave-
lengths. It is fundamentally the case that the more wavelengths in the wave-
length group, the more reliably one or a plurality of additional surfaces are
detected. Preferably two surfaces are detected by means of the apparatus and
set in a relationship to one another. The outer surfaces of a layer located on
the object is detected as the first surface and the surface of the object on
which the layer to be measured is located, is detected as the second surface.
The distance difference of the two surfaces, knowing the refractive index,

yields the layer thickness, for example, the thickness of the gums.

13
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A likewise preferred embodiment is characterized in that the measuring unit
comprises a white light point sensor which operates according to the principle
of frequency-scanning interferometry. The principle of frequency-scanning
interferometry exists. Alternatively other methods for this measuring unit are
also feasible. Preferably the white light point sensor comprises a light source
which generates light having a broad spectrum, preferably around a central
wavelength of 1300 nm and a width of the spectrum between 10 and 100 nm.
Particularly scattering layers, for example, the gum, can be measured directly
with the aid of the white light point sensor having a central wavelength of 1300
nm. After measuring the gum thickness, this is then related to the surface of
the gum which was only detected with the apparatus according to the inven-
tion without the measuring unit. It is thereby possible to determine the 3D

tooth surface below the gum.

The measuring unit can also be configured, based on the principle of ellip-
sometry, to determine the thickness of the layer located on the object. The
principle of ellipsometry also exists. Very thin layers, i.e. between about 0.01
um and 1 um can be measured with the aid of the ellipsometric approach. To
this end, according to the invention use is made of the fact that different emit-
ters sit at different lateral positions on the multi-emitter chip and can thus emit
light at different angles onto the object. Together with fixedly adjusted polariz-
ers at individual emitters in the illuminating radiation and/or fixedly adjusted
analyzers (polarizers) at different places in the object radiation, it is possible to
determine a thin coating thickness from the sum of all the information. At the
same time, the complete 3D surface information of the object is available ac-

cording to the procedure described above.

According to the invention, an additional optics can be configured so that light
is incident on the object at a very flat angle, which is known to significantly
increase the sensitivity for thin coatings in the ellipsometric approach.

The invention is explained hereafter by reference to preferred embodiments
shown in the figures. The particular features shown therein can be used indi-

vidually or in combination to create preferred configurations of the invention.

14
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The embodiments described do not constitute any limitation of the generality

of the subject matter defined in the claims. In the Figures:

Figure 1a

Figure 1b

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

shows schematically an apparatus according to the invention

according to a first embodiment in a Mach Zehnder setup,

shows in a schematic view the apparatus according to the in-
vention according to a second embodiment with a measuring

unit which operates according to the principle of ellipsometry,

shows schematically the apparatus according to the invention

according to a third embodiment in a Michelson setup,

shows a micro-optic array according to a first embodiment with

a beam splitter in a side view,

shows the micro-optic array according to a second embodiment

with a hologram in a side view,

shows the apparatus according to the invention according to a
fourth embodiment with a hologram for generating a plurality of

illuminating strips in a schematic view,

shows the apparatus according to the invention according to a

fifth embodiment with two detectors in a schematic view,

shows the apparatus according to the invention according to a
sixth embodiment configured as an internal bore scanner in a

schematic view,
shows the apparatus according to the invention according to a

seventh embodiment with a hologram in a micro-optic array in a

schematic view and

15
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Figure 9 shows the apparatus according to the invention according to an
eighth embodiment with a measuring unit which operates ac-
cording to the principle of white light interferometry in a sche-

matic view.

Figure 1a shows a first embodiment of an apparatus 1 according to a Mach-
Zehnder setup comprising a plurality of laser emitters 2, inter alia comprising a
first laser emitter 2a and a second laser emitter 2b. The laser emitters 2 are
located on an emitter chip 3. They preferably have a distance of less than or
equal to 1 mm to less than 0.1 mm with respect to one another. They are con-

figured as multilaser diodes.

In Figure 1a five laser emitters 2 which are located on the emitter chip 3 can
be seen as an example. However, it is also feasible to position up to thirty two

or more laser emitters 2 on an emitter chip 3.

Each laser emitter 2 emits laser radiation having a single wavelength. The
wavelengths of the individual laser emitters 2 differ so that each laser emitter
2 emits laser radiation having a different wavelength. Preferably the wave-
lengths of the laser radiation of two adjacent laser emitters 2 differ only slight-
ly, for example, by 1 nm. In the arrangement of 8 or 16 laser emitters 2 on an

emitter chip 3, this means a spectral width of 8 or 16 nm.

The apparatus 1 comprises an optical device configured as a first beam split-
ter 4, which splits the laser radiation of the laser emitters 2 in each case into
reference radiation 5 and illuminating radiation 6. The first beam splitter 4 can
be a partially transmitting mirror, which reflects the reference radiation 5 and

transmits the illuminating radiation 6.

In Figure 1a the reference radiation 5 is shown as an example in the form of a
reference beam 7 of the first laser emitter 2a located on the emitter chip 3. The
illuminating radiation 6 is also shown for the first laser emitter 2a of the emitter
chip 3 in the form of an illuminating beam 8a and for the second laser emitter

2b in the form of an illuminating beam 8b.
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After the reference beam 7 has been reflected at the first beam splitter 4, on
its further path it impinges upon an optical device configured as mirror 9 and
upon a further optical device, which is designed as parabolic mirror 10. The
mirror 9 and the parabolic mirror 10 reflect the reference radiation 5 in such a
manner that on the one hand, it leaves the mirror 10 almost collimated and on
the other hand, impinges upon a detector 12 as plane wave 11 at a reference
angle of incidence a different from zero. The detector 12 is preferably config-

ured as a high-resolution 2D surface sensor.

The mirror 9 and the parabolic mirror 10 are configured to reflect the reference
radiation 5 of the individual laser emitters 2 in such a manner that the refer-
ence radiation 5 having different wavelengths, i.e., coming from different laser
emitters 2, impinges upon the detector 12 at different reference angles of inci-
dence o. In Figure 1 the parabolic mirror 10 is shown in two different positions,
once as a dashed line and once as a continuous line. The reference angle of
incidence a of the reference radiation 5 can be influenced by positioning of the

parabolic mirror 10.

An optical device configured as a second beam splitter 13 is located between
the parabolic mirror 10 and the detector 12, which allows the reference beam

7 to pass somewhat attenuated.

After the first beam splitter 4, the illuminating beams 8a, 8b are transmitted
slightly attenuated by the second main beam splitter 13 and impinge upon an
optical device configured as lens 14. The lens 14 guides the illuminating
beams 8a, 8b shown as an example onto an object 15 with an object point 16.
The object point 16 ideally lies at the focus f, of the lens 14 or in a focal zone
around the focus f,. The object 15 can also then still be detected three-

dimensionally if the object point 16 is located outside the focal zone.

The extension of a focal zone of the lens 14 along the optic axis around the
focal point of the lens 14 (in Figure 1a the object point 16) is dependent on the

wavelength of the laser radiation transmitted by the lens 14 and on the numer-
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ical aperture of the lens 14. Assuming in the present case a numerical aper-
ture of the lens 14 of about 0.2, the extension of the focal zone, beginning at
the focal point of the lens 14 along the optic axis in the direction of the object

is about +/- 15 um.

The illuminating beam 8a emitted by a laser emitter 2 as slightly spherical is
transformed into a plane wave with the aid of the lens 14. In Figure 1 this can
be identified at beam edges 17 of the illuminating beam 8a, which run parallel
to one another after the lens 14. The illuminating beam 8a impinges upon the
object 15 as an almost plane wave and approximately at right angles, i.e. with

an angle of incidence of about 0 degrees.

Upon passage of the illuminating beam 8b through the lens 14, in contrast to
the illuminating beam 8a, not only the transformation into a plane wave takes
place. The illuminating beam 8b is additionally deflected by the lens 14 such
that it impinges upon the object 15 at an angle of incidence B, which differs
from the angle of incidence of the illuminating beam 8a. As a result of the dif-
ferent arrangement of the laser emitters 2 relative to the lens 14, the illuminat-
ing radiation 5 of the individual laser emitters 2 is incident on the object 15 at
different angles of incidence B. Preferably all the illuminating beams 8a, 8b of
the individual laser emitters 2 impinge upon the object 15 in a rectangular illu-

minating strip 19.

It is understood that the object 15 has a finite number of object points 16
which all reflect the laser radiation. Hereafter the reflection of an illuminating
beam 8a, 8b will be explained as an example for selected object points, inter
alia at the object point 16, and the further beam path in the direction of the
detector 12. The illuminating beams 8a, 8b reflected at the object 15 or the
illuminating radiation 6 reflected at an object 15 are hereafter designated as

object beam 20 or object radiation 21.

Regardless of the angle of incidence B of an illuminating beam 8a, 8b, this is

reflected as object beam 20 having edge beams 22 in the form of a spherical
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wave from the object point 16. The object beam 20 impinges upon the lens 14
and is transformed by this into an almost plane wave 23. This applies for the
case that the object point 16 lies inside the focal zone described above or, as
shown in Fig. 1, at the focal point f, of the lens 14. If an object point 24 is lo-
cated outside the focal zone, an object beam 20 emitted from the object point

24 is transformed into a slightly curved wave by means of the lens 14.

The object beam 20 is incident on the second beam splitter 13, which then
reflects the object beam 20 in such a manner that this impinges at an angle of
incidence v of about zero degrees, i.e. at an angle of 90°to a detector surface
25 of the detector 12, upon this detector surface. The object beam 20 as plane
wave 23 is shown as a horizontal line in Figure 1a, which runs parallel to the

detector surface 25.

The angle of incidence v of the object beam 20 depends on the position of the
object point 16, 24. If this, like the object point 16 in Figure 1, lies on the optic
axis of the lens 14, the object beam 20 then impinges, as already described,
at angle of incidence vy of 0°on the detector surface 25. A reflection at another
object point, for example, at the object point 26, results in an angle of inci-

dence v different from zero on incidence on the detector surface 25.

Whereas the object beam 20 impinges upon the detector surface 25 at the
angle of incidence v, the reference beam 7 is incident on the detector surface
25 at the reference angle of incidence o. The reference angle of incidence o
and the angle of incidence vy differ by a difference angle 9, which is different

from zero.

Since the reference beam 7 and the object beam 20 of the same wavelength
encounter each other after the second beam splitter 13 on their path in the
direction of the detector surface 25, they interfere with one another. As a result
of this interference, an interference pattern of a specific spatial frequency is
formed as a function of the difference angle 8, which is recorded with the aid of

the detector 12. A spatial frequency is obtained through the (quasi)-sinusoidal
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oscillation of the signal amplitudes, which are formed by constructive (signal
accentuation) and destructive (signal attenuation) interference of the reference

radiation 5 and object radiation 21 of one wavelength.

For each object point 16, 24, 26 a different difference angle 6 is formed in
each case at different wavelengths since the reference angle of incidence a
varies as a function of the positions of the laser emitters 2. The illumination
area on the object 15, the number of laser emitters 2, their spacings (and
therefore the reference angle of incidence a) and the pixel condition of the 2D
surface detector 12 can thus be matched to one another so that no ambigui-

ties occur in the spatial frequencies.

A requirement for a recording of the interference patterns by the detector 12 is
that the laser radiation whose interference pattern is to be recorded is emitted
with substantially constant wavelength by the respective laser emitters 2. For
this purpose, the apparatus 1 preferably has a measuring device which is con-
figured as a Fabry Perot interferometer 27. The Fabry Perot interferometer 27
enables the wavelengths of the laser radiation emitted by the laser emitters 2
to be measured continuously. The Fabry Perot interferometer 27 is connected
to a control device 28, which in the case of substantially constant wavelengths
drives the detector 12 and triggers a recording of the laser radiation by the
detector 12.

This therefore means that the apparatus 1 comprises a measuring device 27
which allows the time behavior of the wavelengths of the laser radiation of the
laser emitters 2, 2a, 2b to be measured and that the measuring device is con-
nected to a control device 28, which is suitable for driving the detector 12 in
the case of substantially constant wavelengths and to trigger a recording of

the interference patterns.

Optionally the apparatus 1 can have a regulating device 29, which regulates
the laser emitters 2 as a function of the measurement results of the Fabry
Perot interferometer 27 in such a manner that the wavelengths of the emitted

laser radiation are substantially constant.
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The interference patterns are recorded for each laser emitter 2 and therefore
for each wavelength by the detector 12 and are analyzed and evaluated by
means of a processing device 30. The processing device 30 transforms the
interference pattern consisting of various spatial frequencies into the frequen-

cy domain which contains the 3D image information.

The evaluation of an interference pattern formed by reflection of the illuminat-
ing radiation 6 of a laser emitter 2 at an object point 16, 24, 26 and by interfer-
ence with the appurtenant reference radiation 5 will be explained in detail

hereafter.

If the object point 16, 26 is located at the focus f, or in the focal region of the
lens 14, i.e. the object beam 21 after passage through the lens 14 is config-
ured as a quasi-plane wave 23, preferably a Fourier transformation is used for
the transformation into the frequency domain (frequency range). If the object
point 24 is located outside the focal zone, i.e. the object beam 20 is configured
as a slightly curved wave after passing the lens 14, a transformation into the
frequency domain is preferably performed with the aid of a Fresnel transfor-

mation.

In the frequency domain, the evaluation of the interference pattern is made
with regard to two aspects. On the one hand, the position of the object point
16, 24, 26 on the object 15 is determined with the assistance of the reference
radiation 5 and therefore depending on the position of the laser emitter 2,
whose laser radiation has resulted in the present interference pattern. On the
other hand, depth information is determined for each object point 16, 24, 26.
The term depth information is understood in the context of the present inven-
tion as the position of the object point 16, 24, 26 in the depth, i.e. in Figure 1a
along the optic axis of the lens 14. It is used to identify elevations or recesses

on the object 15.

The position of the object point 16, 24, 26 and the position of the respective

laser emitter 2 is determined with the aid of the difference angle &. Since the
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angle of incidence vy of the object beam and therefore also the difference angle
0 depends on the position of the object point 16, 24, 26, different interference
patterns of specific spatial frequencies characteristic of the position of the ob-
ject point 16, 24, 26 are obtained as a function of the position of the object
point 16, 24, 26. At the same time, the width of the frequency band in which
fluctuations of the spatial frequency change as a function of the position of the

object point 16, 24, 26 is narrowly limited for each laser emitter 2.

The difference angle 6 is furthermore dependent on the position of the respec-
tive laser emitter 2 on the emitter chip 3. As has already been described fur-
ther above, the reference radiation 5 of the respective laser emitter 2 impinges
upon the detector 12 at different reference angles of incidence a depending on
the position of the respective laser emitter 2. Consequently, each laser emitter
2 brings about a spatial frequency significantly different from, for example, the
adjacent laser emitter 2. As a result of these significant differences of the spa-
tial frequencies based on the position of the different laser emitters 2, the dif-
ferences are not confused with variations based on different object points 16,
24, 26. Each laser emitter position allows a band of spatial frequencies which
in turn can cover specifically the number of object points per emitter 2. For an
adjacent emitter 2 there is then subsequently another band of spatial frequen-
cies, etc. Therefore - after phase transformation (e.g. Fourier, Fresnel) - depth
information can be assigned to a specific lateral object point 16, 24, 26 via the

phase values of the local interference pattern.

If the information on the position of the object point 16, 24, 26 is now com-
bined with the information on the respective laser emitter 2 and the depth in-
formation of the respective object point 16, 24, 26, a 3D structure of the object

15 can be determined.

In a real measurement, all the laser emitters 2 emit laser radiation simultane-
ously, whereby a plurality of interference patterns are formed on the detector
surface 25. All the interference patterns are recorded by the detector 12 at the

same time and evaluated by the processing device 30. The 3D structure of the
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object 15 is then generated based on these evaluations of all the interference

patterns.

The apparatus 1 can preferably additionally measure layer thicknesses of lay-
ers (not shown), which are located on the object 15. If a layer is located on an
object 15, as a result of the different wavelengths of the laser radiation emitted
by the laser emitters 2, the illuminating beams 8a, 8b are partially reflected at
the surface of the layer, whereas the other part of the illuminating beams 8a,
8b passes through the layer and are reflected at the surface of the object 15.
Two slightly different sets of depth information for each object point 16, 24, 26
are available for the evaluation of the interference patterns in the frequency
domain. The layer thickness can be determined by means of the different
depth information. The apparatus 1 therefore comprises an inherent measur-
ing unit for determining layer thicknesses, where the measuring unit can be
configured as part of the processing device 30. The smallest layer thickness
which can be measured with the apparatus 1 is given by the spectral width of

the emitted wavelengths in the wavelength group.

Figure 1b shows a second embodiment of the apparatus 1. The apparatus 1
comprises a measuring unit 31 by which means the object radiation 21 of the
laser emitters 2 reflected at a layer 75 to be measured, can be measured. In
contrast to the apparatus 1 from Figure 1a, the measuring unit 31 operates on
the basis of the principle of ellipsometry and can thus determine the thickness
of the layer 75 located on the object. The method of ellipsometry for determin-

ing layer thicknesses is known from the prior art.

The measuring unit 31 comprises the laser emitters 2. In contrast to Figure 1a,
the laser emitters in Figure 1b are differently polarized. For example, the three
upper laser emitters 2, 2a shown in Figure 1b on the emitter chip 3 are polar-
ized in a first type, e.g. P-polarized. The lower three laser emitters 2, 2b in
Figure 1b exhibit a second polarization, e.g. an S-polarization, which differs

from the first polarization.
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For example, a first illuminating beam 32 of the uppermost laser emitter 2a in
Figure 1b and a second illuminating beam 33 of the lowermost laser emitter 2b
in Figure 1b are shown on the emitter chip 3. The beam paths of the two illu-

minating beams 32, 33 will be explained in detail hereafter.

The illuminating beam 32 is transformed by the lens 14 into a plane wave and
impinges upon the surface 76 of the layer 75 of the object 15 at an angle of
incidence ¢. Parts of the illuminating beam 32 are reflected at the surface 76
of the layer 75 as object radiation 21. Parts of the illuminating beam 33 pass
through the layer 75 and are also reflected by a surface 34 of the object 15 on
which the layer 75 is located, likewise as object radiation 21. The illuminating
beam 33 reflected as object radiation 21 is shown in Figure 1b as first object
beam 35.

The first object beam 35 is reflected as a plane wave at the surface 34 and the
surface 76 and after reflection again impinges upon the lens 14. This focuses
the first object beam 35, which on its subsequent path is reflected at the sec-
ond beam splitter 13 and impinges as a point beam upon the detector surface
25 of the detector 12. The detector 12 detects the object beam 35 which im-

pinges upon it as a point beam.

A very smooth surface 76 of the layer 75 and a very smooth surface 34 of the
object 15 at which the first illuminating beam 32 is reflected is assumed for the
described beam path. With a slightly curved surface 76 or 34, the point beam

directed onto the detector 12 would be broadened accordingly.

The second illuminating beam 33 runs as a mirror image to the first illuminat-
ing beam 32. The second illuminating beam 33 and the first object beam 35
are thereby at least partially superposed. The second illuminating beam 33 is
reflected as second object beam 36 at the surfaces 76, 34, focused by the
lens 14, and reflected by the second beam splitter 13 in such a manner that it
impinges upon the detector surface 25 of the detector 12 as a point beam. The
detector 12 detects the object beam 36, which impinges upon it as a point

beam.
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Based on the object beams 35, 36, the thickness of a layer 75 located on the
object 15 can then be determined in an existing manner with the aid of the

processing device 30.

It is fundamentally also feasible that the layer 75 and the object 15 have rough
surfaces 76, 34, which, as shown in Figure 1a, reflect the object radiation 21
as a spherical wave. Such a method exists. In this case, each surface point
(not shown) on the surface 76 of the layer 75 and each object point 16 of the
object 15 is interpreted as a scattering point (cf. Figure 1a). All the information
of each surface point and object point 16, in contrast to the smooth surface, is

thereby mapped onto the entire detector surface 25.

Optionally the apparatus 1 can comprise one or more analyzers, which are
located between the second beam splitter 13 and the detector surface 25. The
analyzers 37 are configured as polarizers, by which means the polarization
state of laser radiation can be determined. If analyzers 37 are used, the laser
emitters 2 emit laser radiation having a polarization angle of preferably 45 de-
grees so that the illuminating beams 32, 33 are emitted linearly polarized onto
the layer 75 or the object 15. After reflection of the same at the layer 75 or the
object 15, the object beams 35, 36 impinge upon the analyzers 37 located in a
conjugated manner to the positions of the emitters 2a and 2b, which determine
the polarization of the object beams 35, 36. For example, the laser radiation of
the laser emitter 2a and the laser radiation of the laser emitter 2b are different-
ly polarized by the layer thickness of the layer 75. The object beams 35, 36
are then incident on the detector 12, which detects these. In this context, lo-
cated in a conjugated manner to the positions of the emitters 2a and 2b,
means that the analyzers 37 are positioned according to the beam path of the

laser radiation emitted by the laser emitters 2a, 2b.

It is further feasible to execute the lens 14 as two partial lenses, where each of
the two illuminating beams 32, 33 is transmitted by respectively one of the two
partial lenses. With the aid of additional mirrors (not shown), the illuminating

beams 32, 33 are directed after the two partial lenses onto the layer 75 or the
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object 15. It is thus possible to achieve angles of incidence ¢ greater than or
equal to 30 degrees, preferably close to 57 degrees. Layer thicknesses of less

than 100 nm can also be measured thereby.

Figure 2 shows the apparatus 1 according to a third embodiment in a Michel-
son setup. This apparatus 1 differs from the apparatus 1 shown in Figure 1a
by an optical device configured as a micro-optic array 38. The micro-optic ar-
ray 38 comprises the function of the first beam splitter 4 shown in Figure 1a.
Furthermore, with the aid of the micro-optic array 38, it is possible to differently
polarize the reference radiation 5 and the illuminating radiation 6. The micro-
optic array 38 splits the laser radiation of the laser emitters 2 into the reference
radiation 5 and the illuminating radiation 6, where the reference radiation 5
has a significantly larger numerical aperture compared with the illuminating

radiation 6.

Furthermore in the apparatus according to Figure 2, compared to the appa-
ratus 1 from Figure 1a, the mirror 9 is dispensed with. The reference beam 7
of a laser emitter 2 is reflected at the beam splitter 13, which is configured as a
beam splitter mirror, and is guided onto the parabolic mirror 10. This reflects
the reference beam 7 in such a manner that it impinges upon the detector sur-

face 25 of the detector 12 at a reference angle of incidence a.

It is also feasible to configure the beam splitter mirror 13 as a polarizing beam
splitter, which reflects or transmits the laser radiation depending on the polari-
zation states thereof. For example, the reference beam 5 is reflected and the
illuminating radiation 6 is transmitted as a result of its different polarization

state.

The reflection property of the parabolic mirror 10 in relation to the angle of
incidence a can either be achieved, as shown in Figure 2, by the parabolic
mirror 10 being slightly inclined relative to the detector surface 25. However, it
is also feasible not to incline the parabolic mirror 10 relative to the detector
surface 25 and position the emitter chip 3 with the laser emitters 2 laterally so

that the reference radiation 5 always impinges upon the detector 12 at a refer-
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ence angle of incidence a which is different from zero. A lateral arrangement
of the laser emitters 2 means in this context a displacement of the same in a
vertical direction in Figure 2 and/or a displacement transversely to the image

plane in Figure 2.

The parabolic mirror 10 can optionally have a circularly polarizing layer (not
shown), which rotates the polarization state through 90° again in the direction
of beam splitter 13 after passing through twice. This has the advantage that as

much light as possible reaches the detector 12.

Apart from the differences described, the laser radiation of a laser emitter 2
runs as already described by reference to the apparatus 1 in Figure 1a. The
evaluation of the interference patterns on the detector 2 also takes place

analogously to the apparatus 1 from Figure 1a.

The beam splitter 13 defines in Figure 2 four optical arms, which will be ex-
plained hereafter for a better understanding of the Michelson setup. The first
optical arm is defined as illuminating arm 39, in which the emitter chip 3 with
the laser emitters 2 and the micro-optic array 38 are located. In the illuminating

arm 39 the illuminating radiation 6 runs in the direction of the beam splitter 13.

As second optical arm, the beam splitter 13 defines a reference arm 40, in
which the reference radiation 5 reflected by the beam splitter 13, is deflected
in the direction of the parabolic mirror 10 and from this back again in the direc-
tion of the beam splitter 13. The parabolic mirror 10 is preferably located in the

reference arm 40.

The third optical arm is called object arm 41. The lens 14 and the object 15
are located therein. Optionally further lenses or optical elements can be locat-
ed in the object arm 41. In the object arm 41 the illuminating radiation 6 is de-
flected onto the object 15 and the object radiation reflected by the object 15 is

guided in the direction of the beam splitter 13.
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The fourth optical arm is a detection arm 42. It is defined as the section from
the beam splitter 13 to the detector 12. The detection arm 42 includes the de-
tector 12 and optionally further beam splitters, e.g. if a plurality of detectors 12

are used.

Preferably optical polarization-rotating elements can be used in the object arm
41 and reference arm 40. In each case, with polarized illuminating and refer-
ence beams, it must be ensured that before the detector 12 an analyzer (po-
larizer, not shown) brings the light radiation back onto a common plane capa-
ble of interference. If no polarizing elements (including in the micro-optic array
38) are used, increased “crosstalk” (perturbing influences) must be expected
between object radiation 21 and reference radiation 5, which must be correct-

ed at some expense.

Figure 3 shows a detailed view of the micro-optic array 38 from Figure 2 in a
first embodiment from the side. The micro-optic array 38 can in principle not
only be positioned in the Michelson setup according to Figure 2 but also op-
tionally in the Mach-Zehnder setup according to Figure 1a between the laser

emitters 2 and further optical devices of the apparatus 1 (Figure 1a).

The laser radiation of each individual laser emitter 2 runs through the micro-
optic array 38. As an example, the structure of the micro-optic array 38 is ex-
plained hereafter for a laser emitter 2. The structure of the micro-optic array 38

for the other laser emitters 2 is identical.

The micro-optic array 38 has an input 43, a first output 44, and a second out-

put 45, via which the laser radiation leaves the micro-optic array 38 again.

After the laser radiation from the laser emitters 2 has been emitted via the in-
put 43 into the micro-optic array 38, it runs through a rod-shaped cylindrical
lens 46, which focuses the laser radiation in such a manner that an almost
circular laser radiation having a numerical aperture of preferably about 0.1 is

formed.
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Located in the beam direction behind the cylindrical lens 46 is a polarizer 47,
which polarizes the laser radiation in Figure 3 perpendicular to the plane of the
sheet. A beam splitter 48 then splits the laser radiation into the reference radi-
ation 5 and the illuminating radiation 6. The reference radiation 5 thus formed
then passes through a circulator 49, which rotates the plane of polarization by
90°, i.e. polarizes the reference radiation 5 parallel to the plane of the paper in
Figure 3. The illuminating radiation 6 on the other hand is not influenced in its
polarization. Consequently the reference radiation 5 and the illuminating radia-
tion 6 are polarized in different directions. Naturally, the polarization states can
also be reversed, i.e. the laser radiation in Figure 3 is polarized by means of
the polarizer 47 parallel to the plane of the sheet whereas the reference radia-

tion 5 is polarized by the circulator 43 perpendicular to the plane of the paper.

Both the reference radiation 5 and also the illuminating radiation 6 then each
pass through a hologram 50, which provides the reference radiation 5 with a
high numerical aperture and the illuminating radiation 6 with a low numerical
aperture in comparison to this. The shape of the illuminating strip or strips can

thereby be predefined.

After passing through the holograms 50, the reference radiation 5 and the il-
luminating radiation 6 emerge through the outputs 44 or 45 from the micro-
optic array 38. However, it is also possible in principle to exchange the order
of individual optical elements. It is also possible to provide a plurality of holo-

gram planes.

Figure 4 shows a micro-optic array 38 according to a second embodiment.
The micro-optic array 38 constitutes a simplification compared with the micro-
optic array 38 from Figure 3. It differs in that the beam splitter 48 (Figure 3) is
formed as hologram 50 and the micro-optic array 38 furthermore only com-

prises a circulator 49 and a double polarizer 51.
Laser radiation of the laser emitter 2 enters into the micro-optic array 38 via
the input 43. In the hologram 50 the laser radiation is initially split into refer-

ence radiation 5 and illuminating radiation 6. The reference radiation 5 is pro-
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vided with a high numerical aperture in the hologram 50 and the illuminating
radiation 6 is provided with a low numerical aperture in comparison to this.

Analogously the shape of the illuminating strip or strips can be predefined.

In the following circulator 49, a polarization of the reference radiation 5 takes
place, which is rotated in its polarization by 90 degrees. The illuminating radia-
tion 6 on the other hand is not influenced in its polarization. Naturally this can
also take place conversely. In the following double polarizer 51 both the refer-
ence radiation 5 and the illuminating radiation 6 are polarized. The direction of
polarization of the illuminating radiation 6 differs as before by 90 degrees from
the polarization of the reference radiation 5. Undesiredly rotated polarization
fractions both in the reference radiation 5 and in the illuminating radiation 6

are jointly suppressed in the double polarizer 51.

The reference radiation 5 and the illuminating radiation 6 then emerge at the
respective output 44, 45 from the micro-optic array 38. Here also in principle
the order of the optical elements can be exchanged or the hologram 50 can be

split into two single holograms with fewer individual tasks.

Figure 5 shows the apparatus 1 according to the invention according to a
fourth embodiment. Its structure corresponds to the Michelson setup from Fig-
ure 2, where the positions of the laser emitters 2 and the detector 12 relative
to the beam splitter 13 have been exchanged. Furthermore, the beam splitter
13 is designed as a polarizing beam splitter, i.e. it transmits or reflects radia-

tion depending on the polarization.

In addition to the previously described apparatuses 1, the apparatus 1 accord-
ing to Figure 5 has an optics 52, which comprises a plurality of optical devices.
The optics 52 extends from the lens 14 as far as the object-side end of the
apparatus 1. One of the optical devices is configured as a second lens 53 with
a back-reflector 54. Laser radiation impinging upon the back-reflector 54 is
preferably 90% transmitted and 10% reflected. The back-reflector 54 together
with the front-side curvature of the lens 53 thus takes over the function of the

parabolic mirror 10 from Figure 2.
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Located on the front side 55 of the second lens 53 is a circular polarizer (not
shown) with the aid of which reference radiation 5 impinging upon the lens 53
and the object radiation 21 is rotated through 90° in its polarization. It is there-
by achieved that after transmission by the lens 14, the complete back-radiated

laser radiation is transmitted to the polarizing beam splitter 13.

Another optical device of the optics 52 is configured as hologram 50, which
deflects the illuminating radiation 6 of the laser emitters 2 in such a manner
that this impinges upon the object 15 as illuminating strip 19. In particular, the
numerical aperture of the illuminating radiation 6 of each laser emitter 2 is
changed with the aid of the hologram 50 so that on the one hand, two mutually
offset illuminating strips 19 are formed and on the other hand, each of these
illuminating strips 19 has an approximately rectangular shape. By means of a
third lens 56, which is also an optical device of the optics 52, the illuminating
radiation 6 deflected by the hologram 50 is directed toward a mirror 57, which
deflects the illuminating radiation 6 onto the object 15.

As a result of the different position of the laser emitters 2 and the detector 12
compared to Figure 2, the positions of the illuminating arm 39 and the detec-
tion arm 42 were exchanged compared with Figure 2. In contrast to the appa-
ratus 1 from Figure 2, in the apparatus according to Figure 5 the reference

arm 40 and the object arm 41 are at least partially superposed.

The path of the illuminating radiation 6 (shown as a continuous line) and the
reference radiation 5 (shown as a dashed line) will be explained in detail as an

example hereafter.

Laser radiation 77 emitted by the laser emitters 2 passes through the micro-
optic array 38 and emerges from this again in a polarization state, i.e. polar-
ized. No splitting of the laser radiation 77 into reference radiation 5 and illumi-

nating radiation 6 takes place in the micro-optic array 38 (cf. Figure 3).

The laser radiation 77 emerging from the micro-optic array 38 is linearly polar-

ized in such a manner that the polarizing beam splitter 13 reflects the laser
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radiation 77 in the direction of the object 15 through the lens 14. The lens 14
transforms the laser radiation 77 into a plane wave. The laser radiation 77 is
then incident on the second lens 53 and is circularly polarized in its plane of
polarization by the circular polarizer on the front side 55 of the lens 53. The
laser radiation 77 is further incident on the back-reflector 54, which reflects a
small fraction, i.e. for example 10% thereof, back in the direction of the second
beam splitter 13. This reflected fraction is again circularly polarized as a result
of a renewed passage through the circulator on the front side 55 of the lens 53
so that its polarization state is effectively rotated by 90°. This means that the
polarization state of the laser radiation 77 is rotated by 90° by passage twice

through the circular polarizer.

The fraction reflected at the back-reflector 53 forms the reference radiation 5
and again impinges upon the second lens 14. The reference radiation 5 is
then transmitted by the second beam splitter 13 as a result of the changed
polarization. After the second beam splitter 13, the reference radiation 5 im-

pinges upon the detector 12 and is recorded by this.

The fraction of the laser radiation 77 transmitted by the back-reflector 54 forms
the illuminating radiation 6. The transmitted fraction is about 90% of the laser
radiation 7. The back-reflector 54 is therefore configured as a beam splitter,
which splits the laser radiation 77 into the reference radiation 5 and the illumi-

nating radiation 6,

The illuminating radiation 6 is focused onto the hologram 50 with the aid of the
second lens 53. The hologram 50 splits the illuminating radiation 6 into two
beam bundles 64, which are deflected by the third lens 56 and the mirror 57

as two illuminating strips 19 onto the object 15.

The path of the illuminating radiation 6 reflected as object radiation 21 will be
explained hereafter with reference to the object point 24. The object radiation
21 (shown as a dotted line) reflected from the object point 24 - and circularly
polarized by passing through the preceding circulator - impinges upon the mir-

ror 57. This deflects the object radiation 21 onto the third lens 56, which trans-
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forms the object radiation 21 into a plane wave. The object radiation 21 then
impinges upon the second lens 53 and thereby onto the circulator located on
the front side, which polarizes the object radiation 21 according to the direction
of passage of the polarizing beam splitter 13 now analogously to the reference
radiation. The second lens 53 maps the object radiation 21 onto the lens 14,
which projects this onto the second beam splitter 13. The beam splitter 13
transmits the object radiation 21 as a result of the corresponding polarization
so that the object radiation 21 impinges upon the detector 12. The detector 12

records the object radiation 21.

At the detector 12, the reference radiation 5 and object radiation 21 interfere
as described for Figure 1a. The evaluation of the interference pattern pro-
duced hereby is performed analogously to the apparatus 1 from Figure 1a.
The illuminating strip 19 from which the object radiation 6 reflected by the ob-
ject 15 originates can be determined with the aid of the angle of incidence y
and the difference angle & (Figure 1a) in the evaluation of the object radiation

21 on the detector surface 25 of the detector 12.

The apparatus 1 according to a fifth embodiment shown in Figure 6 differs
from the apparatus 1 shown in Figure 5 by a second detector 58 and an addi-
tional beam splitter 59, which deflects laser radiation onto the second detector
58. The apparatus 1 according to Figure 6 has two emitter chips 3, where the
front emitter chip 3 in Figure 6 covers the rear emitter chip. The laser radiation
of the emitter chips 2 located on the front emitter chip 3 in Figure 6 impinges
upon the detector 12. The laser radiation of the laser emitters located on the

rear emitter chip in Figure 6 impinges upon the second detector 58.

The laser emitters 2 of each emitter chip 3 form a wavelength group, where
each wavelength groups can be assigned a central wavelength. The central
wavelength is determined by forming the average over the different wave-
lengths of the laser radiation emitted by the laser emitters 2 of an emitter chip
3.
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The additional beam splitter 59 splits the laser radiation of the laser emitters 2
incident upon it depending on the central wavelengths. This wavelength de-
pendence of the additional beam splitter 59 is selected in such a manner that
it transmits the laser radiation emitted by the laser emitters 2 of the front emit-
ter chip 3 in Figure 6, having a first central wavelength. The laser radiation of
the laser emitters of the rear emitter chip not shown on the other hand is re-
flected with a second central wavelength at the additional beam splitter 59

onto the detector 58.

By using two emitter chips 3, the laser radiation 77 impinges upon the beam
splitter 13 and the further optical devices of the apparatus 1 slightly inclined

with respect to the plane of the sheet in Figure 6.

When projected onto the plane of the sheet in Figure 6, however, the path of
the laser radiation 77 in the region of the illuminating arm 39, the reference
arm 40, and the object arm 41 agrees with the path shown in Figure 5. Differ-
ences in the beam path are only obtained in the detection arm 42 due to the

additional beam splitter 59 as described above.

Figure 7 shows the apparatus 1 according to the invention according to a sixth
embodiment, which is configured as an inner bore scanner. This can be used
to investigate an interior, in particular the interior of a bore 62 or an inner wall

61 of a bore 62. To this end the apparatus 1 has two beam splitters 63.

Analogously to the apparatus 1 from Figure 5, the hologram 50 produces two
beam bundles 64, which unlike the apparatus 1 from Figure 5, are deflected
with the aid of the beam splitter 63 in two opposite directions onto the inner
wall 61 of the bore 62.

In order to investigate the bore 62 over its entire circumference, the optics 52
of the apparatus 1 is at least partially introduced into the bore 62. The optics
52 need not be positioned at the center of the bore 62. Possible centering er-
rors can be compensated by two illuminating strips 19 impinging upon mutual-

ly opposite regions of the inner wall 61 of the bore 62. The optics 52 or the
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apparatus 1 is rotated in the interior of the bore 62 so that the bore 62 can be

investigated over its entire circumference.

According to Figure 7, the optics 52 of the apparatus 1 comprises, in addition
to the components according to Figure 5, the two beam splitters 63. The optics
52 according to Figure 7 is configured in such a manner that it can be inserted

into bore 62 having a diameter of, for example, 11 mm to 300 mm.

Figure 8 shows the apparatus 1 according to the invention according to a sev-
enth embodiment, which is based on the principle of the Michelson setup (Fig-
ure 2). Compared to the apparatus 1 according to Figure 5, a hologram is in-
tegrated in the micro-optic array 38, by which means two beam bundles 64 are
formed, which are incident on the object as illuminating strips 19. The beam
bundles 64 are deflected via the lenses 14, 53, 56 and the mirror 57 onto the
object 15.

Furthermore, in contrast to the apparatus shown in Figure 5, the micro-optic
array 38 of the apparatus 1 splits the laser radiation of the laser emitters 2 into

the reference radiation 5 and the illuminating radiation 6.

Furthermore, no back-reflector 54 (cf. Figure 5) is integrated into the lens 53
but a parabolic mirror 10 is used in order to deflect the reference radiation 5
from the laser emitter 2 to the detector 12. The reference radiation 5 emerging
from the micro-optic array 38 is reflected at the parabolic mirror 10 and is then
reflected at the second beam splitter 13 in such a manner that it impinges up-
on an analyzer (polarizer) 65 and then on the detector 12. The parabolic mirror
10 is configured in such a manner that the reference radiation 5 according to
the position of the laser emitter 2 on the emitter chip 3 impinges on the detec-

tor 12 at a certain reference angle of incidence o (cf. Figure 1a).
Reference radiation 5 and illuminating radiation 6 leave the micro-optic array

38 with different polarization states. The second beam splitter 13 is configured

as a polarization-sensitive beam splitter so that it transmits the reference radi-
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ation 5 having a first polarization and reflects the illuminating radiation 6 hav-

ing a second polarization. This is naturally also feasible conversely.

The second lens 53 has a circulator (not shown) on its front side 55, which
rotates the illuminating radiation 6 and thereafter the object radiation 21 (cf.
Figure 5) reflected by the object 15 by a total of 90° so that it is transmitted in
the direction of the detector 12 by the second beam splitter 13 and is incident

on the detector 12.

The analyzer (polarizer) 65 ensures that the interference pattern can be
formed by identical polarization planes from the object beam 21 and the refer-

ence beam 5.

Figure 9 shows the apparatus 1 according to the invention according to an
eighth embodiment, which differs from the embodiment according to Figure 8
by a measuring unit 31 to measure the thickness of a layer 75 located on the
object 15. The measuring unit 31 comprises a white light point sensor 66,

which operates according to the existing principle of interferometry.

The white light point sensor 66 comprises as light source 67 a broad-spectrum
point light source, preferably having a spectrum width of 10 nm to 100 nm.
The light source 67 emits around a central wavelength of preferably 1300 nm,
which penetrates through scattering media (e.g. tissue) very well. The light

radiation of the light source 67 is shown, for example, by the light beam 68.

Part of the white light point sensor 66 is further a second detector 58, which
detects the light radiation of the light source 67. In order to deflect the light
radiation to this second detector 58, the apparatus 1 has an additional beam

splitter 59, which reflects or transmits radiation depending on the wavelength.

For the layer thickness measurement based on the method of interferometry,
the apparatus 1 further has a second reference arm 69 and a second object
arm 70. The second reference arm 69 is defined as twice the distance be-

tween a reference mirror 71 located in the optics 52 of the apparatus 1 and a
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semitransmitting mirror 72 in the third lens 56. The second object arm 70 is
defined as the distance between the semitransmitting mirror 72 and an object
point 24 of the object 15. Apart from path differences of 0.1 mm to a maximum
of, for example, 3 mm, reference arm 69 and object arm 70 are certainly not
completely identical provided that the apparatus 1 is located at a correspond-

ing distance from the object 15.

The optical path of the white light point sensor 66 is explained hereafter. For
its function it is understood that, by means of tunable wavelength, the layer
thickness information can be obtained by means of the frequency measure-
ment at a detector 58. For this purpose the path difference between object

arm 70 and reference arm 69 must be different from zero.

The light source 67 of the white light point sensor 66 emits a light beam 68,
which is deflected by means of the beam splitter 13, through the lens 14 and
the second lens 53 past the reference mirror 71 onto the semitransmitting mir-
ror 72. The semitransmitting mirror 72 splits the light beam 68 into a reference

beam 73, which is reflected, and an illuminating beam 74, which is transmitted.

The reference beam 73 reflected at the semitransmitting mirror 72 impinges
upon the reference mirror 71, is reflected from this onto the semitransmitting
mirror 72, and reflected again in the direction of the second beam splitter 13. It
is also feasible to configure the reference mirror 71 as a hologram, which re-
flects the reference beam 73 onto the semitransmitting mirror 72 which is sen-

sitive to the wavelength of the white light point sensor 66.

The illuminating beam 74 transmitted by the semitransmitting mirror 72 is de-
flected via the mirror 57 onto the object 15. The illuminating beam 74 passes
through a layer 75 located on the object 15 and impinges inter alia upon the
object point 24 of the object 15. The path of the illuminating beam 74 reflected
at the object point 24 as object beam (not shown) is accomplished
analogously to the object radiation 21 reflected at the object 15 in Figure 8.

However, the object beam according to the eighth embodiment of the appa-

37



07 Sep 2017

2014202103

10

15

20

25

30

ratus 1 is reflected by the additional beam splitter 59 as a result of its wave-

length and deflected onto the detector 58.

With the aid of the reference radiation 5 and illuminating radiation 6 emitted by
the laser emitters 2 (cf. Figure 8), the apparatus 1, analogously to the appa-
ratus 1 from Figure 8, is able to detect a surface 76 of the layer 75. The
measuring unit 31 additionally enables the object 15 below the layer 75 to be
scanned. Since both the surface 76 and also the object 15 below the layer 75
can be determined, the layer thickness of the layer 75 can be calculated with

the aid of the processing device 30.

The embodiments of the apparatus 1 shown in Figures 5 to 9 can be used as
dental scanners for example for the three-dimensional detection of a tooth or
entire jaw. For this purpose the optics 52 preferably has a diameter of at most
20 mm, preferably of at most 10 mm. The optics 52 has a length of at most
150 mm, preferably of at most 100 mm. The length of the optics 52 is defined
as the distance between the lens 14 and the object-side end of the apparatus
1.

Throughout the specification and the claims that follow, unless the context
requires otherwise, the word “comprise” or variations such as “comprises” or
‘comprising”, will be understood to imply the inclusion of a stated integer or
group of integers but not the exclusion of any other integer or group of inte-

gers.

Furthermore, throughout the specification and the claims that follow, unless
the context requires otherwise, the word “include” or variations such as “in-
cludes” or “including”, will be understood to imply the inclusion of a stated in-
teger or group of integers but not the exclusion of any other integer or group of

integers.
The words used in the specification are words of description rather than limita-

tion, and it is to be understood that various changes may be made without

departing from the spirit and scope of the invention. Those skilled in the art
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tions, and combinations can be made with respect to the above described
embodiments without departing from the spirit and scope of the invention, and
that such modifications, variations, alterations, and combinations are to be

viewed as falling within the ambit of the inventive concept.
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The claims defining the invention are as follows:

Apparatus for detecting a 3D structure of an object comprising:

a first laser emitter, which generates laser radiation having a
first wavelength,

a second laser emitter, which generates laser radiation having a
second wavelength,

wherein the first wavelength differs from the second wave-
length,

optical devices, of which at least one is a beam splitter, which
splits the laser radiation of the laser emitters in each case into a refer-
ence radiation and an illuminating radiation, wherein the illuminating ra-
diation impinges upon the object to be measured, is reflected by the ob-
ject as object radiation and interferes with the reference radiation, and

a detector, which records the interference patterns formed
therefrom, and

a measuring device for measuring the time behavior of the

wave-lengths of the laser radiation of the laser emitters,
wherein,

the laser emitters are located in such a manner that the illumi-
nating radiation of the first laser emitter and the illuminating radiation of
the second laser emitter impinge upon the object at different angles of
incidence,

and the measuring device is connected to a control device or
actuating the detector in the case of substantially constant wavelengths

and triggering a recording of the interference patterns.

The apparatus according to claim 1, wherein the apparatus comprises a
regulating device, which depending on the measurement results of the
measuring device, regulates the laser emitters in such a manner that the

wavelengths of the emitted laser radiation are substantially constant.
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The apparatus according to claim 1 or claim 2, wherein the measuring

device is configured as a Fabry Perot interferometer.

The apparatus according to any one of the preceding claims, wherein
the first laser emitter and the second laser emitter are located on a

common emitter chip spaced apart from one another.

The apparatus according to any one of the preceding claims, wherein at
least one of the optical devices is configured to reflect the reference ra-
diation in such a manner that the reference radiation of the individual la-
ser emitters is incident on the detector at different reference angles of

incidence.

The apparatus according to any one of the preceding claims, wherein at
least one of the optical devices is a hologram which deflects the illumi-
nating radiation in such a manner that it impinges upon the object as one

or more illuminating strips.

The apparatus according to any one of the preceding claims, wherein a
micro-optic array comprises the beam splitter which splits the laser radi-
ation of the laser emitters into the reference radiation and the illuminat-
ing radiation and supplies both sets of radiation with different radiation

profiles.
The apparatus according to claim 7, wherein the micro-optic array com-
prises at least one polarizer in order to polarize the illuminating radiation

and/or the reference radiation of the laser emitters.

The apparatus according to claim 7, wherein the micro-optic array com-

prises at least one hologram.
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12.

13.

14.

15.

The apparatus according to any one of the preceding claims, wherein at
least one of the optical devices is configured as a chromatically disper-

sive lens or as a chromatically dispersive mirror.

The apparatus according to any one of the preceding claims, wherein
the apparatus comprises two emitter chips and two detectors, wherein
the laser radiation of the laser emitters located on the one emitter chip
impinges upon the one detector and the laser radiation of the laser emit-

ters located on the other emitter chip impinges upon the other detector.

The apparatus according to any one of claims 1 to 11, wherein the appa-
ratus comprises a measuring unit for measuring the thickness of a layer

located on the object.

The apparatus according to claim 12, wherein the measuring unit com-
prises a white light point sensor, which operates according to the princi-

ple of frequency-scanning interferometry,

The apparatus according to claim 12, wherein the measuring unit is con-
figured to determine the thickness of the layer located on the object

based on the principle of ellipsometry.

The apparatus according to any one of the preceding claims, wherein
the apparatus comprises optics having a plurality of optical devices,
wherein the optics are configured in such a manner that it can be insert-

ed into the inner mouth region of a patient or into a bore.
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