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condensing a | aser beamon a focal point. Today, with the

beam nmachi ning, and ‘particularly to a nethod and a device [
| asers capabl e of generating high-energy | aser beans, suchkas CREPLACED
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| asers, YAG | asers and exciner lasers, it is possible to cut, wWera amnd
surface-treat differemtTkODIENDfDERIECE|I RPODR PCUSING DRSER BEAM

BACKGROUND OF THE INVENTION

This invention relates to a laser beam condensing
optical device used for laser beam machining, and
particularly to a method and a device for focusing or
condensing a laser beam on a focal point. '

| Today, with the appearance of lasers capable of
generating high—energy laser beams, such as CO, lasers, YAG
lasers and excimer lasefs,_it is possible to cut, weld and
surface-treat different kinds of materials by laser beam
machining. Such laser beam machining is carried out by
guiding a laser beam generated by a laser beam generator
through a laser beam guide means to a machining head,
condensing the laser beam to a high energy density with:a
beam coqdenSing optical device in the machining head,.and

irradiating a workpiece with the thus condensed laser beam.

-This- beamcondensing-optical device-usually-includes——

condensing lenses and off-axis parabolic mirrors as main
optical parts. Condensing lenses are condensing means of a
type adapted to bent light beams by passing them. They are
optical parts made of ZnSe (zinc selenide), which is a
compound semiconductor material, and have a plano-convex or

meniscus shape.
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machi i ng.- Such | aser beam nmachining is carried out by lgl',li d| ng a | aser “beam
generated by a | aser beam generator through a | aser beam gui de neans to a

machi ni ng head, condensing the | aser beamto a high energy I T N
beam condensi ng optical device in the nmachining head, and irrTﬂ$a§HEﬁB S”BEE

wor kpi ece with the thus condensed | aser beam This beantondgnsi ngﬁEB't—A |
devi ce usual ly includes condensing | enses and off-axis paraboltc mrrors as

mai n opti cal

part sZn8endensi mg tleerads whriehc disd grsd tigculearly dfova ity piets

adapted to bent |ight beans by passing them They are

infrared-absorbing power. Thus, it is widely used as the
material for the lenses in CO, lasers which generate
infrared laser beams. But it is impossible to completely
prevent the absorption of infrared light. Thus, a ZnSe_
lens tends to heat up by absorbing energy when a laser beam
passes therethrough. This may cause thermal deformation of
the condensing lens, a change in its refractive index, or a
shift in the focal point, resulting in decreasing the |
quality of the condensed beam;

The higher the laser output, the more conspicuously
thése phenomena will appear. If this condensing lens is
used in an environment where its surface tends to be
stained with dirt, the dirt itself will absorb laser beam
energy, accelerating temperature rise of the lens, so that
the above phenomena will appear still more conspicuously.
In the worst case, the lens might burn out.

Thus, such a condensing lens has to be cooled by

- circulating-cooling-water- along its sides-or-by-spraying—-a—-- - -

cooling gas on the lens surface. But with any cooling
method, it is difficult to efficiently cool the central
portion of the lens. - Thus, such a lens can be used only in
comparatively low-output laser beam machining such as for
cutting a thin plate.

A parabolic mirror has a reflective surface in the
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optical parts made of ZnSe (zinc selenide),imhiéh i's a conmpound
meni scus shape. 2.

sem conduct or mat eri al, and have a pl ano-convex or

ZnSe is a material which is particularly lowin its infrgr

rafls a4HERT AR BEEN

power. Thus, it is widely used as the material for the Ienses ﬁ@PEEE

| asers which generate

shape of a paraboloid, a kind of axisymmetric aspheric

surface. It is a reflective type of condensing means which

utilize the principle that a parallel beam incident on a

paraboloid is condensed while creating no aberration. Such

a parabolic mirror can reflect and focus a laser beam with

no aberration, if the incident laser beam has an optical

axis strictly parallel to the axis of the parabolic surface

and also is a strictly parallel beam with no divergence or

focusing.

Since a parabolic mirror focuses a laser beam by

reflecting it rather than by passing and bending it, it is

possible to cool it from its back with high'efficiency.

For example in a high-output CO, laser, it is possible to

cool such.a.mirror with high efficiency by forming its

backside from a material having a high thermal conductivity

such as copper and circulating cooling water along its

back. For this  -reason, parabolic mirrors are frequently

used in applications where high-output laser energy is

T needed such as laser beam welding and laser beam surface-- - -~

treatment.

Theoretically, a parabolic mirror can condense a

laser beam to a diffraction limit with no aberration. But

actually, an incident laser beam necessarily has a

divergence angle, so that its optical axis (and thus its

incident angle) may tilt more or less.

If this happens,
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infraked | aser beans. But it is inpossible to conpletely prevxent the
absorption of infrared light. Thus, a ZnSe lens tends to he Tms $HEET HAS BEEN
absor bi ng energy when a | aser bean1passes t her et hrough. Thi é@ED
thermal deformation of the condensing lens, a change in its .bfrahf-\

I ndex, or a shift in the focal point, resulting in decreasing the quality

of the condensed beam The higher the | aser output, the nore conspicuously

t hese phenone¥he vivalipyeaf. the chméensedeheamgdkeps imarkeddyi.n Fhus, in

envi ronnment where its surface tends to be
order to focus a laser beam with a parabolic mirror, the

optical axis of the incident laser beam has to be adjusted
with high accuracy. This work is difficult with a
conventional device.

Even if the optical axis is initially adjusted with
high accuracy, a tilt in the optical axis can occur if any
optical element in the condensing device should shift or if
the operation of the laser beam generator or the laser Seam
transmitter becomes unstable. This leads fo reduced beam-
lcondensing properties of the condensing device, This in
turn worsens the laser beam machining efficiency. If this
happens, it is sometimes necessary to stop the entire
device to feadjust the optical axis.

Off-axis parabolic mirrors, which are used in many
laser beam condensing optical devices, have a smooth mirror
surface having small surface roughness and an accurate
parabolic shape. Such a surface is formed by Single-Point

S Diamoﬂmeurning-(hereinafter-called-SPDT}musingma»diamond_~v~~ww«-~
cutting tool and an ultraprecise lathe.

'To form a non-off-axis parabolic concave reflecting

. mirror such as a spherical mirror by SPDT, a mirror
material is machined with a cutting tool by clamping it to
the rotation center of the spindle of a lathe.: To form‘a

off-axis parabolic mirror, which is a part of a paraboloid
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staingd with dirt, the dirt itself wll absorb | aser beam energy, _
accelerating tenperature rise of the lens, so that the above Y S BEEN.
appear still more conspicuously. In the worst case, the lens]m L

out. Thus, such a condensing |ens has to be cool ed by circul ating RERAACER
water along its sides or by spraying a cooling gas on the |l ens surface.” BOT
with any cooling nethod, it is difficult to efficiently cool the central
portion of thef|&a¥clykjen,sachigrbensatanibd usedachlinednwiahpar auittdhnyg

| ow- out put | aser beam machi ni ng such as for _
tool by clamping it to the lathe at a point spaced a

predetermined distance from the spindle axis.

Thus, it is extremely difficult to form such a
parabolic mirror with high éreéision because the cutting
tool teﬁds fo be brokenldue to unstable rotation of the
spindle and/or intermittent cutting. Also, the off-axis
distance is limited by the machining diameter of the
ultraprecise lathe, so that it is impossible to machine a
parabolic mirror having a long off-axis distance, i.e. a
long focal distance.

An object of this invention is to provide a method-
and device for condensing a laser beam which uses non-
parabolic reflecting mirrors to obviate the above problems
of parabolic mirrors, with which the beam can be
sufficiently and stably condensed while maintaining a long
focal distance, and which needs no SPDT machining to
provide an off-axis reflecting surface, and which has a

long focal AistanCe. - - oo o e e e e e
SUMMARY OF THE INVENTION
According to this invention, there is provided a

method of condensing a laser beam combrising the steps of

reflecting an incident laser beam with a first concave
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cutti ng a thin plate. A parabolic mrror has a reflective surface in the
REPLACEMENT SHEET 3 shape of a paraboloid, a kind of axisymet ffifHig IffAS BEE!\
surface. It is a reflective type of .condensi ng neans which utilfize t aﬂACED
principle that a parallel beamincident on a ' .

reflecting mirror, and reflecting the thus reflected laser
beam with a second coﬁcave feflecting mirror in the same
direction, the first and second reflecting mirrors having
such reflecting curved surfaces formed that any optical
path difference of the iaser beam reflected by the first
reflecting mirror is canceled out by the second reflecting
mirror, whereby the laser beam reflected by the second
reflecting mirror has a minimum wave front aberration.

As the device for carrying out this method, there is
provided a laser beam condensing device comprieing a first
reflecting mirror and a second reflecting mirror having
concave reflecting surfaces, the first and second mirrors
being combined to deflect a laser beam in the same
direction, one of the first and second mirrors being a
toroidal mirror, while the other mirror being one of a
spherical, a cylindrical and a toroidal.mirror, the first
and second reflecting mirrors having such reflecting

surfaces formed that any optical path difference of the

canceled out by the second reflecting mirror.

-In the method according to the invention, the
incident laser beam is reflected by two concave reflecting
mirror by predetermined angles in the same direction,
thereby substantially canceling out any optical path

difference of the laser beam reflected by the first

—_—
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parabel oid is condensed while creating no aberration. Such a parabolic

mrror can reflect and focus a | aser beamw th no aberratio',T -
i ncident | aser beam has an optical axis strictly parallel taLfﬂ% E%g%g BEEN
n .

the parabolic surface and also is a strictly parallel beam
di vergence or focusing. Since a parabolic mrror focuses a | aser beam by
reflecting it rather than by passing and bending it, it is possi ble to cool
it fromits bABKLRFLANE gArapti.ci Bucyonfyr wétdnpihds mraramnggmentt,puitt G err |
| aser, it is possible to )
: difficult to completely cancel out such an optical path
difference.

Thus, the reflecting surfaces of the two mirrors are
adjusted to completely cancel out such an optical path
difference and thus to minimize the wave front aberration
of the laser beam reflected by the second reflecting
mirror. More specifically, the radii of curvature of the
two mirrors are adjusted to determine the focal point by
combination of two mirrors and to minimize the wave front
aberration.

The two reflecting mirrors of the beam condensing
device according to the invention are adjusted to provide
such radii of curvature and deflection angles and
directions that can carry out the mefhod of the invention.
The radii of curvature is finely adjusted to minimize the

wave front aberration of the laser beam reflected by the

second reflecting mirror.

==-- - e - - One- of-the two reflecting -mirrors-is-a-toreidal—- - ---——— ——

mirror, while the other is a spherical mirror, a
cyliﬁdrical mirror or a toroidal mirror. These mirrors can
be formed easily without using off-axis SPDT machining.

The radii of curvature of these reflecting mirrors
are not limited by the off-axis distance as in the case 6f

parabolic mirrors. Namely, it is possible to determine
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cool such a mrror with high efficiency by formng its backsi froma
material having a high thermal conductivity such as copper andHg t
cooling water along its back. For this reason, parabolic mrygors Eﬁmtﬁ’“@pBEEN
frequently used in applications where high-output |aser ener
such as | aser beam wel ding and ] aser beam surface treatnent. Theoretically,
a parabolic mrror can condense a |aser beamto a diffraction limt wth no
aberration. Bwmchagtageli yof anveiwentwiltsir deahdeccassarof yfhes several

hundred millimeters to several tens of meters. It is thus
possible to provide a laser beam condensing device having a
sufficiently long focal distance.

In calculating the radii of curvature that minimize
the wéve front aberration, if the first and second
reflecting mirrors are arranged so as to deflect the laser
beam in the same direction, both mirrors should be concave
mirrors to minimize the wave front aberration. If they are
arranged to deflect the laser beam in different directions,
it is necessary to use a convex mirror as one of the two
reflecting mirrors while using a concave mirror as the
other.reflecting mirror. Otherwise, it would be difficult
to cancel out the wave front aberration.

If a convex mirror is used as the first reflecting
mirror and a concave mirror as the second reflecting
mirror, the incident laser beam will diverge when reflected
by the first reflecting mirror, and condensed by the second

ieviimeew - . . Teflecting mirror..--Thus, the numerical-aperture-at the - - —
image side of the condensing dévice Wil; increase, so that
it ié possible to reduce the focusing spot diameter to a
considerable degree.

But with.this arrangement, the beam condensing
properties tends to drop due to a tilt in the optical axis
of the incident laser beam as markedly as or even more

—
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di vergence angle, so that its optical axis (and thus its incident angle)

may tilt nore or less. If this happens, 4 the quality of the condensed

beam drops markedly. Thus, in order to focus a | aser beam W TH|S2 SREFRHAK!
mrror, the optical axis of the incident |aser beamhas to pe adjﬁﬁﬁﬁ Eﬂﬁ

BEE

hi gh accuracy. This work is difficult with a
| sharply than when a parabolic mirrof is used.
In contrast, the condensing device comprising two
concave reflecting mirrors exhibits a high beam condensing
properties wﬁile keeping the wave front aberration to a
minimum. Such a device can dondense a laser beam to a
condensing spot diameter that is near to the diffraction
limit in an ideal state of a parabolic mirror. By using a
spherical mirror, a cylindrical mirror or a toroidal
mirror, it is possible to prevent a sharp drop in the beam
condensing properties due to a tilt in the optical axis as
in the case of a parabolic mirror. Thus, it.is possible to
stably keep the beam condensing properties at a high level.
Other feétures and objects of the present invention
will become épparent from the following description made

with reference to the accompanying drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

e e - -Fig. 1 is a sectional-view of-a laser-beam econdensing - - --—--

device of an embodiment;

.Figs. 2A, 2B and 2C ére schematic views of a
toroiaal, a spherical and a cylindrical reflecting mirfor,
respectively;

Figs 3A, 3B and 3C are views illustrating the
operation of the condensing device;

9 \
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conventional device. Even if the optical axis is initially adjusted wth
hi gh accuracy, a tilt in the optical axis can occur if any optical el enent

in the condensing device should shift or if the operation of qnﬁ%gagi;§R§QEEN

generator or the |aser beamtransnitter beconmes unstable. This
reduced beam condensing properties of the condensing devicel_Ihis

worsens the | aser beam machining efficiency. If this happens, it is .
somet i mes necessar §igs .s#dp ande 4&ninee vdewisc s hawirgpadjaws tthherefitecmingaxi s.

surface shapes of the reflecting mirrors that minimize the
wave front aberration are determined by calculation;

Figs. 5A-5C show fhe distribut;on of wave front
aberrations of a laser beam reflected by a combination of a
spherical and a toroidal reflecting mirror;

Figs. 6A-6C show.the distribution of wave front
aberrations of a laser beam reflected by a combination of a
cylindrical and a toroidal reflecting mirror;

Figs. 7A-7C show the disfribution of wave front
aberrations of a laser beam reflected by a combiﬁation of a
toroidal and a toroidal reflecting mirror;

Fig. 8 is a graph showing the relationship betweeﬂ
the amount of tilt in the optical axis of the incident

laser beam and.the condensed spot diameter.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

-—--.- Now referring to the drawings,- the embodiments -Of - —rmmm—o
this invention are described.
.Fig. 1l is a sectional view of a beam-condensing
optical device embodying the invention. It has a first
reflectiﬁg mirror 1, a second reflecting mirror 2 and a
casing 3, and a light-incoming opening 4 and a light-

outgoing opening 5. While not shown, a laser generator and

10 -
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Of-axis parabollc mrrors, which are used in many | aser beam condensi ng

. optical devices, have a snDoth mrror surface having small s . -
roughness and an accurate parabolic shape. Such a surface i$ THS SHEED\HAS BEEN
Si ngl e- Poi nt Di anond Turning (hereinafter called SPDT) usingja- dldMHﬂmCED

cutting tool and an ultraprecise |athe. To forma non-off- axis paraotTT
concave reflecting mrror such as a spherical mrror by SPDT, a mrror
material is medmsicton gwidinuttheglasat bgambagpnegatédtbythherb&aéron
center of the spindle of a lathe. To forma
generator to the optical device are provided on the
lefthand side of the optical device. But since they are
not part of.the present invention, their description is
omitted.

The laser beam L, guided into the optical device is
reflected by the first reflecting mirror 1 and the second
reflecting mirror 2 and leaves the device through the
outgoing opening 5. The first.reflecting mirror 1 and the
second reflecting mirror 2_are combined so that the laser
beam is focused on a focal point P.

More specifically, the laser beam Ly is deflected
counterclockwise by an angle Ql and ez.by the reflecting
‘mirrors 1 and 2, respectively, whereas its axis is
deflected clockwise by the mirrors 1 and 2. 1In the example
shown, the angles O1 and ©2 are both 135° but may be of
different values.

The first reflecting mirror 1 and the second
reflecting mirror 2 have both -concave reflecting -surfaces. -
Namely, their reflecting surfaces are not convex. Also,
one 6f the reflecting mirrors is a toroidal reflecting
mirror, while the other is oﬁe of a toroidal, a spherical
and a cylindrical mirror. Namely, neither of them is a
parabolic mirror.

Of the above combinations, the most desirable is the

11 This Sheet Has Been Replaced
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of f-axis parabolic mrror, which is a part of a parabol oid 5 of

revolution, a mrror material is machined with a cutting tool,
it to the lathe at a point spaced a predeterm ned distance fr
axis. Thus, it is extrenmely difficulkt to formsuch a parabol
hi gh preci sion because the cutting

b THIS SHERT HASeBEEN

b mi 1 r REPLACED

combination of two toroidal reflecting mirrors. The second
best is the toroidal-spherical mirror combination. The
third best couple is a toroidal-cylindrical'one. We will
later gxplain why these combinations are preferable.

Figs. 2A, 2B and éc schematically show a toroidal,.a
spherical and a cylindrical reflecting mirror,
respectively. As shown, a toroidal surface (Fig. 2A) has
different radii of curvature r, and Ty along its X-axis and
Y-axis. A spherical surface (Fig. 2B) is part of a
complete sphere, the radii of curvature r, and Ty being
equal to each other. A cylindrical surface (Fig. 2C) has a
radius of curvature r_, and an infinite radius of curvature

y
r,.

X
If a non-toroidal mirror ié selected as one of the
first and second reflecting mirrors, it is preferably used
as the first reflecting mirror. That is, the second
reflecting mirror is preferably a toroidal one. We will
later explain why.
o= e o= Now the operation of this embodiment is- deseribeds— oo o
Fig. 3A shows how the laser beam L, is focused by a
concave reflecting mirfor. The beam used here is a plane
wave (with zero wave front aberration). If the laser beam
L, were reflected by a parabolic reflecting mirror and
focused on the focal point P, it would form complete

spherical waves with zero wave front aberration. But if it

\
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tool tends to be broken due to unstable rotation of the spindle'and/or
intermttent cutting. Also, the off-axis distance is limted by the

machi ning dianmeter of the ultraprecise lathe, so that it is HARCSAEET RASCBEEN
machi ne a parabolic mrror having a long off-axis distance,|i.e€. .

focal distance. An object of this invention is to provide alnethad
device for condensing. a | aser beam whi ch uses non- parabolic reflecting
mrrors to obisarefileetadoby pr corerdadf, sahahdldal My (S nddiidamhi ch t he
beam can be :
reflecting mirror as in the embodiment, no complete
spherical waves can be formed. This is because the wave
surfaces are deformed due to an optical path difference
created by the reflécting surface.

In this embodiment, the laser beam reflected by the
first reflecting mirror 1 is reshaped or corrected so that
the abovementioned optical path difference and wave front
aberration will be zero, by using a reflecting mirror
having a mirfor_surface as shown in Fig. 3B as the second
reflecting mirror 2. Thus, the laser beam can be focused
on the focal point P in the form of complete spherical
waves as shown in Fig. 3C. |

By using a toroidal reflecting mirror as one of the
two reflecting mirrors, it is possible to correct the
optical path difference created by the other reflecting
mirror both in the X-axis and Y-axis directions. For
example, if a spherical or cylindrical reflecting mirror is
used as the first reflecting mirror 1 and a toroidal -mirror.
is selected as the second’reflecting.mirror 2, different
optiéal path differences will be created along the X-axis
and Y-axis by'the first reflecting mirror, because the
laser beam is deflected by different angles along the X-
axis and Y-axis of the spherical or cylindrical concave
surface. :

—_—
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surf ace,
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suffigienfly and stably condensed while maintaining a | ong focal distance,

and whi ch needs no SPDT machining to provide an off-axis ref Tﬂ@ AS BEEN
and which has a long focal distance. SUMWARY OF THH
n

According to this invention, there is provided a nethod of chnde
| aser beam conprising the steps of reflecting an incident |aser bean1mnth a

first concave

By using a toroidal reflecting mirror as the.second
reflecting mirror 2, it is possible to cancel or counteract
the optical path differences both along the X- and Y-axes.
By deflecting the laser beam with the second reflecting
mirror 2 in the same direction in which the laser beam is
deflected by the first reflecting mirror 1, the optical
path differences can be eliminated macroscopically; But
microscopically, this is not enough.

In order to microscopically correct the optical path

differences, it is necessary to precisely adjust the two

radii of curvature of the mirror surface of the toroidal
reflecting mirror. In calculating the radii of curvature
that can minimize the optical path differenées it is
advantageous to use a torodal reflecting mifror as the
second reflecting mirror. But this is not an essentiél'
requirement. The toroidal reflecting mirror may be used as
the first reflecting mirror. 1In the latter case, the

curvature of the surface of the first reflecting mirror 1

- is- adjusted so that the optical path differences-of - the - R

1ase£ beam reflected by the second reflecting mirror will
be minimum.

If a spherical mirror is selected as the first
reflecting mirror 1 aﬁd a toroidal reflecting mirror is
used as the second reflecting mirror 2, the laser beam will

be reflected symmetrically by the spherical first
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NG




6 reflecting mrror, and reflecting the thus reflected | aser beamw th a

~second concave reflecting mrror in the sane direction, the f

second reflecting mrrors having such reflecting curved surf cessfgmﬂ.r HAS BEEN
that any optical path difference of the |aser beamrefl ected by h&E
reflecting mrror is canceled out by the second reflecting nirror, wher eby

the | aser beamreflected by the second reflecting mrror has a m ni nrum wave
front aberrat¥efilecting mirror on both sides of the vertical plane

including both the incoming laser beam and the reflected
laser beam. But along this vertical plane, the laser beam
is not reflected symmetrically, because a large optical
path difference corresponding to the deflecting angle of
the first mirror is present in this direction. But it is
possible to cancel this optical path difference and thus to
minimize the wave front aberration of the 1a$er beam when
it reaches the focal point by adjusting the deflecting
angle and the radii of curvature of the toroidal second
reflecting mirror.

The toroidal surface that can minimize the optical
path difference is obtained iﬁ the following manner.

First, to calculate the radii of cur&ature that can
minimize the optical path difference; the followihg two
aspects have to be considered. First, the surfaces of the
reflecting mirror have to be shaped such that the split
laser beam éan be focused on the focal point. Second, the
radii of curvature have to be determined so that the wave
front aberration of the laser beam will be minimum when it
is fécused on the focal point P.

To evaluate the first requirement, a light ray is
passed through each of a plurality of number (n) of divided
sections of the laser beam as shown in Fig. 4. Then, the

n-th ray is tfacked down to f£find out the point at which

15 -
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As the device for carrying out this nmethod, there is provided a | aser beam
condensi ng device conprising a first reflectlng mrror and a second
reflecting mrror having concave reflecting surfaces, the fi rSfHI?nﬁ'IEE?CRMBEEN
mrrors being conbined to deflect a | aser beamin the sane di

of the first and second mrrors being a toroidal mrror, whill_the'Q

mrror being one of a spherical, a cylindrical and a tor0|dal mrror, the
first and sec&hdsr éTalYechtrﬁg-'SmOmSortilehé\ﬂqfﬁd- Qﬂcﬂmkefl'ﬁmlngimrdﬁces f or med

that any optical path difference of the
curvature of the first and second reflecting mirrors are

adjusted to minimize the distance An between the above
point of intersection and the focal point P. Actually, in
order to make such adjustment for all the rays, the

following evaluation formula is used.

N
E= = Anz

The radii of curvature of the mirrors are adjusted so
that the value E will be minimum. If greater importance is
to be placed on the portion of the beam nearer to its
center, the following formula is used.

N
E= 32 waAa?
n=1
wherein Wn is the weight for each ray.

To fulfill the second requirement, the following

formula is considered for each of the divided rays (N in

number).

A= ZNZ wala®
n=1
wheréin ILn is the optical path difference of each ray shown
in Fig. 4. The radii of curvature are selected so as to
minimize the value A.
The radii of curvature that can minimize .the above

-

values E and A are calculated in the following manner;

e
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| aser ,beamreflected by the first reflecting mrror is canceled out by the
second reflecting mrror. In the method according to the inveptHpn SHTEP? HAS BEEN'
incident | aser beamis reflected by two concave reflecting mfror Eﬁp 1
predeterm ned angles in the sane direction, thereby substanti ady-c ACER _J
out any optical path difference of the Iaser beamrefl ected by the first

'Suppose the first and second réflecting mirrors are both
spherical mirrors. The evaluation function E is a function
of the radius of curvature ry of the first reflecting
mirror and the radius of curvature r, of the second
reflecting mirror.

E = E(rl. rz)
(A) A fixed value is assigned to ri. A large value ry + AT,
is assigned to r,. As the value E increases, the value Iy
is set to a smaller value fz - Zkrz'. This is repeated to
calculate ry = I, (lj that gives a minimum E.
{B) With the wvalue r, set at.rz =TI, (1), ry is wvaried.
That is, ri; is increased to ry + ZSrl and reduced to r; - Arﬁ
as the value E increases. This is repeated to calculate rq
= r; (1) that gives a minimum E.

After substituting ry (1) calculated in (B) for rl;
the operation (A) is carried out again to obtain ry = Iy
(2). The operations (A) and (B) are repeated several times
to find out ry = ry; (0) and ry - ry (0) that give a minimum
value of E. |

In the above example, the first and second reflecting
mirrors are both spherical mirrors. But in the embodiment
of the present invention, one of the mirrors ha; to be a

toroidal reflecting mirror. If the toroidal mirror is used

as the second reflecting mirror, E = E(rx, ry; rl), A =
A(rx, ry, rl). For these variables Ty ry and ry, rx(O),
17 ' //
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7 reflecting mrror. But only with this arrangenent, it is dlfflcult to

conpl etely cancel out such an opti cal
surfaces of the two mrrors are adjusted to conpletely cancel

path difference. Thus, %\ﬁ %@ﬁw]%EEN

optical path difference and thus to nininize the wave front dberraREBAGED

the | aser beamreflected by the second reflecting mrror. Mre

specifically, the radii of curvature of the two mrrors are adjusted to
determ ne ther%b@hlam@ini bpgat give a minimum E are obtained in the

above manner.

Fig. 4 schematically show the paths of each

ray at the beginning and end of this calculation. Fig. 4B

shows the state where An and Ln shown in Fig. 4A are

minimum. In this state, all the rays are focused on the

focal point P with the wave front aberration reduced to a

minimum.

In this way, rX(O), ry(O) and r; that minimize the

wave front aberration are obtained.

The minimum wave

front aberration is preferably adjusted to within A/2,

where A is the wavelength of the laser beam. For example,

a CO, laser beam has a wavelength of 10.6 pme. If the first

reflecting mirror 1 and the second reflecting mirror 2 are

toroidal mirrors, their reflecting surfaces may be adjusted

e.g. as shown below.

focal length: £ = 254 mm

radii of curvature:

Figs. 5,

786.9 mm (concave)
921.5 mm (concave)
1487.4 mm (concave)

1750.8 mm (concave)

6 and 7 show the wave front aberrations of

the laser beam when a toroidal mirror is combined with a

spherical, a cylindrical and a toroidal mirror,

respectively.

The reflecting mirrors used here have

18
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conbination of two mrrors and to mnimze the wave front aberration. The

two reflecting nmirrors of the beam condensi ng devi ce accordi ng-to.the

invention are adjusted to provide such radii of curvature and & ISeSHERTNHAS BEEN
angl es and directions that can carry out the method of the inventi orRepiASED
radii of curvature is finely adjusted to mnimze the wave fro
of the laser beamreflected by the second reflecting mrror. Cne of the two
refl ecting midibferentasuvfardafiimensions from two toroidal mirrors

shown immediately above. For example, they have a focal
length f = 500 mm and a beam diameter of 35 mm.

Fig. 5 shows wave front aberrations when a toroidal
reflecting mirror is combined with a spherical reflecting
mirror. More specifically, Figs. 5A and 5B show wave front
aberrations caused by the spherical reflecting ﬁirror only,
and those by the toroidal reflecting mirror only,
respectively, Fig. 5C shows that by combining these two
reflecting mirrors, wave front aberrations are reduced to
zero.

Fig. 5A shows, not the section of the laser beam LA
at the focal point P, but a section of an imaginary laser
beam produced by a laser point-source located at the focal
point P and having a completely sphéricél wave. More
specifically, this figure shows the distribution of wave
front aberrations of this laser beam as viewed in cross-
section at a parallel portion of this laser beam after
being.reflected by the spherical reflecting mirror. - The-
parallel portion of this beam has an entrance pupil
diaméter of 76.2 mm, which is the diameter of the
substantially oval wave front aberration shown in Fig. 5A.
The stripes around the oval portion represent a reference
surface having a zero wave front aberration.

Figs. 5B shows the distribution of wave front

19 //
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mrror, while the other is a spherical mrror, a cyIindricaI mrror or

toroidal mrror. These mrrors can be forned easily w thout
SPDT nmachining. The radii of curvature of these reflecting nuﬁﬂgq%ﬁgﬁé%gaiEEN
limted by the off-axis distance as in the case of paraboliq_mrr LACED

Nanely, it is possible to determ ne. 8
aberrations if such an imaginary laser beam were reflected
by the toroidal reflecting mirror only. If this laser beam
were reflected by both of these reflecting mirrors, a plane
wave with a zero wave front aberration as shown in Fig. 5C
would be obtained. 'Thus, by reflecting the plane-wave
laser beam L, with é zero wave front aberration with these
two reflecting mirrors, as shown in Fig. 1, it is pqssible
to focus the laser beam having a spherical wave with a zero
wave front aberration on fhe focal point.

Fig. 6 shows wave front aberrations when a
cylindrical feflecting mirror is combined with a toroidal
reflecting mirror. More specifically, Figs. 6A, 6B and 6C
shows wave front aberrations when only the cylindrical
reflecting mirror is used, those when only the toroidal
reflecting mirror is used, and those when both reflecting
mirrors are used in combination, respectively.

Fig. 7 shows wave front aberrations when two toroidal
mirrors are used. More specifically, Figs. 7A, 7B and 7C
show wave front aberrations when one of the two toroidal.
mirrors is used, those when the other of them is used, and
those when two toroidal mirrors were used in combination,
respectively.

As mentioned earlier, one of the first and second
mirrors has to be a toroidal mirror. As the other mirror,
a toroidal mirror is most desirable, the second best choice

-_ .
Thls Sheet Has Been Rep
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such radii of curvature within a wi de range of from several hundred

mllimeters to several tens of neters. It is thus possible to

provi de a

| aser beam condensi ng device having a sufficiently |ong focal
calculating the radii of curvature that mnimze the wave frg

THIStSHEET- HAS' BEEN
nt abﬁ Eym _

if the first and second reflecting mrrors are arranged so as
the | aser beamin the sane direction, both mrrors should be

concave

mrrors to m bedngeat Bpheaieaflr oritrralrer widtthom dyfl imideyi carle meimrony dxk ing

deflect the | aser beamin different directions,

the least desirable. The reason is clear from Figs. 5, 6

and 7. Namely, the wave front aberration is the smallest

with the toroidal-toroidal combination (in Fig.

7, the wave

front aberration is expressed with 0.5 wavelength as one

unit), the second smallest with the toroidal-spherical

combination (10 wavelengths being one unit in Fig. 5), and

the largest with the toroidal-cylindrical combination (50

wavelengths being one unit in Fig. 6).

A toroidal reflecting mirror is preferably

used as

the second reflecting mirror, because its surface shape

accuracy will have a smaller influence on the wave front

aberration when it is used as the second reflecting mirror

than when used as the first reflecting mirror.

Fig. 8 shows the relationship between the optical

axis misalignment (tilt) and the condensing spot diameter

with the beam-condensing device of the embodiment (curve

(1)) and a conventional device (curve (2)). As

seen in the

-figure, in the embodiment;- the- condensing -spot- diameter.. - ... - .

varies little even if the optical axis of the incoming

laser beam is slightly tilt. Also, it is possible to focus

the laser beam within as small a diameter as achieved with

a conventional beam-condensing optical device that uses

parabolic mirrors.

-
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it is . necessary to use a convex mrror as one of the two reflecting mrrors.
whil e using a concave mrror as the other reflecting mrror. OQherw se, it

mpuld be difficult to cancel out the wave front aberration. |f
mrror is used as the first reflecting mirror and a concave m

es

f\nl’\\lﬂv

 THIS 5HEETh HAS BEEN

when REPLACED

SeCOoITa
i de of the

second reflecting mrror, the incident Tas erge
reflected by the first reflecting mrror, Iiﬂ ﬁm g(li t he
reflecting mwnhat. isholaiimkd dsneri cal ap

condensing device will increase, so that

1. A method of condensing a laser beam comprising the
steps of reflecting an incident laser beam with a first
concave reflecting mirror, and reflecting the thus
reflected laser beam with a second concave reflecting
mirror in the same direction, said first and second
reflecting mirrors having such reflecting curved surfaces
formed that any optical path difference of the laser beam
reflected by said first reflecting mirror is canceled out
by said second reflecting mirror, whereby the laser beam
reflected by said second reflecting mirror has a minimum

wave front aberration.

2. A laser beam condensing device comprising a first
reflecting mirror and a second reflecting mirror having
concave reflecting surfaces, said.first and second mirrors

being combined to deflect a laser beam in the same

-direction, one of said first and second mirrors being a

toroidal mirror, while the other mirror being one of a
spherical,'a cylindrical and a toroidal mirror, said first
and second reflecting mirrors having such reflecting
surfaces formed that any optical path diffe;ence of the
laser beam reflected by said first reflecting mirror is
canceled out by séid second reflecting mirror.

22 —_—
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It is.possible to reduce the focusihg spot dianeter to a considerable

degree. But with this arrangenent, the beam condensi ng propepties tends to.
drop due to a tilt in the optical axis of the incident |aser| bDESNSREET HASGBEEN

| mar kedly as or even nore 9 sharply than when a parabolic nirrcnﬁgpanaf

FIG 1

-_
. This Sheet Has Been
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In contrast, t he condensi ng device conprising two concave reffecting

mrrors exhibits a high beam condensing properties while keefqi T
front aberration to a mnimum Such a device can condense a Ia@? ﬁ‘gﬁ% QEEN
I

condensi ng spot dianmeter that is near to the diffraction |imit
state of a parabolic mrror. By using a spherical mrror, a cylindrical
mrror or a toroidal mrror, it is possible to prevent a sharp drop in the
beam condensing properties due to a tilt in the optical axis as in the case
of a parabolic mrror. Thus, it is possible to

FIG. 2A

Sheet Has Been Replaced
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stabl y. keep the beam condensi ng prdpert les at a high level. O her features

and objects of the present invention will becone apparent fro

foll owi ng description made with reference to the acconpanyi ng ng B'@E?ET IHQS BEEN

whi ch: BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a sectional
| aser beam condensi ng device of an enbodi nent; Figs. 2A, 2B ant
schematic views of a toroidal, a spherical and a cylindrical reflecti
mrror, respectively;

FIG. 3B

La

FIG. 3C

LACED
ng
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Fi gs 3A, éB and 3C are views illustrating the operation of the cbndehsfng
10E | Figs. 4A and 4B are views show ng how t he ref ?@@ GEET HAS BEEN

devi ce;
surface shapes of the reflecting mrrors that mnimze the wavg
aberration are determ ned by cal cul ati on;

of wave front

Jo39wer

P
weagq

Fi gs. 5A-5C show thel distr ﬁ?{%%ﬂ]

V7 9l
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aberrations of a |laser beamreflected by a conbination of a spherical and a .

toroidal reflecting mrror; Figs. 6A-6C show the distribution CTHISMSHEET q-mgt BEEN

aberrations of a |aser beam reflected by a combination of a cy |n R mACEﬁI

a toroidal reflecting mrror; Figs. 7A-7C show the di stribut i br—et—aane
front aberrations of a |aser beamreflected by a conbination of a toroidal
and a toroidal reflecting mrror; Fig. 8 is a graph show ng the

rel ati onshi p between the anount of tilt in the optical axis of the incident

FIG. DA Spherical

10 Wavelength

F ] G 5 B Toroidal’

10 Wavelength

F l G 5 C Combination |

IO'Wavelength

Sheet
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| aser beam and t he condensed spot dianeter. DETAI LED DESCRIPTICN'CF'THE

PREFERRED EMBODI MENT Now referring to the draw ngs, the enbodifE -s BEEN
i nvention are described. Fig. 1 is a sectional view of a beam| H -B
opti cal device enbodying the invention. It has a first reflec{ing nRERLAGED

a second reflecting mrror 2 and a casing 3, and a light-incomng opening 4-
and a light- outgoing opening 5. Wiile not shown, a |aser generator and

F ' G 6 A Cylindrical

——
e

<§i® ‘¢;‘===========; Azzix

____._?_—————:—E %\_____

&

_ F l G ' GB Toroidal

50 ¥avelength

F l G._ 6 C Combination

-

50 Wavelength

)
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neans,for'guiding the | aser beans generated by the |aser gene

optical device are provided on the |efthand side of the optic

since they are not part of the present invention,
omtted. The | aser beam LA guided into the optical

their descr
device is

ator ta the

ATHIScSHEST, HRS{BEEN

Pt i OTREPSACED

CI I CLLUTU Iy

the first reflecting mrror 1 and the second reflecting mrror 2 and | eaves

t he device through the

FI1G 7 A Torbid;l
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out going openlng 5. The first reflecting mrror 1 and the second reerCting
mrror 2 are conbined so that the | aser beamis focused on a focal point P.
More specifically, the laser beamL[err] is deflected counte WESE HAS BEEN

an angle [err] and [err] by the reflecting mrrors 1 and 2, jspec
whereas its axis is deflected clockwise by the mrrors 1 and h Mﬂkﬁﬂ

exanpl e shown, the angles [err] and [err] are both 135[err] but nay be of
different val ues. The first reflecting mrror 1 and the second

FIG 8
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- ' Diffraction
- limit-
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reflectl ng mrror 2 have both concave reflecting surfaces. Na - :
refl elting surfaces are not convex. Al so, one of the reflecti gHif SHBE® HAS BEEN
a toroidal reflecting mrror, while the other is one of a torgidal, RE%ACED

spheri cal andMETHOD| ANDIDEYROE FOR FOCUSINGNEASER BgiM her of them i s—a—parabotiT
mrror. O the above conbinations, the nost desirable is the

ABSTRACT OF THE DISCLOSURE

A laser beam condensing device which can be
manufactured at low cost Ey using reflecting mirrors whicn
can be machined at low cost, and which is capable of

- condensing a laser beam to a high energy density while
eliminating any optical path difference, even if the
optical axis of the incident beam is strayed. This device
includes a first and a second reflecting mirror. An
incident laser beam is deflected by these mirrors in the
same direction. One of the two mirrors is a toroidal
mirror, while the other is a spherical, cylindrical or
toroidal reflecting mirror. The mirror surfaces of the two
reflectiﬁg mirrors are machined so that the second
reflecting mirror can cancel out any wave front aberratlon

of the laser beam reflected by the first reflecting mlrror.

D
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12 combination of two toroidal reflecting mrrors. The second best is the
toroi dal -spherical mrror conmbination. The third best couple is a
toroidal -cylindrical one. We will later explain why these conbi nations are

pr ef er abl e.

and a cylindrical reflecting mirror, rebpectively. As shown, a
surface (Fig. 2A) has different radii of curvature r[err] and f[¢rr] al ong
its X-axis and Y-axis. A spherical surface (Fig. 2B) is part of 02 OCT 1996

Figs. 2A, 2B and 2C schematically show a toroidal, tBE@@EM%m SHEET

METHOD AND DEVICE FOR FOCUSING LASER BEA

BACKGROUND OF THE INVENTION

This invention relates to a laser beam condensing
optical device used fdr laser beam machining, and
particularly to a method and a device fbr focusing or
.condensing a laser beam on a focal point.

Today, with the appearance of lasers capable of
generating high-energy laser beams, such as CO, lasers, YAG
lasers and excimer lasers, it is possible to cut, weld and
surface-treat different kinds of materials by laser beam
.machining. Such laser beam machining is carried out bx
guiding a laser beam generated by a laser beam'generator
through a laser beam guide means to a machining head,
condensing the laser beam to a high energy.density with a
beam condensihg optical device in the machining head, and
‘irradiating a workpiece with the thus condensed laser beam.

- This beamcondensing optical device usually includes- - -
condensing lenseé and off-axis parabolic mirrors as main
optical parts. Condensing lenses are condensing means of a
type adapted to bent light beams by passing them. They are
optical parts made of ZnSe (zinc selenide), which is a
compound semiconductor material, and have a plano-convex or

meniscus shape.



n

_conpl ete sphere, the radii of curvature r{err] and r[err] bein}y RERLACEMENT SHEET
each other. A cylindrical surface (Fig. 2C) has a radius of cufvgrare r y

and an infinite radius of curvature rferr]. If a non-toroidal itrqf2iGCcT 1996
sel ected as one of the first and second reflecting mrrors, it}i$ _
preferably used as the first reflectirg—mrror. That is, the s¢cend -
reflecting mrror is preferably a toroidal one. We will later %xplain why.

Now t he operation of this enbodi nent. i s descri bed. -

ZnSe is a material which is particularly low in its
infrared-absorbing power. Thus, it is widely used as the
material for the lenses in CO, lasers which generate
infrared laser beams. But it is impossible to completely
breveﬂt the absorption of infrared light. Thus, a ZnSe
lens tends to heat up by.absorbing energy when a laser beam
passes therethrough. This may cause thermal deformation of
the condensing.lens, a change in its refractive index, or a
shift in the focal point, resulting in decreasing the
quality of the condensed beam. | .

The higher the laser output, the more conspicuously
thése phenomena will appear. If this condensing lens is

used in an environment where its surface tends to be

'stained with dirt, the dirt itself will absorb laser beam

energy, accelerating temperature rise of the lens, so that
the above phenomena will appear still more conspicuously.
In the worst case, the lens might burn out.

Thus, such a condensing lens has to be cooled by
circulating cooling water- along its sides-or-by-spraying -a-- -
cooling gas on the lens surface. But with any cooling
method, it is difficult to efficiently cool the central
portion of the lens. Thus, such a lens can be used only in
comparatively 1ow-dutput laser beam machining such as for
cutting a thin plate.

A parabolic mirror has a reflective surface in the



F| g. 3A shows how the | aser beam L[err] is focused by a Conca“eR'EPLA(E‘MEN‘TQSHEET

mrror. The beam used here is a plane wave (wth zero wave frdn

dberration).

reflecting mirror and focused on the fgcal point P, it would form@gngcgt"@%
spherical waves with zero wave front ration. But if it 1

If the laser beamL[err] were reflected by a parcbc

shape of a paraboloid, a kind of axisymmetric aspheric

surface. It is a reflective type of condensing means which

‘utilize the principle that a parallel beam incident on a

paraboloid is condensed while creating no aberration. Such
a parabolic'mirror can reflect and focus a laser beam with

no aberration, if the incident laser beam has an optical

~axis strictly parallel to the axis of the parabolic surface

and also is a strictly parallel beam with no divergence or
focusing.

Since a parabolic mirror focuses a laser beam by
reflecting it rather than by passing and bending it, it is
possible to cool it from ifs back with high efficiency.
For example in a high-output-cozllasér, it is possible to
cool such a mirror with high efficiency by forming its
backside from a material having a high thermal cohductivity
such as copper and circulating cooling watef along its
back. For this -reason, parabolic mirrors are frequently
used in applications where high-output laser energy is
needed such as laser beam welding and laser beam surface
treatment.

.Theoretically, a parabolic mirror can condense a
laser beam to a diffraction limit with no aberration. But
actually, an incident laser beam necessarily has a
divergence angle, so that its optical axis (and thus its

incident angle) may tilt more or less. If this happens,
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Is reflected by a toroidal, spherical or cylindrical reflectingpmTror—as
I n the enbodi mnent, no conpl ete spherical waves can be forned. {Thi s ?s 1996
because the wave surfaces are deformed due to an optical path diff% eﬂgg
created by the reflecting surface. In i@ghis enbodinent, the laJerbeam. .. |
reflected by the first reflecting mrror—1 is reshaped or corrected so that

t he abovenenti oned optical path difference and wave front aberratromwtt —

e e oY hh Al oS "D 5D e 8 AELBE RUEREGE, S FROLT 1
| order to focus a laser beam with a parabolic mirrof, the
optical axis of the incident laser beam haé to be adjustéd
with high accuracy. This work is difficult with a
conventional device.

Even if the optical axis is initially adjusted with
high accuracy, a tilt in the optical axis can occur if any
optical element in the condensing device should shift or if
the operation of the laser beam generator or the laser beam
transmitter becomes unstable. This leads to reduced beam-
condensing properties of the condensing device. This in
turn worsens the laser beam machining efficiency. If this
happens, it is sometimes necessary to stop the entire
device to readjust the optical axis.

Off-axis parabolic mirrors, which are used in many
laser beam condensing optical devices, have a smooth mirror
surface having small surface roughness and an accurate
parabblic shape. Such a surface is formed by Single?Point
Diamond Turning (hereinafter called SPDT) using a diamond

" cutting tool and an ulfraprecise lathe.

To form a non-off-axis parabolic concave reflecting
mirror such as a spherical mirror by SPDT, a mirror
material is machined with a cutting tooi by clamping it to
the rotation center of the spindle of a lathe. To form a

off-axis parabolic mirror, which is a part of a paraboloid



reflecting m

rror 2. Thus, the |aser beam can be focused on the| fREPAMACEMENT SHEE

Pin the formof conplete spherical waves as shown in Fig. 3C. ByJusing a

tor oi dal ref

possible to correct the optical path difference created by the

reflecting m

a spherical or cylindrical reflecting mrror is used as the firgt

reflecting m

reflecting mr

ecting mrror as one of the two reflecting mrrors| |t 4% QoCT 1996
bt her

rror both in the X-axis -afe=Y-axis directions. For |ekxarpte—+t

E)Efgé:'e%fﬁglﬁi?;g:,grﬁtoinq%lro@ gnra rézji%ls%.lse(r:t;[aec ie}lsecf r‘]:.veitﬁ'let'a Ié:u;ltting
tool by clamping it to the lathe at a point spaced a
predetermined distance from the spindle axis.

Thus, it is extremely difficult to form such a
parabolic mirror with high precision because the cutting
tool teﬁds to be broken due to unstable rotation of the
spindle and/or intermittent cutting. Also, the off-axis
distance is limited by the machining diameter of the
ultraprecise lathe, so that it is impossible to machine a
parébolic mirror having a long off-axis distance, i.e. a
long focal distance.

An object of this invention is to provide a method
and device for condensing a laser beam which uses non-
parabolic reflecting mirrors to obviate the above problems
of parabolic mirrors, with which the beam can be
sufficiently and stably condensed while maintaining a long
focal distance, and which needs no SPDT machining to
provide an off-axis reflecting surface, and which has a

long focal distance. S .
SUMMARY OF THE INVENTION

According to this invention, there is provided a
method of condensing a laser beam comprising the steps of

reflecting an incident laser beam with a first concave



optical path differences will be created.along the X-axis and Y} BEPSABEMENTe SHEET

first reflecting mrror, because the |laser beamis deflected by| di fferent
dangl es along the X- axis and Y-axis of the spherical or cylindrj cal ocpEETV994
d

surf ace.

14 By using a toroidal reflgcting mrror as the secjo

reflecting mirror, and reflecting the thus reflected laser
beam with a second concave reflecting mirror in the same
direction, the first and second reflecting mirrors having
such reflecting curved surfaces formed that any optical
path difference of the laser beam reflected by the first
reflecting mirror is canceled out by the second reflecting
mirror, whereby the laser beam reflected by the second
reflecting mirror has a minimum wave front aberration.

As the device for carrying out this method, there is
provided a laser beam condensing device comprising a first
reflecting.mirror and a second reflecting mirror having
concave reflecting surfaces, the first and second mirrors
being combined to deflect a laser beam in the same -
direction, one of the first and second mirrors being a
toroidal mirror, while the other mirror being one of.a
spherical, a cylindrical and a toroidal mirror, the ficst
and second reflecting mirrors having such reflecting
surfacées formed that any optical path difference of the
laser beam reflected by the first reflecting'mirror is
canceled out by the second reflecting mirror.

In the method according to the invention, the
incident laser beam is reflected by two concave reflecting
mirror by predetermined angles in the same direction,
thereby substantially canceling out any optical path

difference of the laser beam reflected by the first



. REPLACEMENT SHEET
reflecting mrror 2, it is possible to cancel or counteract the [OptTcal

path differences both along the X- and Y-axes. By deflecting t} Iagﬁbcbeggb
with the second reflecting mrror 2 in the sane direction in ilch™t

| aser beamis deflected by the first reflecting mirror 1, the |o
di fferences can be elimnated nmacroscoprrtal ly. But mcroscopically, this is

not enough. In order to mcroscopically correct the optical patrh

di fferences, I S necessary to precise t t.he two radii  of curvature
of the nrrrorr§ﬁr?88én8fmﬁﬁ °ForoPH§I°“E¥ this arrangement, is

difficult to completely cancel out such an optical path
difference.

Thus, the reflecting surfaces of the two mirrors are
adjusted.to completély cancel out such an optical path
difference and thus to minimize the wave front aberration
of the laser beam reflected by the second reflecting
mirror. More specifically, the radii of curvature of the
two mirrors are adjusted to determine the focal point by
combination of two mirrors and to minimize the wéve front .
aberration.

The two reflecting mifrors of the beam condensing
devicelaccording to the invention are.adjusted to pfovide
such radii of curvature and deflection angles and
directions that can carry out the method of the invention.
The radii of curvature is finely adjusted fo minimize the
-wave front aberration of the laser beam reflected by the
second feflecting mirror.

e - One of the two reflecting mirrors is a toroidail- Comme
mirrcr, while the other is a spherical mirror, a

cylindrical mirror or a tdroidal mirror. These mirrors can

be formed easily without using off-axis SPDT machining.

The radii of curvature of these reflecting mirrors
are not limited by the off-axis distance as in the case of

parabolic mirrors. Namely, it is possible to determine



reflecting mrror. _
the optical path differences it is advantageous to use a toroda

In calculating the radii of curvature that cfnRERLACEMENT SHEE

eftecti g

mrror as the second reflecting mrror. But this is not an esse tialOZ-OCTW% |

requirenent .

The toroidal reflecting mgror may be used as the {ifst

reflecting mirror. In the latter case; e curvature of the surfate—of-the
first reflecting mrror 1 is adjusted so that the optical path differences
of the laser beamref| ected by the second reflecting mrror wl[—be '

m ni mum

such radii of curvature within a wide range of from several

hundred millimeters to several tens of meters. It is thus
possible to provide a laser beam condensing deviég having a
sufficiently long focal distance. |

In calculating the radii of curvature that minimize
the wave front aberration, if the first and second
reflecting mirrors are arranged so as to deflect the laser
beam in the same direction, both mirrors should be concave
mirrors to minimize the wave front aberration. If they are
arranged to deflect the laser beam in different directions,
it is necessary to use a convex mirror as one of the two
reflecting mirrors while using a concave mirror as the
other reflecting mirror. Otherwise, it would be difficult
to cancel out the wave front abefration.

If a convex mirror is used as the first reflecting
mirror and a concave mirror as the second refiecting
mirror, the incident laser beam will diverge when feflected

by the first reflecting mirror, and condensed by the second

- reflecting mirror. Thus, the numerical aperture at the

image side of the condensing device will increase, so that
it is possible to reduce the focusing spot diameter to a
considerable degree.

But with this arrangement, the beam condensing
properties tends to drop due to a tilt in the optical axis

of the incident laser beam as markedly as or even more



|f a spherical mirror is selected as the first reflecting mrr rBEPQWWNENT SHEET
toroidal reflecting mirror is used as the second reflecting mfr¢r 2, the
l-aser beamwi || be reflected symmetrically by the spherical fifsq 0Z218CT 1996
reflecting mrror on both sides of thegyertlcal pl ane incl udin oth the

I ncom ng | aser beam and the reflected

sharply than when a parabolic mirror is used.

In contrast, the condensing device comprising two
concave reflecting mirrors exhibits a high beam condensing
properties while keeping the wave front aberration to a
minimum. Such a device can condense a laéer beam to a
condensing spot diametef that is near to the difffaction-.
limit in an ideal state of a parabolic mirror. By using a
spherical mirror, a cylindrical mirror or a éoroidal
mirror, it is possible to prevent a sharp drop in the beam
condensing properties due to a tilt in the optical axis as
in the case of a parabolic mirror. Thus, it is possible to
stably keep the beam condénsing properties at a high level.

Other features and objects of the present invention
will become apparent from the following description made

with reference to the accompanying drawings, in which:
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a sectional view of a laser beam condensing -
device of an embodiment:;

Figs. 2A, 2B and 2C are schematic views of a
toroidal; a spherical and a cylindrical reflecting mirror,
respectively; |

Figs 3A, 3B and 3C are views illustrating the

operation of the condensing device;
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| aser beam But along this vertical plane, the |laser beamis fo
symmetrically, because a |arge optical path difference correspondi ngEé!S Ll%b%
defl ecting angle of the first mrror is present in this directi n.0 T
is possible to cancel this optical patggdifference and thus t I ni m ze the
wave front aberration of the |aser beamwhen it reaches the fgcal point by
adjusting the deflecting angle and the radii of curvature of t '
second reflecting gilor,,Ma4d 9032 UL EhdMHg Gl Tl W& ddiing

opti cal

surface shapes of the reflecting mirrors that minimize the
wave front aberration are determined by calculation:;

Figs. 5A-5C show the distribution of wave front
aberrations of arlasgr beam reflected by a combihation df a
spherical and a toroidal refiecting mirror;

Figs. 6A-6C show the distribution of wave front
aberrations of a laser beam reflected by a combination of a
cylindrical and a toroidal reflecting mirror;

Figs. 7A-7C show the distribution of wave front
aberrations of a laser beam reflected by a combination of a
toroidal and a toroidal reflecting mirror;

Fig. 8 is a graph showing the relationship betweeﬂ
the amount of tilt in the optical axis of the inciaent

laser beam and.the condensed spot diameter.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Now reférring to the drawings, the embodiments of - - --- —
this invention aré described.

Fig. 1 is a sectional view of a beam-condensing
optical device embodying the invention. It has a first
reflectiﬁg mirror 1, a second reflecting mirror 2 and a
casing 3, and a light—incoming opening 4 and a light-

outgoing opening 5. While not shown, a laser generator and
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path difference is obtained in the follow ng manner. First, to ¢a -

the radii of curvature that can nminimze the optical path diffefefce, the
f'ol | owi ng two aspects have to be considered. First, the surfacés|of02HCT 1996
reflecting mrror have to be shaped sugh that the split |aser bgamp can be
focused on the focal point. Second, the=radii of curvature have|to be

determ ned so that the wave front aberration of the |aser beam Will he
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requirement, a
' generator to the optical device are provided on the

lefthand side of the optical device. But since they are
not part of_the present invention, their description is
‘omitted.

The laser beam La guided into the optical device is
reflected by the first reflecting mirror 1 and the second
reflecting mirror 2 and leaves the device through the
outgoing opening 5. The fifst-reflecting mirror 1 and the
second reflecting mirror 2 are combined so that the laser
beam is focused on a focal point P.

More specifically, the laser beam L, is deflected
counterclockwise by an angle 91 ahd. 92 by the reflecting-
mirrors 1 and 2, ‘respectively, whereas its axis is
deflected clockwise by the mirrors 1 and 2. In the example
shown, the angles O1 and ©2 are both 135° but may be of
different values.

The first reflecting mirror 1 and the second
reflecting mirror 2 have both concave reflecting surfaces.
Namely, their reflecting surfaces are not convex. Also,
‘one of the reflecting mirrors is a toroidal reflecting
mirror, while the other is one of a torpidal, a spherical
and a cylindrical mirror. Namely, neither of them is a
parabolic mirror.

Of the abowve combinations, the most desirable is the
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| aser beam as shown in Fig. 4. Then, the n-th ray is tracked doyn
out the point at which 16 this ray intersects the focal plang.
of curvature of the first and second refg ecting mrrors are adj st

m nimze the distance [err]n between t#é—above

j{}& ggﬁé‘r 1996

combination of two toroidal reflecting mirrors. The

second

best is the toroidal-spherical mirror combination. The

third best couple is a toroidal-~cylindrical one. We

later explain why these combinations are preferable.

will

Figs. 2A, 2B and 2C schematically show a toroidal, a

spherical and a cylindrical reflecting mirror,

respectively. As shown, a toroidal surface (Fig. 2A) has

different radii of curvature T, and rY

Y-axis. A spherical surface (Fig. 2B) is part of a

complete sphere, the radii of curvature r, and Ty

along its X-axis and

being

equal to each other. A cylindrical surface (Fig. 2C) has a

radius of curvature r,, and an infinite radius of curvature

y

rx.

If a non-toroidal mirror is selected as one of the

first and second reflecting mirrors, it is preferably used

as the first reflecting mirror. That is, the second

reflecting mirror is preferably a toroidal one. We will

later explain why.

Now the operation of this embodiment is deseribed.--

Fig. 3A shows how the laser beam L, is focused by a

concave reflecting mirror. The beam used here is a plane

wave (with zero wave front aberration). If the laser beam

Lp were reflected by a parabolic reflecting mirror and

focused on the focal point P, it would form complete

spherical waves with zero wave front aberration. But if it



poi nt of intersection and the focal point P. Actually, in order t BEPEAGEMENT SHEE

such adjustnent for all the rays, the follow ng evaluation formjl 4§ I's used.

[ferr] The radii of curvature of the mirrors are adjusted so thatl ttheppaBO® 1996
Ewll be mninmum If greater |rrportan(:ﬁ|s to be placed on the pCrtlon of

the beam nearer to its center, the fol+ewng fornula is used.: [ drrf—wrerern

W is the weight for each ray.

—+

is reflected by a toroidal, spherical or cylindrical
reflecting mirror as in the embodiment, no complete
spherical waves can be formed. This is because the wave
surfaces are deformed due to an optical path difference
created by the reflécting surface.

In this embodiment, the laser beam reflected by the
first reflecting mirror 1 is reshaped or corrected so that
the aboveméntioned optical path difference and wave front
aberration will be zefo, by using a reflecting mirrof
having a mirror surface as shown in Fig. 3B as the second
reflecting mirror 2. Thus, the laser beam can be focused
on the focal point P in the form of complete spherical
waves as shown in Fig. 3C. .

By using a toroidal reflecting mirror as one of the
two reflecting mirrors, it is possible to correct tge
optical path difference created by the other reflecting
mirror both in the X-axis and Y-axis directions. For
example, if a spherical or cylindrical reflecting mirror is
used as the first reflecting mirror 1 and a toroidal mirror
is selected as the second reflecting mirror 2, different
optical path differences will be created along the X-axis
and Y-axis by the first feflecting mirror, because the
laser beam is deflected by different angles along the X-
axis and Y-axis of the spherical or cylindrical concave

surface.



To fulfill the second requirenment, the follow ng fornmula is consARPEACEMENT SHEET
each of the divided rays (Nin nunber) [err] "wherein Ln is th

path di fference of each ray shown in Fig. 4. The radii of curvgat 529%”9%
manner

selected so as to mnin ze the value A ,The radii of curvature} tha
m nim ze the above values E and A are-eatculated in the follown

By using a toroidal reflecting mirror as the second
reflecting mirror 2, it is possible to cancel or counteract
the optical path differences both along the X- and Y-axes.
By deflecting the laser beam with the second reflecting
mirror 2 in the same direction in which the laser beam is
deflected by the first reflecting mirror 1, the optical
path differences can be eliminated macroscopically. But
microscopically, this is not enough.

In order to microscopically correct the optical path
differences, it is necessary to precisely adjust the two
radii of curvature of the mirror surface of the toroidal
reflecting mirror. 1In calculating the radii of curvature
that can minimize the optica; path differences it is
advantageous to use a torodal reflecting mirror as the
second reflecting mirror. But this is not an essential
requirement. The toroidal reflecting mirror may be used as
the first reflecting mirror. In the latter case, the
curvature of the surface of the first reflecting mirror 1
is adjusted so that the optical path differences of the
laser beam reflected by the second reflecting mirror will
be minimum.

If a spherical mirror is selected as the first
reflecting mirror 1 and a toroidal reflecting mirror is
used as the second reflecting mirror 2, the laser beam will

be reflected symmetrically by the spherical first
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mrrors. The evaluation function Eis a function of the radiusfof ¢ u
rferr] of the first reflecting mrror and the radius of curvatpr ﬁﬁéﬁﬁﬁ‘@ﬁé
the second reflecting mrror. E = E(r[qsr], rlerr]) (A A fixed value is
assigned to r[err]. A large value r[erTi~+ [err] r[err]

reflecting mirror on both sides of the vertical plane
including both the incoming.laser beam and the reflected
laser beam. But along this vertical plane, the laser beam
is not reflected symmetrically, because a large optical
path difference corresponding to the deflecting angle of
the first mirror is present in this direction. But it is
possible to cancel this optical path difference and thus to
minimize the wave front aberration of the laser beam when
it reaches the focal point by adjusting the deflecting
angle and the radii of curvature of the toroidal second
reflecting mirror.

The toroidal surface that can minimize the optical
path difference is obtained in the following manner.

First, to calculate the radii of cur&ature that can
minimize the optical path difference, thé following two
aspects have -to be considered. First, the surfaces of the
reflecting mirror have to be shaped such that the split
laser beam éan be focused on the focal point. Second, the
radii of curvature have to be determined so that the wave
front aberration of the laser beam will be minimum when it
is focused on the focal point P.

To evaluate the first requirement, a light ray is
passed through each of é plurality of number (n) of divided
sections of the laser beam as shown in Fig. 4. Then, the

n-th ray is tracked down to find out the point at which
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I's assigned to r2.
smal l er value r[err]

(1) that gives a mninmumE
is varied. That

(1), rferr]

As the value E increases,

the value r[err]-
[err]r[err]. This is repeated to cal cu

(B) Wth the value r2 set at rferr]
is, r[err] jigs increased to rferr] +

r[err] and reduced to r

[err]

as the~vaf'ue E i ncreases.

Thi s

B t

[
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Epeated

to calculate r[err] rlerr] (1) that gives a mninumE. After

ubstituting
1 I s f t2h ti ' i ed t
it 5 Dbt arRipTERy, b ctbeli¥s She! lrood SRR A 104, (fla) 2 T o4 o1

repeated severdlvhiti8% of the first and second reflecting mirrors are

adjusted to minimize the distance An between the above

point of intersection and the focal point P. Actually, in
order to make such adjustment for all the rays, the
following evaluation formula is used.

N
E= 2 Anz

The radii of curvature of the mirrors are adjusted so
that the value E will be minimum. If greater importance is
to be placed on the portion of the beam nearer to its
center, the following formula is used.

N
E= 2 waAa?
n=1
wherein Wn is the weight for each ray.
To fulfill the second requirement, the following

formula is considered for each of the divided rays (N in

number).

wherein Ln is the optical path difference of each ray shown

in Fig. 4. The radii of curvature are selected so as to

minimize the value A.
The radii of curvature that can minimize the above

values E and A are calculated in the following manner.



to find out r[err] =r[err] (0) and r[err] - rferr 0) that gijv }EM

value of E. In the above exanpl e, the[fi r]st anEj se!:ogd) refl ec'?i nﬂEg"l;'ﬂEmEgms”EET
dre both spherical mrrors. But in the enbodi nent of the presert {in | q
one of the mrrors has to be a toroidahqreflecting mrror. If tlhg téﬁﬂbb§|996
mrror is used as the second reflectimmgmtror, E = E(r[err], r|drr]l.
rlerr]), A= A(r[err], r[err], r[err]). For these variables r[lerr], r[err]

and r[err], rLerr](O), . , ) .
uppose the first and second reflecting mirrors are both _

—

spherical mirrors. The evaluation function E is a function
of the radius of curvature r; of the first reflecting
mirror and the radius of curvature_rz of the second
reflecting mirror. |

E = E(rl, rz)
(A) A fixed value is assigned to r;. A large value r, + AT,
is assigned to r,. As the value E increases, the value r,
is set to a smaller value r, - lirz'; This is repeated to
calculate ry = 1,y (1) that gives a minimum E.
(B) wWith the value r, set at'rz = Iy (1), ry is varied.
That is, r; is increased to ry + erl and reduced to r; - Arf
as the value E increases. This is repeated to calculate ry
= ry (1) that gives a minimum E.

After substituting ry (1) calculated in (B) for Ty,
the operation (A) is.carried out again to obtain r, = ry
(2). The operations (A) and (B) are repeated several times
to find out ry =1y (0) and r5 - ry (0) that gi§e a minimum
value of E.

In the above example, the first and second reflecting
mirrors are both spherical mirrors. But in the embodiment
of the present invention, one of the mirrors has to be a
toroidal reflécting mirror. If the toroidal mirror is used
as the second reflecting mirror, E = E(rx, ry, rl), A =

A(rgy, ry,, r;). For these variables r,, ry and ry, ry(0),

Y
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manner. Fig. 4 schematically show the paths of each ray at thel begi nning '
ahd end of this calculation. Fig. 4B shows the state where [erf]in agdoET 1996
shown in Fig. 4A are mninum In this sfgate, all the rays are {facused on
the focal point Pwth the wave front ration reduced to a jmArrom—tn
this way, r[err](0), r[err](0) and r[err] that mnimze the -

ry(O)_and ry that give.a minimum E are obtained in the
above manner. Fig. 4 schematically show tbe baths of each
ray at the beginning and end of this calculation. Fig. 4B
shows the state where An and Ln shown in Fig. 4A are
minimum. In this state, all the rays are focused on the
focal point P with the wave.front aberration reduced to a
minimum.

In this way, rx(O), rY(O) and ry that minimize the
wave front aberration are obtained. The minimum wave
front aberration is preferably adjusted to within A/2,
where A is the wavelength of the laser beam. Fof example,
a CO, laser beam has a wavelength of 10.6 pm. If thé first
reflecting mirror 1 and fhe second reflecting mirror 2 are
toroidal mirrors, their reflecting surfaces may be adjusted
e.g. as shown below.

focal length: £ = 254 mm

radii of curvature:

No. 1: Ty = 786.9 mm (concave)
ry = 921.5 mm (concave)

No. 2 r, = 1487.4 mm (concave)
ry = 1750.8 mm (concave)

Figs. 5, 6 and 7 show the wave front aberrations of
the laser beam when a toroidal mirror is combined with a
spherical, a cylindrical and a toroidal mirror,

respectively. The reflecting mirrors used here have



wave front aberration are obtained. The m ni rum wave front aber
preferably adjusted to within [err]/2, where [err] is the wavel
Irfaser beam For exanple, a CJerr] |aser beam has a wavel ength
[err]m If the first reflecting mrror and the second refl ect
are toroidal mrrors, their reflecti ng=surfaces may be adjusted
shown below. focal length: f = 254 mmradii of curvature: No. 1
786.9 nm (congay '

diffzrent surface dimensiornis from two toroidal mirrors

shown immediately above. ' For example, they have a
length £ = 500 mm and a beam diameter of 35 mm.
Fig. 5 shows wave front aberrations when a- to
reflecting mirror is combined with a spherical ref
mirror. More specifically, Figs. 5A and SB show w
aberrations caused by the spherical reflecting mir
and those by the toroidal reflecting mirror only,

_ respectively, Fig. 5C shows that by combining thes
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rferr] =

focal

roidal
lecting
ave front

ror only,

e two

reflecting mirrors, wave front aberrations are reduced to

Zexro.

Fig. 5A shows, not the section of the laser beam LA.

at the focal point P, but a section of an imaginary laser

beam produced by a laser point-source located at the focal

point P and having a completely spherical wave. More

specifically, this figure shows the distribution o

f wave

front aberrations of this laser beam as viewed in cross-

section at a parallel portion of this laser beam a

being reflected by the spherical reflecting mirror

fter

. The

parallel portion of this beam has an entrance pupil

diameter of 76.2 mm, which is the diameter of the

.substantially oval wave front aberration shown in Fig. 5A.

The stripes around the oval portion represent a reference

surface having a zero wave front aberration.

Figs. 5B shows the distribution of wave front
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1750.8 mm (concave) Figs. 5, 6 and 7 show the wave front aberrafji gns of the -~
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cylindrical and a toroidal mrror, resggctively. The reflectingimirrors

used here have —_ —

aberrations if such an imaginary laser beam were réflected
by the toroidal reflecting mirror only. If this laser beam
were reflected by both of these reflecting mirrors, a plane
wave with a zero wé&e front aberration as shown in Fig. 5C
would be obtained. Thus, by reflecting the plane-wave
laser beam L, with a zero wave front aberration with these
two reflecting mirrors, as shown in Fig. 1, it is possible
to focus the laser beam having a spherical wave with a zero
wave front aberration on the focal point.

Fig. 6 shows wave front aberrationé when a
cylindrical reflecting mirror is combined with a toroidal
reflecting mirror. More specifically, Figs. 6A, 6B and 6C
shows wave front aberrations when only the cylindrical
reflecting mirror is used, those when only the toroidal
reflecting mirror is used, and those when both reflecting
mirrors are used in combination, respectively.

Fig. 7 shows wave front aberrations when two toroidal
mirrors aré used. More specifically, Figs. 7A, 7B and 7C
show wave front aberrations when one of the two toroidal
mirrors is used, those when the other of them is used, and
those when two toroidal mirrors were used in combination,
respectively.

As mentioned earlier, one of the first and second
mirrors has to be a toroidal mirror. As the other mirror,

a toroidal mirror is most desirable, the second best choice
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above. For exanple, they have a focal length f = 500 nmand a bgam di aneter J

of 35 nm Fig. 5 shows wave front aberrations when a toroidal rgfllech2nGCT 1996
l'y

mrror is combined with a spherical reghecting mrror. Mre spegi ffi cal
Figs. 5A and 5B show wave front aberratTons caused by the spherijca T
reflecting mrror only, and those by the toroidal reflecting madror only,

respectively,

Fig. 5C shows, t hat by conbi
bef%g a spherical mif&or, W{Qﬂm£t£§f

fhé&?cal mirror being
the least desirable, The reason is clear from Figs. 5, 6
and 7. Namely, the wave front abérration is the smallest
with the toroidal-toroidal combination.(in Fig. 7, the wave
front -aberration is expressed with 0.5 wavelength as one
unit), the second smallest witﬁ the toroidal-spherical
combination (10 wavelengths béing one unit in Fig. 5), and
the largest with the toroidal-cylindrical combination (50
wavelengths being one unit in Fig. 6).

A toroidal reflecting mirror is preferably used as
the second reflecting mirror, because its surface shape
accuracy will have a smaller influence on the wave front
aberration when it is used as the second reflecting mirror
than when used as the first reflecting mirror.

Fig. 8 shows the relationship between the optical
axis misalignment (tilt) and the condensing spot diameter
with the beam-condensing device of the embodiment (curve
(1)) and a conventional device (curve (2)). As seen in the
figure, in the embodiment, the condensing spot diameter
varies little even if the optical axis of the incoming
laser beam is slightly tilt. Also, it is possible to focus
the laser beam within as small a diameter as achieved with

a conventional beam-condensing optical device that uses

parabolic mirrors.



reflecting mrrors, wave IS Bémf are reduced to zero. FR%}LAgWENT SHEET
shows, not the section 01 ggggéﬂg eam LA at the focal point P,|but a
section of an imaginary ljaser EY oduce by a | aser poi nt-sojrfe0l268&Tel996

at the focal point P and having a conpl $ely spherical wave. Mfe
specifically, this figure shows the d|sg;linﬂijﬂLLE_!@XETiéfnt berratlons
of this |aser beamas viewed in cross- Mﬂi at a para on of _
this | aser beamafter bein reflected by ectln mrror.

The What is . clalt%ed is: y Hm’"mﬂ””,m, g

1. A method of condensing a laser beam comprising the
steps of reflecting an incident laser beam with a first
concave reflecting mirror, and reflecting the thus
reflected laser beam with a second concave reflecting
mirror in the same direction, said first and second
reflecting mirrors having such reflecting curved surfaces
formed that any optical path difference of the laser beam
reflected by said first reflecting mirror is canceled out
by said second reflecting mirror, whereby the laser beam
reflected by séid second reflecting mirror has a minimum

wave front aberration.

2. A laser beam condensing device comprising a first
reflecting mirror and a second reflecting mirror having
concave feflecting surfaces, said first and second mirrors
being combined to deflect a laser beam in the séme
direction, one of said first and second mirrors being a
toroidal mirror, while the . other mirror being one of a
spherical,.a cylindrical and a toroidal mirror, said first
and second reflecting mirrors having such reflecting
surfaces formed that any optical path difference of the
laser beam reflected by said first reflecting mirror is

canceled out by said second reflecting mirror.
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paral l el portion of this beam has entrance pupil dianeter df REBLACEMBENT SHEET
which is the di anetei®fSHERe HUSPBEEN]i al |y oval wave front abgr ratTomstrown
irn Fig. 5A. The stnipes Bﬁﬂﬁﬂﬁﬂthe oyal portion represent a refereB%FOCT‘W96
surface having a zdarq.ua S ——abe ra%ion. Fi gs. 5B shows tHhe

di stribution of wave front 20 '
METHOD AND DEVICE FOR FOCUSING LASER BEAM

ABSTRACT OF THE DISCLOSURE

A laser beam condensing device which can be
manufactured at low cost by using reflecting mirrors which
can be machined at low cost, and which is capable of
condensing allaser beam to a high energy density while
eliminating any optical path difference, even if the
optical axis of the incident beam is strayed. This device
includes a first and a second reflecting mirror. An
incident laser beam is deflected by these mirrors in the
same direction. One of the two mirrors is a toroidal
mirror, while the other is a spherical, cylindrical or
toroidal reflecting mirror. The mirror surfaces of the two
reflecting mirrors are machined so that the second
reflecting mirror can cancel out any wave front aberration

of the laser beam reflected by the first reflecting mirror.

FIG. 1



aberrations if such an inmaginary |aser beamwere reflected by t %éﬁkglﬁmT SHEE

reflecting mirror only. If this |laser beamwere reflected by bofh
reflecting mirrors, a plane wave with a zero wave front aberrat]oh as shown
in Fig. 5C woul d be obtained. Thus, by reflecting the plane-wavg | afet 06dal9%6
LA with a zero wave front aberration with these two reflecting jmifrors, as
showmn in Fig. 1, it is possible to focug the |aser beam havi ng spheri cal
wave with a zero wave front aberration he focal point. Fig.lLa shouws

wave front aberrations when a

FIG 1
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mrror. Mdie specifically, Figs. 6A, 6B and 6C shows wave fron

nly th
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when only the cylindrical reflecting mirror is used, those whe

toroidal reflecting mrror is used, and those when both reflec

are used in conbination, respectively. Fig. 7 shows wave front |aljerrati ons
when two toroidal mrrors are used. More specifically, Figs. 74, 7B and 7C
show wave front aberrations when one a2 the two toroidal mrrors_is. used —
t hose when the other of themis used, and

FIG. 2A




t hose when two toroidal mrrors were used in conbination, respectively. As —
mentioned earlier, one of the first and second mrrors has to lfegast ie6@| SHEET
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mrror. As the other mrror, a toroidal mrror is nost desirabl
second best choice 21 being a spherical mrror, with a cylinfdrjical .
mrror being 02 0CT 196
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the | east. desirable. The reason is clear fromFigs. 5 6 and 7. BEAOEMENWESHEET
wave front aberration is the smallest with the toroidal-toroid
conmbination (in Fig. 7, the wave front aberration is expressed mifh 0.5 .
wavel ength as one unit), the second snmallest with the toroidal-gp egﬁbgpf‘996
conmbi nation (10 wavel engths being one unit in Fig. 5), and the {afgest with
the toroidal-cylindrical conbination (g0 wavel engths being one Unit 1n Fig
6). Atoroidal reflecting mrror is preferably used as the secohd

reflecting mrror, because its surface shape
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accuracy wll have a smaller influence on the wave front aber aRERIACRMENT { SHEET
Is used as the second reflecting mrror than when used as the]fjrst
reflecting mrror. Fig. 8 shows the relationship between the-ppli qp2 GOF %99%
m sal ignment (tilt) and the condensing spot dianmeter with the
beam condensi ng device of the enbodinent (curve (1)) and.a copvemnttTorre
device (curve (2)). As seen in the figgre, I n the enbodi nent, {the

condensi ng spot dianeter varies little=even if the optical axis of the
i ncom ng | aser beamis slightly tilt.. Also, it is possible to focus

FIG. 5A Spherical
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clained is:

reflecting mirror and a second reflecting mrror
surfaces, said first and second mrrors being

the | aser beamw thin as small a dianmeter as achieved with a Cﬂ%@\%b@
beam condensi ng optical device that uses parabolic mrrors. A

{ SHEET

A | aser beam condensi ng devi ce conprising a first

havi ng concavé r@Rl GCT 11996

6

F , G GA Cylindrical
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F [ G 68 Toroidal

50 Wavelength
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conbined to deflect a laser beamin the sane direction, one o %%CFMFM SHEET
and second mrrors being a toroidal mrror, while the other mrfor being
one of a spherical, a cylindrical and a toroidal -mrror, said|f{r200CK 1996
second reflecting mrrors having such reflecting surfaces forfred that any
optical path difference of the |aser beamreflected by said firsT
reflecting mirror is cancel ed out by said second reflecting murror. 2. A

met hod of condensing a | aser beam compiising: reflecting an incident |aser
beamwi th a first concave reflecting mrror; and reflecting the |aser beam
reflected fromsaid first concave reflecting mrror with a second concave
reflecting mrror in the sane roFat i@_na Arecti'ﬁwqiﬁaiaid | aser beam
reflected fromsaid first concave reflecting mrror so as to mnimze wave
front aberration,

| 0.5 Wavelength
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wherein said first and second reflecting mrrors have curved r
surfaces and said second mrror is selected with a radius of ¢
tthat any optical path differences of the | aser beamreflected

reflecting mrror are substantially cancel ed out by said secon
mrror so that the |aser beamis reflected by said second refl
wth mniml wave front aberration. 3. 8 A net hod of condensi

o TAEPLACEMENT SHEET

LI prature—sucn

| ot 2damgee.
pcling mrror
hg a | aser

beamwith first and second concave refTecting mirrors, whereinte

Ae—of—sard

first and second concave reflecting mrrors is a toroidal mrror, the
met hod conprising: arranging said first and second reflecting mrrors
relative to each other such that an incident |aser beamw || be reflected

by said first and second concave refl ect F-T*lg @.rr@rs

0.5
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Condensing spot diameter (mm)

- ' Diffraction
" limit
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Optical axis misalignment .(degree)
of incident laser light




q 606289
by predeterm ned angles in the sane, direction; andgadiusting the radii of

curvature of said first and second toncave reflect "REFDACE S fo
cancel dur an optical path di fference and to mini m %fﬁgn&%?er ratlon
of the | aser beamreflected by said second refl ect wé ﬁEC 1908

-2 -

What is claimed is: ]

1. A laser beam condensing device comprising a first reflecting mirror and a second
reflecting mirror having concave reﬂeéting surfaces, said first and second mirrors being
combined to deflect a laser beam in the same direction, one of said first and second
mirrors being a toroidal mirror, while the other mirror being one of a spherical, a
cylindrical and a toroidal mirror, said first and second reflecting mirrors having such
reflecting surfaces formed that any optical path difference of the laser beam reflected by
said first reflecting mirror is canceled out by said second reflecting mirror.

2. A method of condensing a laser beam comprising:
reflecting an incident laser beam with a first concave reflecting mirror; and

reflecting the laser beam reflected from said first concave reflecting mirror with
a second concave reflecting mirror in the same rotational direction as said laser beam
reflected from said first concave reflecting mirror so as to minimize wave front aberration,

wherein said first and second reflecting mirrors have curved reflecting surfaces and
said second mirror is selected with a radius of curvature such that any optical path
differences of the laser beam reflected by said first reflecting mirror are substantially
canceled out by said second reflecting mirror so that the laser beam is reflected by said
second reflecting mirror with minimal wave front aberration.

3. A method of condensing a laser beam with first and second concave reflecting
mirrors, wherein one of said first and second concave reflecting mirrors is a toroidal
mirror, the method comprising:

arranging said first and second reflecting mirrors relative to each other such that
an incident laser beam will be reflected by said first and second concave reflecting mirrors
by predetermined angles in the same direction; and

adjusting the radii of curvature of said first and second concave reflecting mirrors
- 80 as to cancel our an optical path difference and to minimize wave front aberration of the
laser beam reflected by said second reflecting mirror.



