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suitably used for the YAG laser
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OH-group concentration (grm)

with the third or higher order of
harmonic, choosing the following
conditions: OH group concentration
is in the range of 21 to <300ppm;
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contained hydrogen molecule concentration is in the range of 22 x 108 to >2 x 10'° molecules/cm?; transmittance of ultraviolet rays
at 245nm of wavelength is 99.9% or more; and the fictive temperature is in the range of >880 to <990°C.
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Synthetic Quartz Glass Optical Material for YAG Laser
with Higher Harmonic

Technical Field of the Invention

The present invention relates to a synthetic quartz glass optical material for use
in optical members such as prisms and lenses equipped in a laser-beam
processing machine, and it relates to a synthetic quartz glass optical material
suitably used for the YAG laser with the third or higher order harmonics.

Prior Art

For laser processing such as cutting or perforation of ceramics and metals
using laser beams of high power output, carbon dioxide gas laser has been
mainly used heretofore. However, with increasing fineness in processing, laser
radiations with shorter wavelength are being used. Moreover, in case laser
radiations with longer wavelength are used, deterioration due to the heat
generated from processed parts was sometimes found to be problematic, and
recently, more ultraviolet (UV)-emitting lasers are put into use. Furthermore,
processing of plastics is now possible by use of UV lasers.

As the light source of UV laser-beam processing machines, in addition to those
employing the higher order harmonics of YAG, known in the art are excimer
lasers, for instance, XeCl (308 nm in wavelength) and KrF (248 nm in
wavelength). These excimer lasers have advantages as such that they are
capable of generating radiations of extremely high power output, and that they
enable processing while minimizing damage attributed to heat.
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However, most of them are used in large equipment assembled in a large scale
production line, because of the facts as such that the apparatuses are
expensive, and that complicated installation is necessary for the assurance of
safety and for piping and the like, due to the use of corrosive gases such as
chiorine and fluorine. Since YAG laser emitting higher order harmonics is a solid
laser, the apparatus can be more simplified as compared with excimer lasers,
and requires no gas piping and the like. Accordingly, YAG laser of higher order
harmonics is prevailing as a simple apparatus. Moreover, as compared with the
excimer lasers above, YAG laser of higher order is also characterized by its low
photon cost, and the improvement in wave transformation device makes the

laser promising.

YAG laser has its fundamental wavelength at 1064 nm, but the second order
harmonics (532 nm), third order harmonics (355 nm), fourth order harmonics
(266 nm), fifth order harmonics (212.8 nm) and the like are being used in
processing after wave transformation. At present, mainly used are the second
and third order harmonics, but in view of higher processing efficiency and
smaller deterioration on processing, UV radiations are preferred, and the use of
fourth order harmonics is now under consideration for practical use. Preference

to fifth order harmonics and to shorter wavelengths is under way.

Higher order harmonics of YAG lasers are also characterized by that their pulse
widths can be extremely shortened. At present, radiations with pulse widths
ranging from nanoseconds (10 second) to picoseconds (1072 second) are
being used, but it is believed that: radiations with pulse widths in the order of
femtoseconds (107" second) will be used in future. By employing light with such
short pulse widths, the influence of heat can be eliminated. Thus, in addition to
the use of shorter wavelengths, the use of shorter pulses is an important

tendency in the art.

Concerning the optical members for use in beam shaping and control of -

radiations in processing machines using YAG lasers, ordinary optical glasses
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are sufficient for the fundamentals, however, for the second or higher
harmonics, synthetic quartz glass is mainly employed from the viewpoint of
durability and transmittance against damages. Such synthetic quartz glasses
used in KrFF excimer lasers with shorter wavelength have been believed usable
as they are, however, problems have been found to occur for the optics used in
YAG lasers with the third or higher order harmonics.

In case synthetic quartz glass used in KiF excimer lasers is used as it is in the
optics of YAG lasers of third or higher order harmonics, there occurs a problem
of causing failures such as the generation of sudden cracks and the like on a
quartz glass before generating damages such as the emission of fluorescent
light or a change in transmittance. Such cracks suddenly occurring on the
optical members not only give damages impossible for repair on optical
members such as lenses, but also make the entire apparatus suffer damage
due to the generation of an intense scattered light, or is dangerous because, for

instance, the scattered light entering human eyes damages the cornea.

In general, the damage generating on the quartz glass (optical damage) due to
exposure to ultraviolet (UV) radiations having high energy is a defect denoted
as E’ center.(E-prime center). Since E’ centers generate through the destruction
of S-O-Si bonds constituting the skeleton of quartz glass by the intense UV
radiation and are characterized by a structure having lone pair electron
remaining in the Si orbital, they are generally expressed by Sie (dot) and the
like, where “e, dot” represents lone pair electron. Since the E’ center has an
intense optical absorption at 215 nm, an absorption band having a peak at 215
nm is observed on a quartz glass suffering damages by the irradiation of an
excimer laser and the like. However, on measuring the UV transmittance
characteristics of synthetic quartz glass suffering the generation of cracks
attributed to third or fourth order harmonics of YAG, no absorption bands
assigned to E’ centers were found at the wavelength of 215 nm. In view of such

cases, the mechanism of generating cracks in quartz glasses by the higher



10

15

20

25

30

WO 2004/013061 PCT/EP2003/007914

order harmonics of YAG ‘was found different from the mechanism of generating

optical damages on quartz glasses by excimer lasers.

Problems that the Invention is to Solve

In the light of the afbrementioned problems, the preseht inventors extensively
conducted studies to develop synthetic quartz glass optical materials suitable
for use in YAG of higher order harmonics. Furthermore, it has been found that it
is possible to obtain a synthetic quartz glass material safely applicable to YAG
laser with the third or higher order harmonics by considering the damage
threshold value in case YAG of higher order harmonics is irradiated in single
pulses and the damage threshold value in case YAG of higher order harmonics
is irradiated continuously. When the YAG laser with the third harmonic with the
pulse duration in the range of 23n to =5n seconds is irradiated by single
pulse, damage threshold value should be 17 Jicm? or more, and when the YAG
laser with the fourth harmonic with the pulse duration in the range of =3n to
<5n seconds is irradiated by single pulse, damage threshold value should be 7
Jlem? or more. The present invention has been abcomplished based on these
findings. And when the YAG laser with the third harmonic with the pulse
duraﬁon in the range of =3n to =5n seconds is irradiated by 12000 pulses
continuously, the damage threshold value should be 11 J/lem? or more, and
when the YAG laser with the fourth harmonic with the pulse duration in the
range of =3n to <5n seconds is irradiated by 12000 pulses continuously,

damage threshold value should be 2.5 Jicm? or more.

As a result, optimal ranges were found for OH group concentration, hydrogen
molecule concentration, and fictive temperature to be followed by the synthetic

quartz glass.

Means for Solving the Problems

in order to solve the problems above, the synthetic quartz glass optical material
of the invention which is used in YAG lasers with higher harmonics is a
synthetic quartz glass optical material for use in YAG lasers with the third or
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highe‘r order harmonics, characterized by that it has an OH group concentfation
in a range of 1 ppm or higher but not higher than 300 ppm, contains hydrogen
molecules at a concentration of 2x10'® molecules/cm® or higher but not higher -
than 2x10'"® molecules/cm®, has a transmittance of 99.9 % or higher for
ultraviolet radiation 245 nm in wavelength, and has a fictive temperature in a
range of 880°C or higher but not higher thén 990°C.

The concentration of chlorine contained in the synthetic quartz glass optical
material above is not particularly limited, but it is preferably 20 ppm or lower.

The synthetic quartz glass optical material above is used suitably for YAG lasers
with higher order harmonics in the range of from the third to the fifth harmonics.

In the synthetic quariz glass optical material above, in case single pulse of YAG
laser of the third order harmonics is irradiated at a pulse width of 3 ns (10
second) or longer but not longer than 5 ns, the damage threshold value is 17
Jicm? or higher, and in case single pulse of YAG laser of the fourth order
harmonics is irradiated at a pulse width of 3 ns or longer but not longer than 5
ns, the damage threshold value is 7 Jiem? or higher.

In the synthetic quartz glass optical material above, in case YAG laser of the
third order harmonics is irradiated continuously for 12000 pulses at a pulse
width of 3 ns or longer but not longer than 5 ns, the damage threshold value is
11 Jlcm? or higher, and in case YAG laser of the fourth order harmonics is
irradiated continuously»for 12000 pulées at a pulse width of 3 ns or longer but
not longer than 5 ns, the damage threshold value is 2.5 Jiem? or higher.

The synthetic quartz glass optical material above can be favorably used for
YAG iasers emitting third harmonics with an energy density of 11 Jicm? or lower,
a pulse width of 3 ps (1072 second) or longer but not longer than 5ns, and at an
oscillation frequency of 10 Hz or higher but not higher than 20 KHz.
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The synthetic quariz glass optical material above can be favorably used for
YAG lasers emitting fourth harmonics with an energy density of 2.5 Jicm? or
lower, a pulse width of 3 ps or longer but not longer than 5ns, and at an
oscillation frequency of 10 Hz or higher but not higher than 20 KHz.

Mode for Carrying Out the Invention

Modes for carrying the present invention are explained below, but it should be
understood that these embodiments are shown only for examples and that
various modifications are possible so long as they do not depart from the

technological concept and idea of the present invention.

The synthetic quartz glass optical material for YAG lasers with higher order
harmonics according to the present invention should be used with the OH group
concentration ranging of 1 ppm or higher but 300 ppm or lower. Concerning the
relation between the OH group concentration and the threshold value of laser
damage, the damage threshold value increases with lowering OH group
concentration. However, in case the OH group concentration is too low, for
instance, in case it becomes lower than 1 ppm, defects of oxygen defective type
tend to develop, and is therefore not preferred. Since the quantity of the defects
of oxygen defective type is expressed by the UV transmittance for the radiation
245 nm in wavelength, it is sufficient if this value is 99.9% or higher. However,
by taking the likelihood of generating oxygen defects, the OH group
concentration is 1 ppm or higher, and preferably, 5 ppm-or higher. In case the
OH group concentration exceeds 300 ppm, on the other hand, the damage
threshold value becomes relatively too high, the upper limit of the OH group
concentration is preferably 300 ppm or lower, and more preferably, 50 ppm or

lower.

In the present invention, the concentration of hydrogen molecules is in a range

of from 2x10™ molecules/cm® or higher but not higher than 2x10"°

3

molecules/cm®, and preferably, in a range of from 4x10"® molecules/cm® or
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higher but not higher than 8x10™ molecules/cm?. Conceming the damage
threshold value, it is necessary that the hydrogen molecule concentration is
2x10"® molecules/cm® or higher. However, the effect seems to be saturated at _
concentrations of 1x10' molecules/cm® or> higher. In case hydrogen molecules
are incorporated at high concentration, a hydrogen treatment at pressures as
high as 100 atm or higher is necessary in order to maintain hydrogen molecules
at high concentration, and there occur problems concerning safety, or there
generate industrial disadvantages such as that the quartz glass show high
birefringence (e.g., that the birefringence exceeds 5 nm/cm) due to the
treatment of quartz glass under atmosphere of high pressure.

With respect to fictive temperature, it is set in a range of 880°C or higher but not
higher than 990°C. In order to set the fictive temperature to lower than 880°C,
cooling at a considerably low rate (for instance, 0.5 °C/hour) is necessary, and
this leads to problems such as the generation of drop in transmittance ascribed
to the contamination from the furnace.

Examples
The present invention is explained in further detail below by making reference to

Examples, but it should be understood that these embodiments are simply
given as examples, and are by no way limiting the invention.

Examples 1to 3

A porous quartz glass body (soot body) was obtained by introducing high purity
silicon tetrachloride in an oxyhydrogen flame, and by then depositing the fine
silica powder thus obtained by flame hydrolysis on a rotating base body. The
soot body was heated under He atmosphere at 1150°C for 20 hours to
accelerate the sintering of fine silica particles to uniformly increase the density
thereof, and was then vitrified to obtain a transparent glass body by further
heating it at 1500°C for 10 hours in vacuum furnace at 0.01 hPa (hecto Pascals)

or lower to prepare about 2.5 kg of transparent quartz glass ingot 70 mm in
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diameter and 300 mm in length.

The thus obtained synthetic quartz glass ingot was homogenized along one
direction by zone melting method described below. More specifically, after
welding support tubes of synthetic quartz to both ends of the ingot, the ingot
was clamped with a lathe by the supports, and a melting zone was formed by
heating a péi’t of the ingot using an oxyhydrogen burner. Then, while applying
differential rotary movement to both chucks of the lathe to stir inside the melting
zone, the burner was moved to homogenize the entire ingot. After
homogenization, the ingot was shaped into a barrel type, cut from the support
tubes, and set inside a graphite mold 170 mm in inner diameter and 100 mm in
height to heat the whole mold at 1800°C to obtain a quartz glass mold body 170

mm in diameter and 40 mm in thickness.

In order to remove the contaminated part, the quartz glass mold body was cut
for a thickness of 5 mm from the outer periphéral portion that was brought into
contact with graphite. Thus was obtained a mold body 160 mm in outer
diameter and 30 mm in thickness, which was held for 20 hours at 1150°C in
atmospheric .furnace, and then gradually cooled to 600°C at a rate of 2°C per
hour. The power source of the furnace was cut at that moment to cool the
molding to room temperature (mold body (1)).

On performing purity analysis on the thus obtained synthetic quartz glass mold
body by means of ICP mass spectrometer, it was found to contain 10 ppb in
total of alkali metal elements of Na, Li, and K, 5 ppb or less in total of alkaline
earth elements of Mg and Ca, and 5 ppb or less in total of other metallic
elements of Fe, Cu, Ni, Ti, and Cr.

Four quartz glass disks each 60 mm in diameter and 30 mm in thickness were
cut out from the synthetic quartz glass mold body, and hydrogen doping was

performed on three of them by placing one each under high pressure
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atmosphere of hydrogen at 20 atm (Example 1), 40 atm (Example 2), and 60

atm (Example 3), respectively, and heating them at 400°C for 3 weeks.

Comparative Example 1

Furthermore, the fourth quartz glass disk cut out from the mold body (1) above
was subjected to hydrogen doping in a manner similar to Example 1, except for
changing the hydrogén pressure to 2 atm.

Example 4 .

A porous quartz glass body (soot body) was obtained by introducing high purity
silicon tetrachloride in an oxyhydrogen ﬂame; and by then depositing the fine
silica powder thus obtained by flame hydrolysis on a rotating base body. The
soot body was vitrified by heating under He atmosphere at 1500°C for 10 hours
to obtain about 2.5 kg of transparent quartz glass ingot 70 mm in diameter and
300 mm in length. After performing homogenization in one direction by zone
melting in a manner similar to that described in Examples 1 to 3, the ingot was
set inside a graphite mold 170 mm in inner diameter and 100 mm in height to
heat the whole mold at 1800°C. Thus was obtained a quartz glass mold body
170 mm in diameter and 40 mm in thickness.

In order to remove the contaminated part, the quartz glass mold body was cut
for a thickness of 5 mm from the outer peripheral portion that was brought into
contact with graphite. Thus was obtained a mold body 160 mm in outer
diameter and 30 mm in thickness, which was held for 20 hours at 1150°C in
atmospheric furnace, and then graduailly cooled tb 600°C at a rate of 2°C per
hour. The power source of the furnace was cut at that moment to cool the
molding to room temperature (mold body (2)). Three quartz glass disks each 60
mm in diameter and 30 mm in thickness were cut out from the synthetic quartz
glass mold body, and hydrogen doping was performed on one of them by
placing it in a furnace maintained under high pressure atmosphere of hydrogen

at 40 atm at a temperature of 400°C for 3 weeks.
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Comparative Example 2

Another quartz glass disk cut out from the mold body (2) was held at 1150°C in
the atmosphere for 20 hours, and was cooled to 600°C at a rate of 20°C per
hour. The power source of the furnace was cut at that moment to cool the
molding fo room temperature. The quartz glass disk was then placed in a
furnace maintained under high pressure atmosphere of hydrogen at 40 atm at a

temperature of 400°C for 3 weeks to perform hydrogen doping.

Comparative Example 3

A porous quartz glass body (soot body) was obtained by introducing high purity
silicon tetrachloride in an oxyhydrogen flame, and by then depositing the fine
silica powder thus obtained by flame hydrolysis on a rotating base body. The
soot body was subjected to dehydration treatment by heating it at 800°C for 20
hours under a mixed gaseous atmosphere containing 10 vol% of chlorine and
90 vol% He, and was vitrified by heating under He atmosphere at 1500°C for 10
hours to obtain about 2.5 kg of transparent quartz glass ingot 70 mm in
diameter and 300 mm in length. After performing homogenization in one
direction on the thus obtained synthetic quartz glass ingot by zone melting in a
manner similar to that described in Examples 1 to 3, the ingot was set inside a
graphite mold 170 mm in inner diameter and 100 . mm in height to heat the
whole mold at 1800°C. Thus was obtained a quartz glass mold body 170 mm in

diameter and 40 mm in thickness.

In order to prevent contamination from occurring, the quartz glass mold body
was cut for a thickness of 5 mm from the outer beripheral portion that was
brought into contact with graphite. Thus was obtained a mold body 160 mm in
outer diameter and 30 mm in thickness, which was held at 1150°C for 20 hours
in atmospheric furnace, and then gradually cooled to 600°C at a rate of 2°C per
hour. The power source of the furnace was cut at that moment to cool the
molding to room temperature (mold body (3)). A quartz glass disk 60 mm in
diameter and 30 mm in thickness was cut out from the synthetic quartz glass
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mold body, and hydrogen doping was performed on one of them by placing it in
a furnace maintained under high pressure atmosphere of hydrogen at 40 atm at
a temperature of 400°C for 3 weeks.

Comparative Example 4

An about 2.5 kg of transparent quartz glass ingot 70 mrh in diameter and 300
mm in length was obtained by introducing high purity silicon tetrachloride in an
oxyhydrogen flame, and by then depositing while melting the fine silica powder
obtained by flame hydrolysis on a rotating base body. Thus was obtained. After
performing homogenization in one direction on the thus obtained synthetic
quartz glass ingot by zone melting in a manner similar to that described in
Examples 1 to 3, the ingot was set inside a graphite mold 170 mm in inner
diameter and 100 mm in height to heat the whole mold at 1800°C. Thus was

obtained a quartz glass mold body 170 mm in diameter and 40 mm in thickness.

In order to prevent contamination from occurring, the quartz glass mold body

“was cut for a thickness of 5 mm from the outer peripheral portion that was

brought into contact with graphite. Thus was obtained a mold body 160 mm in
outer diameter and 30 mm in thickness, which was held at 1150°C for 20 hours
in atmospheric furnace, and was then gradually cooled to 600°C at a rate of 2°C
per hour. The power source of the furnace was cut at that moment to cool the
molding to room temperature (mold body (4)). A quartz glass disk 60 mm in
diameter and 30 mm in thickness was cut out from the synthetic quartz glass
mold body, and hydrogen doping was performed on one of them by placing it in
a furnace maintained under high pressure atmosphere of hydrogen at 40 atm at

a temperature of 400°C for 3 weeks.

The OH group concentration, hydrogen molecule concentration, chlorine
concentration, fictive temperature, and transmittance for UV radiation 245 nm in
wavelength for the synthetic quartz glass bodies thus obtained are given in
Table 1. Measurements were made on the OH group concentration by infrared
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spectroscopy, hydrogen molecule concentration by laser Raman spectroscopy,

chlorine concentration by fluorescent X-ray analysis, fictive temperature by laser

Raman spectroscopy, and UV transmittance by ultraviolet spectroscopy.

Table 1
OH group Hydrogen molecule |Chlorine Fictive Trgpstmittance for.
concentration |concentration concentration |temperature radiation 245 nm in
wavelength
Example 1 |30 ppm 4x10"® mole/cm® |8 ppm 940°C 99.9 %
Example2 |30 ppm 8x10"® mole/cm® |8 ppm 940°C 99.9 %
Example 3 |30 ppm 1.2x10"™ mole/cm® |8 ppm 940°C 99.9 %
Example4 |200 ppm 8x10" mole/cm® |5 ppm 930°C 99.9 %
Comparative
P 30 ppm 4x10" mole/em® |8 ppm 940°C  [99.9%
Example 1
Comparative 18 3
200 ppm 8x10™ mole/cm 5 ppm 1010°C 99.9 %
Example 2
Comparative 18 3
0 ppm 8x10"° mole/cm 200 ppm 950°C 98.2 %
Example 3
Comparative 19 3
600 ppm 1x10"™ mole/cm 80 ppm 910°C 99.9 %
Example 4

Laser Damage Test

{rradiation test using higher order harmonics of YAG laser was performed on the

specimens prepared above. Schematically drawn explanatory drawing of the

YAG laser damage test apparatus is shown in Fig. 2. Referring to Fig. 2, the

damage test on quartz glass using higher order harmonics of YAG laser

comprises converting fundamentals irradiated from YAG laser 10 into the third

or fourth order harmonics using two wavelength transformation devices 12, 14,

and then irradiating the transformed laser radiation to the quartz glass sample

18 in such a manner that it may be focused inside the quartz glass by using a

lens 16 having relatively short focus with F = 300.
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In this manner, the damage (the generation of cracks) of quartz glass is
detected by the photo acoustic change caused by the irradiation. The reason
why laser radiation is irradiated at a relatively short focus is that, in case
iradiation is performed at a relatively long focus, or in an afocal system, self-
conversion generates internally due to thermal lens effect as to make the
calculation of energy density difficult. Thus, by using a short focus lens, self-
conversion is avoided, and more accurate calculation of the irradiated energy
density is made possible. The change in transmittance of the quartz glass is
detected by photo acoustic measurement. This comprises sensing a part of the
optical energy absorbed by the quartz glass sample in case laser radiation
passes the.sample, which is converted to acoustic energy, by means of an AE
sensor (acoustic emission sensor) 20, then converting it to electric energy, and
the voltage signal amplified with an amplifier 22 is observed with an
oscilloscope 24 as voltage waveform. In case damage occurs on the quartz
glass sample, an extremely large acoustic energy different from the ordinary
state generates as to show the generation of damage at high sensitivity. After
iradiation, the cracks génerated on the quartz glass can be observed under the

microscope.

1) Damage threshold value by irradiating third order harmonics in single pulse
Third order harmonics of YAG was irradiated in single pulses to each of the
samples, and the energy density at which fine cracks generate on the quartz
glass was measured. The results are given in Table 2 and Fig. 1. The damage
threshold value in the table shows the energy density per pulse in J/cm? unit, at
which cracks generated on the quartz glass by irradiation. .
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Table 2

Sample Damage threshold value
in J/cm?

Example 1 17.7

Example 2 21.9

Example 3 ‘ 18.9

Example 4 17.8

Comparative Example 1 | 15.5

Comparative Example 2 | 16.9

Comparative Example 3 | 14.0

Comparative Example 4 | 16.6

As shown in Table 2, favorable results for damage threshold values of 17.7
Jicm? or higher were obtained in Examples 1 to 4 on irradiating the third order
harmonics in single pulses. However, the damage threshold values for
Comparative Examples 1 to 4 were 16.9 J/cm? or lower. Figure 1 is a graph
showing the relation between OH group concentration and the damage
threshold values for Example 2 (value with a ¢ ), Example 4 (value with a A)
and Comparative Example 4 (value with a m ), fogether with primary regression
line. Referring to Fig. 1, in Comparative Example 4 (with OH group
concentration of 600 ppm), the damage threshold value was found to be
relatively too high as compared with those of Example 2 (with OH group
concentration of 30 ppm) and Example 4 (with OH group concentration of 200

ppm).

2) Damage threshold value by irradiating fourth order harmonics in single pulse
Fourth order harmonics of YAG was irradiated in single pulses to each of the
samples, and the energy density at which fine cracks generate on the quartz
glass was measured. The results are given in Table 3.
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Table 3
Sample Damage threshold value
in J/em?

Example 1 8.1
Example 2 8.8
Example 3 8.6
Example 4 7.7
Comparative Example 1 | 5.8
Comparative Example 2 | 6.9
Comparative Example 3 | 5.1
Comparative Example 4 | 6.8

PCT/EP2003/007914

As shown in Table 3, favorable results of damage threshold values of 7.7 Jicm?

or higher4were obtained in Examples 1 to 4 on irradiating the fourth order

harmonics in single pulses. However, the damage threshold values for

Comparative Examples 1 to 4were 6.9 J/cm? or lower.

3) Damage threshold value by continuously irradiating third order harmonics

Third order harmonics of YAG was irradiated for 12000 pulses at a frequency of

10 Hz to each of the samples, and the energy density at which fine cracks

generate on the quartz glass was measured. The resuits are given in Table 4.

Table 4
Sample Damage threshold value
in J/cm?
Example 1 12.2
Example 2 13.0
Example 3 12.7
Example 4 11.9
Comparative Example 1 | 8.7
Comparative Example 2 | 10.1
Comparative Example 3 | 8.2
Comparative Example 4 | 10.8
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As shown in Table 4, favorgble results for damage threshold values of 11.9
Jiem? or higher were obtained in Examples 1 to 4 on continuously irradiating the
third order harmonics. However, the damage threshold values for Comparative
Examples 1 to 4 were 10.8 J/lcm? or lower.

' 3) Damage threshold value by continuously irradiating fourth order harmonics

Fourth order harmonics of YAG was irradiated for 12000 pulses at a frequency
of 10 Hz to each of the samples, and the energy density at which fine cracks

generate on the quartz glass was measured. The results are given in Table 5.

Table 5

Sample Damage threshold value
: in J/lcm?

Example 1 2.9

Example 2 3.7

Example 3 3.2

Example 4 3.0

Comparative Example 1 | 1.6

Comparative Example 2 | 1.6

Comparative Example 3 | 1.5

Comparative Example 4 | 2.1

As shown in Table 5, favorable results of damage threshold values of 2.9 J/cm?
or higher were obtained in Examples 1 to 4 on continuously irradiating the fourth
order harmonics. However, the damage threshold values for Comparative
Examples 1 to 4 were 2.1 Jicm? or lower.

4) Long term irradiation test using the third harmonics
Continuous irradiation of the third order harmonics of YAG laser was performed

by irradiating the samples of Example 1 and Comparative Example 1 each with



10

15

20

25

30

WO 2004/013061 PCT/EP2003/007914
17

10,000,000 pulses at a frequency of 1 kHz, at an energy density of 14 J/cm?,
and at a pulse width of 4.5 ns. As a result, no change was observed on the
sample of Example 1, but cracks were found to generate on xthe sample of
Comparative Example 1 on irradiating about 10,000 pulses after initiation of the
irradiation as to make further irradiation impossible.

5) Long term irradiation test using the fourth harmonics

Continuous irradiation of the fourth order harmonics of YAG laser was
performed by irradiating the samples of Example 1 and Comparative Example 1
each with 10,000,000.puIses at a frequency of 500 Hz, at an energy density of 2
Jlem?, and at a pulse width of 4 ns. As a result, no change was observed on the
sample of Example 1, but cracks were found to generate on the sample of
Comparative Example 1 on irradiating about 8,000 pulses after initiation of the

irradiation as to make further irradiation impossible.

Effect of the Invention

As described above, in the synthetic quartz glass optical materials for use as
optical members such as those constituting prisms and lenses of a laser-beam
processing machine, the present invention provides a synthetiAc quartz glass
optical material suitable for use in higher order harmonics of the third order or
higher of YAG laser.

Brief Description of the Drawings:

Fig.1: This drawing is a graph that shows the correlation of the OH group
concentration in Example 2 and 4, and Comparison Example 4, with the
damage threshold value due to the single pulse irradiation of the YAG laser with
third harmonic.

Fig.2: This drawing is a rough illustration of a YAG laser damage testing

apparatus.
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Explanation of the Reference Numbers
10: YAG laser

12, 14: Wave transformation device

16: L.ens |

18: Sample

20: AE (acoustic emission) sensor
22: Amplifier
24: Oscilloscope
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Claims

A synthetic quartz glass optical material used for the YAG laser with the
third or higher order of harmonic, and especially, a synthetic quartz
glass optical material for the YAG laser with higher harmonic
characterized by OH group concentration in the range of =1 to
= 300ppm, contained hydrogen molecule concentration in the range of
=2x10"to <2x10" molecules/cm®, fransmittance of ultraviolet rays
at 245nm of wavelength with 99.9% or more, and fictive temperature in
the range of =880 to =990°C.

A synthetic quartz glass optical material for the YAG laser with higher
harmonic as claimed in Claim 1, characterized in that chloride
concentration contained in the aforesaid synthetic quartz glass optical
material is 20ppm or less.

A synthetic quartz glass optical material for the YAG laser with higher
harmonic as claimed in Claim 1 or Claim 2, characterized in that the
aforesaid higher harmonic of YAG laser is the third, fourth or fifth order.
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