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Wth the progress of the advanced information
demand for adaptation of conputer peripheral |aser
units, such as optical disk drives and laser printers, to short
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I|V|ng envi ronnent in which desk top sized units are the nost
fit. Further, there is another problemthat a |laser applied unit
becomes bul ky because t he conversion efficiency of a I|aser frominput
power to | aser beans is small -and a cooling neans-+«'s required as nost of

consunpti on povs@g’aw@g; into heat. There is still another prGighfywidia: t he

di sl ocation caused by the vibration of this cooling nmeans
deteriorates the reliability of a |aser applied unit. A further problemis
that the service |ife of a |laser applied :
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unit is short due to a short service life of a | aser caused by gas
deterioration or the like. An attenpt has been nade to overcone the
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herei nafter) wHOSH2128%caused by inserting a non-linear opticair ?g}@t

I ntto the resonator of a solid |laser to convert a first |aser beam (to be
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(chrom um added |ithiumstrontiumalum numfluoride; to be abbreviated as~
"Li SAF" hereinafter) are used as laser crystals capable of oscillating at

a wavel ength range of 800 to 900 nm In the SHG |ight source, the service.
-2- | aser nmedi um al one has

life of a ,
been great| WANBI2¥ed by changing fromgas to a solid cryetiapesdesever,
the excitation light source of the latter LiSAF laser is a Kr (krypton)
| aser, that is, a gas laser, and hence, there still remain the
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proBI ens of the prior art. As the excitation |ight source of a Ti-Sap
| aser, a green SHG | aser which uses a Q swtch Nd: YAG (neodym um added
yttrium alum numgarnet) laser to generate a fundanental wave is used.

Ther ef or e,
life is

since the entire laser light source is_solidifi edrd/jrﬁ VI ce
i npr oWOP™2B8%ever . since two SHG | asers including t He exe atlon

| i ght source are used, the unit becones conplex, bulky and power consum ng

and hence,

Furt her,

in |aser appb; n| s

does not greatly i nprove the problens of the prior art.
since SHG output is a pulse outpu# in both cases, when it is used
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"Di ode- punped Cr:Li STAIF6 |aser", Opt. Lett., Vol.16 No.11, p.820 (1991)
that excitation is possible with a red sem conductor |aser having a
wavel ength of 670 nmas the excitation |light source of the above Li SAF

| aser. Therefore, it is presunmed that there is the possibility of greatly
i nprovi ng wba7mizse, power consunption and service |ife FCIUPEBAYUS the
prior art gas lasers by replacing a Kr laser with a sem conductor |aser as
an excitation |ight - 3-
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sour:ce in the SHG | i ght source which uses the above Li SAF laser to

generate a fundanental wave. However, it is disclosed in Q Zhang,
G J.: Dixon, B.H Chai and P.N. Ke an, "Electronically tuned di ode-| aser-
punped Cr:Li STALF6 |laser™, Opt. Lett., Vol.17, No.1, p.43 ( s 2

loss in a res’oW&t’Z/?ua?eatly reduces the efficiency. of a Li SAF ['aser. For
t his reason, the possibility of inplenentation is extrenely |Iow unless the
cause of reducing the efficiency is investigated and studied to find a

sol uti on. Q Zhang et al. as mentione® in the foregoing took from
the resonator of- gl SAS '.?%erba—b'fri'f 'Igw%ﬁh&t(s%‘ﬂﬁ'&h) &SLaﬁg%ﬁﬁ%ﬂ
wavel engt h tuni ng el enment for. selecting the wavel ength the Li SAF | aser
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filter is arranged in a |l aser resonator of a |aser capable of wavel ength
tuning, such as a Li SAF |l aser or the like, and has the function of
selecting a | aser beam having a desired wavelength by providing a | oss
such as a reflection loss to oscillation beans havi ng wavel engt hs ot her
than the dewdsz2sswavel ength out of all the oscillation bW%QMh Q
Zhang et al. added a resonator dedicated for wavel ength tuning including-*
a birefringence filter after the resonator of a LiSAF |laser. That is, they
proposed neans of tuning wavelength w thout providing a | oss caused by the

ot 100 wlieP HUETIE Bnb Rekiohadol' of FIRE VA Paer and " ampl i Pying the
| aser beam (USP 5218610). The | oss which Q - - -4-
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Zhang et al. paid attention to is a reflection |oss caused by the
birefringence filter. Although this systemcan inprove the above loss, it
has-the possibility that the apparatus may be conpl ex and bul ky.

Anot her attenpt has _been nmade to overcone the problens of t ' rt,
payi ng attent i RIH2the fact that nonuniform energy absor pt ?gr{ag#%‘gﬁi SAF
crystal as a laser crystal has an effect on a reduction in |aser
oscillation efficiency. That is, C which plays a part in absorption is
distributed in different concentrations in8an excitation
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direction to inprove a reduction in the efficiency (USP 5287373). However,
this system has not been comercially available yet and its effect of

i nproving the problens indicated by Q Zhang et al. is unknown. In -
the optics shown by F. Bal enbois et al. as described above as,ggxerage
pul se SHG M&x¥/2128t put of 7.4 nWis obtained using a Kr

excitation |light source and ‘an average pul se excitation povver of 3.3 W
However, as described above, an SHG Ia;er out put shoul d be a conti nuous
wave. A required output is considered td be about 10 mW though |t differs
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excitation i nput in the input/output characteristics of a solid |aser, the
power of the fundanental wave becones about 1/6 by changi ng t he exci tatlon
light source froma Kr |aser to

a sem conduct or Ig . Further, since an SHG output is in prﬂ%@bto
’g'gﬁyer of the fundanental wave, an anticipate out put

t he square of Y

beeones about 1/ 36 that is, a pulse output of 0.2 nW Therefore, it is
understood that a practlcal |y usabl e SHG gl)%t put cannot be obtai ned without
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great inprovenent nmade on the efficiency. Since the shape, that is,
transverse node, of the output beamof a sem conductor |aser is extrenely
flat, conpared with that of a Kr laser, deterioration in excitation T
efficiency is expected even when a beam shapi ng technique is applied.

Ther ef or e, wa9ofamsther reduction in SHG output is antici paPE§JIPISA241 | n ot her
words, it is easily anticipated that an SHG |aser |ight source having a ~
practically sufficient output cannot be realized sinply by changing the
excitation light source froma Kr Ias1eT to a sem conductor | aser. Further,

If a sem._co | ager aV| outp realze I n

forced céﬁl’ﬂ% ﬁmé szr qui E'ed BQ é th ’a Ut e‘a‘t'jgéng’f from
the sem gqnguysten, | aser itself increases. As the result there is the
possi bili ty that the apparatus wi |l be bul ky and power consum ng.
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As described above, it has been found difficult to realize an SHG | aser
whi ch nmakes use of a Li SAF | aser excited by a sem conductor |aser to solve
all-the problens of a gas laser sinply by conbining what have been

di sclosed heretofore. Therefore, it is now necessary to realbew 5/02491
smal | - si zed, pdﬂ%?”@&?ing SHG | aser light source and a laser applied unit
using such an SHG | aser |ight source by finding

- 6- the cause of reducing the efflﬁl ency and taking
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count er measur es. There is al so proposed a nethod for obtaining a blue
| aser beam as a second oscillation wave, that is, an SH wave, froman SHG
| i ght source having the sane output wavelength as that of the "
af ore-nmentioned gas | aser, wherein the output of a near infrared

seni conducwomTrser shown in Fig. 10 is taken as a firs®PCEBIRML| on wave,
that is, a fundanental wave, and resonated in an external resonator, and-
KN (KNbO3: potassium ni obate) which is a nonlinear optical crystal (to be
referred to as "SHG crystal " because el engt h conversions hereinafter
are all for SHG is arranged in.the external resonator to obtain the blue
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| aser", Appl. Phys. Lett., Vol.56 No.23, p.2291, 1990). However, the
above SHG | ight source involves the follow ng advanced technical problens.
One -of themis that it is necessary to insert an optical isolator 102 to
protect the sem conductor |aser. fromreflected light in ord ys
adj ust the os®PPHR?¥n wavel ength of the sem conductor Iase?cahﬁ%%ﬁ%9
easily affected by disturbance to a wavel ength at which the conversion

ef ficiency of KN beconmes maxi mal. Another problemis that reflected Iight
fromthe resonator should be received by dn4opt|cal detector 105 to
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fundanmental wave and the electrical output of the optical detector 105 is
fed back to a feedback circuit 106 to stably oscillate the sem conductor

| aser. Therefore, it is expected to be difficult to find solutions to
these technical problenms for commercialization. In this SHG Ilight source,
it is expewbadrizmebe difficult to solve the above two tRETAPEEN243Ir obl ens
for comercialization that the oscillation wavel-ength of the sem conductor-
| aser easily affected by disturbance is controlled to a wavel ength at

whi ch the conversion efficiency of KN t&corres maxi mal and that the length
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controlled in the order of the wavel ength of the fundanental wave.

The inventors of the present invention have found that it is possible to
use.the above Li SAF | aser as a broad-band wavel ength variable |aser by
-using a wavel ength control elenment, studied a nethod for Cal.*,' 0502491

nonl i near cryswel9721B5% generate SHG | i ght having a bl ue col or %ﬁge as a
second oscillation wave, using this Li SAF | aser to generate a first
oscillation wave (fundanental wave), and foynd two probl ens. The
first problemis that the oscillation thr dshol d val ue becomes hi gh because
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a required SHG | aser output. Fig. 11 shows the input/output
characteristics of a sem conductor |aser excited mavelength

- 8- vari able solid |l aser (to be abbreviated as "Li SAF | aser”
herei nafter) which uses a Li SAF crystal. The solid |line indicates the
i nput / out pwb ogeAsRct eri stics of the Li SAF |aser when theciiessess a
wavel ength control elenent and the dotted line indicates the input/output -
characteristics when there is no wavel ength control elenent. The
wavel engt h 17
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control elenent is formed of three quartz plates having different

t hi cknesses as used in dye lasers and Ti sapphire |asers, can narrow the
range of wavelength transmtting the quarts plates to 3 nmor |ess, and
can control the laser oscillation wavelength width to 0.1 nm or Iess It
is underst ooWOW@RSEi g. 11 that a loss in the resonator | RTAIROURAY (e
oscillation threshold val ue becones 10 tinmes or nore by inserting a

wavel ength control elenent having a narrow transm ssion wavel ength range,
and hence, a |arge-sized sem conductor haper is necessary because an
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oscillation wavel ength width is about 10 nmwhich is 100 tines or nore
when the wavel ength control elenent is inserted. The second problem
is that a loss in the resonator becones |arge and the oscillation -
t hreshol d val ue becones high since a nonlinear KN crystal which has been
used WO 97/21259 -9- her et of or e PRk /BIam DI Ue
SHG | i ght has a narrow phase match wavel ength hal f-value wdth, that is,

phase wavel ength w dth
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at which a SHG wave is generated, of 0.4 nmas shown in Fig. 12, and a

hi gh propagation loss of 0.5 %cm thereby making it inpossible to obtain
a sufficient SH output even when the KN crystal is inserted into the Li SAF
| aser. There is still another problemthat a stable SH _gut g%“ cannot
be obtai ned urWe9¥228% tenperature of the KN crystal is contfd “g 2491
accurately because the wavel ength of the KN crystal at which the
conversion efficiency becomes maxi mal changes by 0.3 nn[err]C, dependi ng
on tenperature variations. D sclosure of Z%e | nvent i on The i nvent ors
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the optical part in the resonator. That is, it is considered that there is
no problemif the opening of the optical part in a regular |aser is |arger
t han the diameter of a |aser beam However, the inventors have found that-
a loss is generated in a Li SAF | aser which is a new | aser even when the
openi ng ofwayrapss cal part is normal in size and acconp/RCIHPIR4Y esent
I nvention. That is, the present invention is a |aser resonator including a
|l aser crystal made of a fluoride containing Cr and at |east one optical
part, in which an opening in the resoz}tor Is substantially 5 tines or
more the Bameter ol 8 1 s #5822 A
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obt ai ned by oscillating radiation fromthe |aser crystal. Fig. 13 is
a diagram for explaining such a phenomenon that oscillation efficiency is
reduced by openings in the resonators of an Nd: YVO[err] (neodynlun}added

vanadium yttrium oxide) |laser as a typical solid | aser and iﬁhhggg' ser.
The shape of tWORR&hator used in experinents is shown on FApart

of ‘Fig. 13. The resonator includes a plane mrror formed on an end
surface of the |laser crystal .and a concave mrror. .The dianmeter of an
oscillation beamis determined by the curyvature radii of these mirrors
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resonat or shown on an upper part of Fig. 13, the diameter of the beamis

mnimal at the plane mrror and maxinal at the . concave mrror. At this

poi nt, the curvature radius of the concave mrror is 150 nm and the

effective optical path between the resonator mrrors is slightly shorter

t han than wébgpesy vature radius of the mirror. The axis BECTARSSHR49tas of

Fig. 13 indicates the distance fromthe plane mrror and the axis of

ordi nates on right side indicates the di aneter of a beam The di anmeter

of a beamin the resonator can be ; gl ated fromthe m ni nrum di anet er of

a beam obtained from the foll O\Mﬂgl ession 1 and the dianeter of a beam
f
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[erT] expression 1 [err]
expression 2 In the expression 1, wo is the m ninmum di aneter of a beam
[err] 1is the wavelength of a first beam d is the length of the

resonator, and F%;rri,and Rlerr] are the curvature radii of pphg,ypdélosdo®rs.
In the expresst® 22 W(z) is the dianmeter of a beamat a distance z froma
position where the dianeter of
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the beamis mninmal. The dianeter of the beamcalculated is  about 0.2 nm
at the mnimum and about 0.8 mmat the maxi num \Wen the dianeter of the
beamright after the output mirror was neasured actually, the calculated-.
val ue was al nost equal to the actual val ue. An opening haV|n a di anet er
of 2.5 mm WBs212%nmed in the resonator and adjusted so t H&TA Y rength
of an oscillation beam becane nmaxi nal and the actual strength of the
oscillation beam was measur ed. The axis of ordinates on left side
indicates the ratio of oscillation béah strength when an opening is forned
to oscillation beam strength _yhen,no gpening s forned. It was found
that, in an Nd: YV04 | aser, osé@Pl| atiorf’s sstble wth an efficiency of
90 % or nore when the opening in the resonator is 3 tinmes the dianeter of
a beam that is, when
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t he di anmeter of a beam becones the nmaxi numof 0.8 mm

- 12 - whereas, in a Li SAF | aser, the efficiency is reduced to 80
% by setting the opening in the resonator to 5 tinmes or less the dianeter
of a beam The reduction rate of the efficiency of thep&/ﬁ?ﬁ/ﬂi@?”

is larger thaWQH##2%f the Nd: YVO4 | aser. To obtain the sane efficlency of
90 :% or nore as that of the Nd: YV04 |aser, the opening is preferably 7
times or nore the 26
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di aneter of a beam Further, since an efficiency reduction 1is not seen
when the opening is 10 tinmes or nore the dianeter of a beam this range is

particularly preferred. General | y speaking, the dianeter of a beamis
defined as a dianmeter within the peak strength range of.l/e[err] or nore
when the twamegemsse node is a round TEMbo node and |i ght POIH My shows a

Gaussi an distribution. Further, when the transverse node of the beamis
ot her than TEMbo, the dianmeter of a beamis defined as the maxi mum | ength
connecting the nost outer end of the p@undary line where |Ilight intensity
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the'quality of coating. It is preferred that the upper Iimt is 1,000
times the dianeter of a beam Then the inventors have found that a

sat.urati on
Li SAF | aser.

phenonenon exists in the input/output characteristics of a

- 13 - PCTIIPShio2dot 1S @

di agram f or eQﬁ?ﬁVﬂFﬁb the conparison of input/output characteristics
bettween a Li SAF | aser and a Nd: YV04 | aser, a typical solid |laser. The

solid |line
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i ndi cates the input/output characteristics of the Li SAF |aser and the
dotted line indicates the input/output characteristics of the general
solid laser. In the Nd: YWV04 |[|aser, the input/output characteristics rise
at an input value as shown by the dotted Iine and .then excitation input
and solid | aser output are al nost proportional to each otherjggggéﬁguﬁther
hand, in the LiWR®7R128%r, as shown by the solid line, there i} stich a

phenonenon that an output characteristic reaches saturation after a |inear
range and oscillation is finally | ost even when excitation input

increases. As the result, it is found that there is the problemthat a
stable solid | aser output cannot be obtaiyd. The inventors have conducted
i ntensive studies and have found that the above saturation phenonmenon and
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P e

above oscillation | ost phenonenon that are seen in the input/output
characteristics of the Li SAF | aser as shown in Fig. 14 can be elimnated
by .control ling the terrperature of a laser crystal made of Li SAF. The
present i nventgg o Deen predicated upon this finding. PCT/ERS§0240% | o
a diagramfor (g?al ning the conparison of input/output characteristics of
a Li SAF | aser when the tenperature of a Li SAF crystal is controlled and
when the tenperature is not controlled. The solid line indicates the

i nput/out put characteristics of the | aser @it the
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tenperature of the Li SAF crystal is controlled to 155[err]C and the dotted
| ine indicates the input/output characteristics when the tenperature is
not,controlled. It is seenin Fig. 15 that the linear area is expended by
controlling the ‘ﬁzﬁggggature of the laser crystal and a stabl epemyiposiniseser
out put can be obtalined. Fig. 15 shows the input/output characteristics
when the tenperature of the Li SAF crystal is set to 15[err]C The

i nput/out put characteristics obtained by changing the crystal tenperature
to 10, 20, 30 and 40[err]C were neasured.3/4p either case, the |inear area
of the input/output characteristics was expanded and a stable solid |aser
out put was obtained. In other words, the lower |limt of the tenperature
control range is a tenperature at which
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the | aser crystal is free fromdew condensation. The upper Ilimt of the
tenperature control range is a tenperature at which the above oscillation
| ost “phenonenon i s not observed under use conditions. It is desired that
the tenperaturewheomiashhe | aser crystal is controlled in a rarErapps@iperr |
T [err] 50[err]C. Preferably, at |east one of a plurality of mrrors
constituting the resonator is formed on one end surface of the |aser
crystal . - Preferably, at |east one of the optical parts is a

wavel ength control el enment. Prefer , a laser conprises a |aser
crystal made of Cr:LiSrALF6, a resonator structure in which at |east one
resonator mrror is formed on one end surface of the |aser
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- 15 - crystal, a sem conductor |aser for exciting the | aser
crystal, a first |aser beam having a wavelength [err]1 that satisfies 780
[err] [err]1 5 1,000 nm which is obtained by oscillating radiation from
t he | aser crysta}mhﬁlisge | aser resonator, and an openi ng havi pEr/sposioRSEL er
5 times or nore that of the first |aser beamwhich is fornmed into the
resonat or. Further preferably, a |laser conprises a |aser crystal

5/12

&7

X8

N\ 2 5
SR S SO ‘ 142

------------------------------




made of Cr:LiSrAl F6, a resonator structure in which at |east one resonator
mrror is formed on one end surface of the |aser crystal, a sem conductor
| aser for exciting the laser crystal, means for controlling the
tenperature T of h}t}; 1 _L.@ser crystal in a range of 0 [err] T [epcpsimidil C
a first |aser bes %5&|ng a wavelength [err]1 that satisfies 780 [err]
[err]1 perr[ 1,000 nm which is obtained by oscillating radiation fromthe
| aser crystal in the |aser resonator, and a wavel ength control el enent
having an opening with a diameter 5 tinmes orgppse that of the first |aser
beam and fornmed in the resonator. Preferably, the optical parts

i nclude a wavelength control elenment and a nonlinear optical crystal.
Further, a birefringence crystal inclined at the Brewster angle may be
used as a control elenment for controlling the oscillation wavelength of a
solid | aser

X 10
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crystal and any one of quartz (SiO2), LiNoG3 and Li TaG3 nmay be used as the
bi refringence crystal. Preferably, a single quarts plate having a
thickness of 0.4 to 3 mmmy be used as the birefringence crystal.

- 16 - Further, LBO (LiB[err]O[err]) and/or BBO PCT/IP95/02491
(perr[-BaB| err]&oe"r"?}zy"rray be used as the nonlinear crystal. The
control elenent for controlling the oscillation wavelength of the solid

| aser crystal is preferably a
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resonator mirror for resonating the first radiation and the wavel ength
width of the first oscillation wave for which the
reflectance of 99.9 % or

the central

of 60 % or

transm ssi on wavel ength wi dth of a birefringence crystal as
control el ement which causes a high oscil 8&2 on
bi refri ngence crystal

nor e.

VB (o

constituted by
constituting the resonator structure has a second harnonic

nore is

rrors,

preferably 10 nm or
Preferably, the resonator struclpgrgpdsiozdo
or, at '

resonator mrror has a
| ess with respect to

| east one of the mrrors

transmttance

The i nventors have conducted studies on the

oscillation wavel ength
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of a solid |aser crystal. Generally speaking, the oscillation
characteristics of a |laser resonator depend on a |oss in the resonator.
When ‘'the loss is high, the threshold value until oscillation is obtained
becones hi gh. Wen th%’ transm ssion wavel ength width of the WsyikR8gie:
control el enentV@¥H&P ow, there is a loss in the resonat or, resulting in
a high oscillation threshol d value. Fig. 16 shows the cal cuI ation of a
transm ssi on wavel ength width based on the nunber of quartz plates of the

bi refringence - 17 -
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crystal inclined at the Brewster angle. It is understood fromFig. 16 that
the transm ssion wavelength width is narrowed by increasing the nunber of
quartz plates of the birefringence crystal, that is, the thickness of the
birefringence crystal . Thereby it is revealed that the wavel epgilipssaRioiol
el ement has the WPPEHES hat transni ssion wavel ength wi dth can be expanded
and the oscillation threshold value can be | owered by reducing the nunber
of quartz plates of the birefringence crystal, that is, the thickness of
the birefringence crystal. Li NbG3, LjTaO3 or other birefringence
crystal may be used as the birefringence ¥W/2tal . Further, Fig. 17

shows | aser oscillation wavelength interval with respect to the thickness
of the birefringence
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crystal when the birefringence crystal is fornmed of a single quarts plate.
The term "l aser oscillation wavel ength interval" denotes the interval

bet ween t he wavel engths of sinultaneous |aser oscillations, that depends
on the gain ch&gﬁlg@é stic of a laser medium for each wavel engtlvres@raote,
when the gain c a istic is wde, the wavel ength range of possible

| aser oscillations is wde, laser oscillations occur at the sane tine.
according to the transm ssion wavel ength i nijrval of the wavel ength
control elenent. It is seen fromFig. 17 t B4%2: he interval between the
wavel engths of |aq@} jogcillations is narrow when the thickness of the
birefringence filter increases. This is because, when the thickness is
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- 18 - t he adj acent wavel engt hs of possible |aser oscillations is
narrow and a | aser which can oscillate at a broad bandw dth, such as a

Li SAF | aser, nay oscillate at two or nore " oscillation wavel engths. Since a
general |aser mgdL gy 15?5 a reflection bandwi dth of 50 nm an pPeT/Ps@az49DN
wavel ength int ervafzo 25 nmor nore, about half the above reflection
bandwi dth is required to suppress two or nore simultaneous oscillations.
Therefore, the thickness of the birefringence crystal needs to be 3 mm or

| ess according to Fig. 17. 12/12
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Slncs wavel ength control beconmes difficult when the thickness of the
crystal Is too small and the oscillation wavelength width of a Li SAF | aser
is about 20 nm the thickness of the crystal needs.to be 0.4 nmor nore
accarding to Fig. 17. Therefore, when the thickness of the birefringence
crystal is in the range of 0.4 to 3 nm the oscillation threshold val ue
can be further reduced. As descri bed above, the oscillation threshold
val ue can be reduced by using a biref DESGRAP®PIONysStal. However, since the
oscillation wavel ength width is broadened by expanding the transm ssion
wavel ength wdth, it is larger than the phase match half-value wdth of a
SHG crystal, thereb making it difficult to cause SHG efficiently. The
inventors have fouRdSER QNB-II'@RtroL@%ERheﬁﬂAW%r&Pﬁé[E@f ﬂNéiTenén}Sé? usi ng
an LBO (LiB[err]O[err]), BBO ([err]-BaBle £O[err£& or CLBO
(CsLiB[err]O[err]) OSCILLATION MET

Technical Field

This invention relates to an optoelectronic field and,
more specifically, to a laser resonator, a laser, a laser
applied unit and a laser oscillation method for use in laser
printers, optical shaping units, optical disk drives, DNA
sequencers, particle counters and thé like.

Background Art

With the progress of the advanced information
communication age, demand for adaptation of computer
peripheral laser applied units, such as optical disk drives
and laser printers, to short wavelengths is arising to meet
requirements for improved recording demnsity and high-speed
printing. However, as light sources capable of providing a
blue color range (wavelength of 400 to 480 nm) which is in
high demand for commercialization, only gas lasers such as
He-Cd (helium-cadmium) and Ar (argon) lasers are available
.which are bulky and power consuming. Since lasers are
bulky, laser applied units which incorporate a laser as a
light source need to be larger than the laser and hence,
become bulky. Therefore, there is the problem that such
laser applied units cannot be fit in office environment and

living environment in which desk top sized units are the
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crystal having a relatively wi de phase match half value width. Fig. 18
shows the phase match wavel ength half value w dth of the LBO crystal.
Since the crystal has a wdth - 19 -

about 20 tinmes that of a KN crystal, an SH output that satisfies the phase
mat ch wi dth of the LBO crystal can be obtai ned by setting the transm ssion
mavelength width of a wavelength control elenent which is forned of a
single 0.5 mwosth ddtguarts plate as a birefringence crystal to 10 nm

Further, there is another problem that a laser applied
unit becomes bulky because the conversion efficiency of a
laser from input power to laser beams is small and a cooling
means is required as most of consumption power turns into
heat. There is still another problem that the dislocation
of optics caused by the vibration of this cooling means
deteriorates the reliability of a laser applied unit. A
further problem is that the service life of a laser applied
unit is short due to a short service life of a laser caused
by gas deterioration or the like.

An attempt has been made to overcome the above problems
of a gas laser by applying a wavelength conversion
technology such as second harmonic generation (to be
abbreviated as "SHG" hereinafter) which is caused by
inserting a non-linear optical crystal into the resonator of
a solid laser to convert a first laser beam (to be referred
to as "fundamental wave" hereinafter in some cases), an
oscillation wave of the solid laser, into a wave having half
the wavelength of the first laser béam so as to generate a
second laser beam. For instance, there has been proposed an
SHG system for a solid laser in which Ti:Al;03 (Ti-Sapphire;
to be abbreviated as "Ti-Sap" hereinafter) or Cr:LiSrAlFg
(chromium added lithium strontium aluminum fluoride; to be
abbreviated as "LiSAF" hereinafter) are used as laser
crystals capable 6f oscillating at a wavelength range of 800

to 900 nm. In the SHG light source, the service life of a
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and by inclining the wavel ength control elenment at the Brewster angle to
elimnate a loss in the resonator. Since a change in the phase match wi dth
of the LBO crystal by tenperature variations is small at 0.1 nm[err]C, it
Is not necessary to control the tenperature of the LBO crystal. Further,
since the propagation loss of the LBO crystal is small at 0.1 %cm it
rarely beconmes a loss in the resonator. The sane effect as that of the LBO
crystal can -asext medddmbplonenhas BBsh cgnedatdly dmparo@eB0byr ghtabing
However, it is obvious that a further stable output can also be obtained
by controlI|ngrpﬁegﬁénﬁerat§Példfcah55#1crwmmﬁver, the pEcdsasiont hiights

al so possi bl e by using what _has a wavelength width of 10 nmor _less with
respect to th&OUEEe P3 theydptkgrnLishF %ﬂﬁ%ﬁ1%§ Re EEndKEYPHPR) 0L 2REE r a

that is, a gas laser, and hence, there still remain the
problems of the prior art. As the excitation light source
of a Ti-Sap laser, a green SHG laser which uses a Q switch
Nd:YAG (neodymium added yttiium aluminum garnet) laser to
generate a fundamental wave is used. Therefore, since the
entire laser light source is solidified, its service life is
improved. However, since two SHG lasers including the
" excitation light source are used, the unit becomes complex,
bulky and power consuming and hence, does not greatly
improve the problems of the prior art. Further, since SHG
output is a pulse output in both cases, when it is used in |
laser applied units such as optical shaping units and
optical disk drives, there is the problem that a
disconnection point exists in a signal, for example.
It has already beén disclosed in R. Scheps, J.F. MYers,
H.B. Serreze, A. Rosenberg, R.C. Morris, and M. Long,
"Diode-pumped Cr:LiSrAlFg laser", Opt. Lett., Vol.1l6 No.l11l,
p.820 (1991) that excitation is possible with a red
semiconductor laser having a wavelength of 670 nm as the
excitation light source of the above LiSAF laser.
Therefore, it is presumed that there is the possibility of
greatly improving the size, power consumption and service
life problems of the prior art gas lasers by replacing a Kr

laser with a semiconductor laser as an excitation light
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refl’ectance of 99.9 %or nore, without using a birefringence crystal as a
confrol elenment for controlling the oscillation wavelength of a solid
| aser crystal. Wen the resonator structure constituting a |aser resonator
is constructed by at least two mrrors, SHIlight can be taken outside the
resonator efficiently by setting a second oscillation wavelength, that is,
SHG transm ttance of at | east one of the mrrors constituting the
resonat or str schonce tim EhedSHG light source which uses the abo2€ LiSAF
laser to generate a fundamental wave.
However, it is disclosed in Qi Zhang, G.J. Dixon, B.H.
Chai énd P.N. Ke an, "Electronically tuned diode-laser-
pumped Cr:LiSrAlFg¢ laser", Opt. Lett., Vol.1l7, No.l, p.43
(1992) that a loés in a resonator greatly reduces the
efficiency of a LiSAF laser. For this reason, the
possibility of implementation is extremely low unless the
cause of reducing the efficiency is investigated and studied
to find a solution.
Qi Zhang et al. as mentioned in the foregoing took from
the resonator of a LiSAF laser a birefringence filter which
is a wavelength tuning element for selecting the Wavelength
of the LiSAF laser. Generally speaking, a birefringence
filter is arranged in a laser resonator of a laser capable
of waveléngth tuning, such as a LiSAF laser or the like, and
has the function of selecting a laser beam having a desired
wavelength by providing a-loss such as a reflection loss to
oscillation beams having wavelengths other than the desired
wavelength out of all the oscillation beams. Then Qi Zhang
et al. added a resonator dedicated for wavelength tuning
including a birefringence filter after the resonator of a
LiSAF laser. 'That is, they proposed means of tuning
wavelength without providing a loss caused by the resonator
of the LiSAF laser, by feeding back a laser beam having a

desired wavelength to the resonator of the LiSAF laser and

amplifying the laser beam (USP 5218610). The loss which Qi
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nor €. Preferably, a |laser conprises a |laser crystal nade of

Cr:Li SrAlF6, a resonator structure in which at |east one resonator mrror
is formed on one end surface of the laser crystal, a sem conductor | aser
for .exciting the laser crystal, a first |aser beam having a wavel ength
[err]1 that satisfies 780 [err] [err]1 [err] 1,000 nm which is obtained
by oscillating radiation fromthe |aser crystal in the |laser resonator, a
nonl i near optiZdwngretstadl. paiidng@tientpeoni hg isi a hrefichismnelds st icaus edr
nmore that of the first |aser beam and inserted into the resonator, a

wavel engt h co¥ dihe digafiningenges fidtetont ALHRough tHuls @ysbeR ¢8& of the
nonl i near optical crystal and the tenperatures of the | aser crystal and

the nonlinear BTG e KbQvesilegsr arbohds ythe PesaAkilddd Mpatyddereans

for Kin nd | r
or taking OUtap%asreaCt%sd may be %%%]lex and bulky.

Another attempt has been made to overcome the problems
of the prior art, paying attention to the fact that
nonuniform energy absorption of a LiSAF crystal as a laser
crystal has an effect on a reduction in laser oscillation
efficiency. That is, Cr which plays a part in absorption is
distributed in different concentrations in an excitation
direction to improve a reduction in the efficiency (USP
5287373). However, this system has not been commercially
available yet and its effect of improving the problems
indicated.by Qi zhang et al. is unknown.

In the optics shown by F. Balembois et al. as described
above, an average pulse SHG laser output of 7.4 mW is
obtained using a Kr laser as an excitation light source and
an average pulse excitation power of 3.3 W. However, as
described above, an SHG laser output should be a continuous
wave. A :equired output is considered to be about 10 mW
though it differs by each unit. Commercial semiconductor
lasers capable of exciting LiSAF lasers have the maximum
output of 500 mW in the case of a single stripe. Since
output of a fundamental wave is generally in proportion to
excitation input in the input/output characteristics of a
solid laser, the power of the fundamental wave becomes about

1/6 by changing the excitation light source from a Kr laser
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havi'ng a wavel ength different fromthat of the first laser beam and
converted frompart of the first |aser beam Preferably, the
nonl j near optical crystal is selected fromULiB[err]O[err] (lithium
triborate), CsLiB[err]O[err] (caesiumlithium borate), [er]-BaBlerr]O[err]
(barium borate), KNbgerr] (potassium niobate), KTagerr] (potassium
tantalate), K-Li-Nbo-O (lithium potassium niobate), K-Ta-Nb-0 (niobic
acid, tantali cad demipeindusitor) lasdrli | Bhethdr [ |sirndeuan SHSt eptput is When
a laser resonator or a |laser according to the present invention is used in
a | aser printdm prepepttiicm tosithpi aguanetof sthemdwey ofi thedfupdamgntal
particle counter, a DNA sequencer and the like, a small-sized aggarapus
havi ng wave, an anticipated SHG oytput becomes about 1/36, at is,

a pulse output of 0.2 mW. Therefore, it is understood that

a practically usable SHG output cannot be obtained without

great improvement made on the efficiency. Since the shape,

that is, transverse mode, of the output beam of a

semiconductor laser is extremely flat, compared with that of

a Kr laser, deterioration in excitation efficiency is

expected even when a beam shaping technique is applied.

Therefore, a further reduction in SHG output is anticipated.

In other words, it is easily anticipated that an SHG
laser light source having a practically sufficient output
cannot be realized simply by changing the excitation light
source from a Kr laser to a semiconductor laser. Further,
if a semiconductor laser having a high output is realized in
the future, forced cooling means is required because the
amount of heat generated from the semiconductor laser itself
increases. As the result, there is the possibility that the
apparatus will be bulky and power consuming.

As described above, it has been found difficult to
realize an SHG laser which makes use of a LiSAF laser
excited by a semiconductor laser to solve all the problems
of a gas laser simply by combining what have been disclosed
heretofore. Therefore, it is now necessary to realize a

small-sized, power-saving SHG laser light source and a laser

applied unit using such an SHG laser light source by finding
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excel l ent stability can be provided. O her objects and advant ages of

the present invention wll become nore apparent fromthe follow ng
description wth reference to the acconpanying drawi ngs. Brief

Descri ption of Draw ngs Fig. 1 is a diagramfor explaining an
enbodi nent of the present invention. Fig. 2 is a diagramfor

expl ai ni ng anot her enbodi nent of the present invention in which control of
t he tenper at uthe ghusgel aferedngingl the ebpidimncys andotakingeans f or
i mproving efficiency.

countermeasures.

There is also proposed a method for obtaining a blue
laser beam as a second oscillation wave, that is, an SH
wave, from an SHG light source having the same output
wavelength as that of the afore-mentioned gas laser, wherein
the output of a near infrared semiconductor laser shown in
Fig. 10 is taken as a first oscillation wave, that is, a
fundamental wave, and resonated in an external resonator,
and KN (KNbO3: potassium niobate) which is a nonlinear
optical crystal (to be referred to as "SHG crystal" because
wavelength conversions hereinafter are all for SHG) is
arranged in the external resonator to obtain the blue laser
beam (W.J. Kozlovsky and W. Lenth, "Generation of 41 mW of
blﬁe radiation by frequency doubling of a GaAlAs diode
laser”, Appl. Phys. Lett., Vol.56 No.23, p.2291, 1990).

However, the above SHG light source involves the
following advanced technical problems. One of them is that
it is necessary to insert an optical isolator 102 to protect
the semiconductor laser from reflected light in order to
always adjust the oscillation wavelength of the
semiconductor laser which is easily affected by disturbance
to a wavelength at which the conversion efficiency of KN
becomes maximal. Another problem is that reflected light
from the resonator should be received by an optical detector
105 to control the length of the external resonator

including KN in the order of the wavelength of the
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Fig.. 3 is a diagramfor explaining an SHG |l aser according to another

enbodi nent of the present invention. Fig. 4 is a diagramfor
expl ai ning an application exanple in which an enbodi rent of the present
invention is applied in a |laser printer. Fig. 5 is a diagramfor
expl ai ning an application exanple in which an enbodi nent of the present

I nvention is applied in an optical shaping unit. Fig. 6 is a diagram
for expl aini ngflmdaimnﬁétﬂatwaone agda fipee elachhical outpiodifirde optilkal
present invention is applied in an optical disk drive. Fig. 7is a

di agram for exXqatERHIg léfﬁntlﬁerfqgnmknﬁﬁt a feedibrclpreirgitit rwénftlooﬁtably

Fi 8 is a diagr f or | ai ni ng still not her
9: oééfygate t J)seﬁlco ductor laser. Therefore, it is

expected to be difficult to find solutions to these
technical problems for commercialization. in this SHG light
source, it is expected to be difficult to solve the above
two technical problems for commercialization that the
oscillation wavelength of the semiconductor laser easily
affected by disturbance is controlled to a wavelength at
which the conversion efficiency of KN beéomes maximal and
that the length of the external resonator including KN is
controlled in the order 6f the wavelength of the fundamental
wave.

The inventors of the present invention have found that
it is possible to use the above LiSAF laser as a broad-band
wavelength variable laser by using a wavelength control
element, studied a method for causing a nonlinear crystal to
generate SHG light having a blue color range as a second
oscillation wave, using this LiSAF laser to generate a first
oscillation wave (fundamental wave), and found two problems.

The first problem is that the oscillation threshold
value becomes high because wavelength ranges other than the
transmission wavelength range of the.wavelength control
element become a loss in the laser resonator and the output
of the excitation semiconductor laser becomes high to obtain
a required SHG laser output. Fig. 11 shows the input/ouﬁput

characteristics of a semiconductor laser excited wavelength
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enbédinent of the present i nvent i on. Fig. 9 is a diagramfor

explaining still another - 22 -
enbodi nent of the present invention. Fig. 10 is a diagramfor
expl.ai ni ng an enbodi nent of the prior art. - Fig. 11 is a diagramfor

expl ai ning the conparison of the input/output characteristics of a

sem conductor |laser excited solid |laser in the presence and the absence of

a variable solid laser (to be abbreviated as "LiSAF laser"
hereinafter) which uses a LiSAF crystal. The solid line
indicates the input/output characteristics of the LiSAF
laser when there exiéts a wavelength control element and the
dotted line indicates the input/output characteristics when
there is no wavelength control element. The wavelength
control element is formed of three quartz plates having
different thicknesses as used in dye lasers and Ti sapphire
lasers, can narrow the range of wavelength transmitting the
quarts plates to 3 nm or less, and can control the laser
oscillation wavelength width to 0.1 nm or less. It is
understood from Fig. 11 that a loss in the resonator
increases and the oscillation threshold value becomes 10
times or more by inserting a wavelength control element
having a narrow transmission wavelength range, and hence, a
large-sized semiconductor laser is necessary because an
excitation input 10 times or more is required to obtain the
same output as that when the wavelength control element is
not inseited, resulting in a large apparatus for driving and
cooling the semiconductor laser and large power consumption.
When the wavelength control element is not inserted, the
oscillation wavelength width is about 10 nm which is 100
times or more when the wavelength control element is
inserted.

The second problem is that a loss in the resohator

becomes large and the oscillation threshold value becomes

high since a nonlinear KN crystal which has been used
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wavel ength control el ement. Fig. 12 is a diagramfor explaining the
phase match wavel ength width of an KN crystal. Fig. 13 is a diagram
for explaining the oscillation efficiency reduction phenomenon caused by
an opening in the resonators of an Nd:YVO[err] |aser as a typical solid
| aser and a Li SAF | aser. Fig. 14 is a diagramfor explaining the
conpari son of the input/output characteristics of a sem conductor | aser
excited sol i d Hexemofiggiendgoaobt8AR blyst SHG ahighin e ¥W/@erolw phaser masch
typical solid laser. Fig. 15 is a diagramfor explaining the
conpari son of wavedenghlx hedfpualupavidtls i thatsisof phasesSwavedengthhwidthe
tenperature of the Li SAF crystal is controlled and when the tenperature is
not control| e@®t which a SHG wave is generated, of 0.4 nm as shown in Fig.

12, and a high propagation loss of 0.5 %/cm, thereby making

it impossible to obtain a sufficient SH output even when the

KN crystal is inserted into the LiSAF laser.

There is still another problem that a stable SH output
cannot be obtained unless the temperature of the KN crystal
is controlled accurately because the wavelength of the KN
crystal at which the conversion efficiency becomes maximal
changes by 0.3 nm/°C, depending on temperature variations.
Disclosure of the Invention

The inventors have studies the loss in the resonator
and found that the loss is connected with the size of the
opening of an optical part somehow. The term "opening"
means the effective cross section of the optical surface of
the optical part in the resonator. That is, it is
considered that there is no problem if the opening of the
optical part in a regular laser is larger than the diameter
of a laser beam. However, the inventors have found that a
loss is generated in a LiSAF laser which is a new laser éeven
when the opening of an optical part is normal in size and
accomplish the present invention. That is, the present
invention is a laser resonator including a laser crystal
made of a fluoride containing Cr and at least one optical

part, in which an opening in the resonator is substantially

5 times or more the diameter of a first laser beam which is

- 10 -



Fig. 16 is a diagramfor explaining the conparison of transnission
wavél ength width which differs according to the nunber of quartz crystals

of a birefringence crystal. Fig. 17 is a diagramfor explaining the
oscillation wavelength interval with respect to the thickness of a
birefringence crystal. - 23 -

Fig. 18 is a diagramfor explaining the phase match wavel ength width of an
LBO crystal. obtained by oscillating radiation from the laser crystal.

Fig. 13 is a diagram for explaining such a phenomenon
that oscillation efficiency is reduced by openings in the
resonators of an Nd:YVOy; (neodymium-added vanadium yttrium
oxide) laser as a typical solid iaser and a LiSAF laser.

The shape of the resonator used in expefiments is shown on
an upper part of Fig. 13.

The resonator includes a plane mirror formed on an end
surface of the laser crystal and a concave mirror. The
diameter of an oscillation beam is determined by the
curvature radii of these mirrors forming the resonator and
the distance between the mirrors. 1In the plané—concave type
resonator shown on an upper part of Fig. 13, the diameter of
the beam is minimal at the plane mirror and maximal at the
concave mirror. At this point, the curvature radius of the
céncave mirror is 150 mm, and the effective optical path
between the resonator mirrors is slightly shorter than than
the curvature radius of the mirror. The axis of abscissas
of Fig. 13 indicates the distance from the plane mirror and
the axis of ordinates on right side indicates the diameter
of a beam. The diameter of a beam in the resonator can be
calculated from the minimum diameter of a beam obtained from
the following expression 1 and the diameter of a beam at
each location obtained from the following expression 2 when

the transverse mode is TEMoo mode, that is, a round beam.
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Best. Mbde for Carrying out the Invention The nost preferred

enbodi nents of the present invention are described in detail. However, it
is to be understood that the present invention is not l.imted to the
enbadi nents. (Enbodi nent 1) Fig. 1 is a diagramfor explaining an

embodi nent of the present invention. An excitation beam 31 radiated froma
sem conductor |aser 11 is converged by converging optics 12 and excites a
| aser crystal 21. An Al Gal nP sem conductor | aser manufactured by Spectra
D ode Laboratory Co.. ,Lch has an output of 50 mW and oscillation

wavel ength of 670 _nm sei{fa]s—t a3(Rem dd(rélmct &2 Fa@Pf4 11. A

seni conductor | a%&r" Ijmat or (f@ﬁg&;g@agjﬁhq ce of 8{mm, e%BrSQQHBBpT'C

. 1 |
2
Az 2 :
- 2
wiz) = [wo [1 + (Tcwozj H ) expression 2

In the expression 1, wo is the minimum diameter of a beam, A

is the wavelength of a first beam, d is the length of the
resonator, and Ry and Ry are the curvature radii of the

‘ mirrors. In the expression 2, w(z) is the diameter of a
beam at a distance z from a position where the diameter of
the beaﬁ is minimal. The diameter of the beam calculated is
about 0.2 mm at the minimum and about 0.8 mm at the maximum.
When the diameter of the beam right after the output mirror
was measured actually, the calculated value was almost equal
to the actual value. An opening having a diameter of 2.5 mm
was formed in the feSonator and adjusted so that the
strength of an oscillation beam became maximal and the
actual strength of the oscillation beam was measured.

The axis of ordinates on left side indicates the ratio
of oscillation beam strength when an opening is formed to
oscillation beam strength when no opening is formed. It was
found that, in an Nd:YVO4 laser, oscillation is possible
with an efficiency of 90 % or more when the opening in the
resonator is 3 times the diameter of a beam, that is, when

the diameter of a beam becomes the maximum of 0.8 mm,
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pri§h1pair (rmagni fication of 6X) and a single lens (focusing distance of
30 mm) are used as the converging optics 12. The excited | aser
crystal 21 oscillates a first laser beam 32 in a solid | aser resonator 20
whi ch conprises an input-side resonator mrror 24 forned on an end surface
of the laser crystal and an output mrror 25. In the solid |aser
resonator 20, the |aser crystal 21 and a wavelength tuning elenent 23 as a
wavel engt h conwhetreas gnimta diESARrTemeysd théheffaeienoyt fis ofedimed itst80 dser
beam 32 oscillated in the resonator is tuned by the wavel ength tuning
el ement 23. | nbyh$etbipmdibe epening rids ¢hgt gesonator to 5 times or less -
24 -
the diameter of a beam.
The reduction rate of the efficiency of the LiSAF laser
is larger than that of the Nd:¥VO4 laser. To obtain the
same efficiency of 90 % or more as that of the Nd:YVO4
laser, the opening is preferably 7 times or more the
diameter of a beam. Further, since an efficiency reduction
is not seen when the opening is 10 times or more the
diameter of a beam, this range is particularly preferred.
Generally speaking, the diameter of a beam is defined
as a diameter within the peak strength range of 1/e2 or more
when the transverse mode is a round TEMoo mode and light
intensity shows a Gaussian distribution. Further, when the
transverse mode of the beam is other than TEMoo, the
diameter of a beam is defined as the maximum length
connecting the most outer end of the boundary line where
light intensity becomes 1/e2 or less of its peak. What has
been described above defines the lower limit of the opening.
The upper limit of the opening is specified by the maximum
size of a possibly grown crystal, the size of a crystal
processable stably, and the size of a crystal for securing
the quality of coating. It is preferred that the upper
limit is 1,000 times the diameter of a beam.
Then the inventors have found that a saturation

phenomenon exists in the input/output characteristics of a

LiSAF laser.

- 13 -



3

str@bture 20 is a plane-concave type resonator, the output nirror 25 has a
curvature radius of 150 mnm and the effective optical path is slightly
shorter than the curvature radius. A Li SAF crystal ([err]3 x 5 nm
containing 1.5 nmol% of C is used as the |aser crystal 21. To the front
end surface 24 of the crystal are applied an anti-reflection (to be
abbrevi ated as AR hereinafter) coating having a reflectance of 2 %or |ess
for an excitation vl etgtis andliagragh forebkptaining tthdeanipgameisat et as
HR hereinafter) coating having a reflectance of 99 %or nore for the
wavel engt h of impwtfowtsput gchardgtenisticshbetweepeatlisal Iagfdranthee of
Nd:YVO4 laser, a typical solid laser. The solid line
indicates the input/output characteristics of the LiSAF
laser and the dotted line indicates the input/output
characteristics of the general solid laser. 1In the Nd:YVOy4
laser, the input/output characteristics rise at an input
value as shown by the dotted line and then excitation input
and solid laser output are almost proportional to each
other. On the other hand, in the LiSAF laser, as shown by
the solid line, there is seen such a phenomenon that an
output characteristic reaches saturation after a linear
range and oscillation is finally lost even when excitation
input increases. As the result, it is found that there is
the problem that a stable solid laser output cannot be
obtained. The inventors have conducted intensive studies
and have found that the above saturation phenomenon and the
above oscillation lost phenomenon that are seen in the
input/output characteristics of the LiSAF laser as shown in
Fig. 14 can be eliminated by controlling the temperature of
a laser crystal made of LiSAF. 'The present invention has
been predicated upon this finding.
Fig. 15 is a diagram for explaining the comparison of
input/output characteristics of a LiSAF laser when the
temperature of a LiSAF crystal is controlled and when the

temperature is not controlled. The solid line indicates the

input/output characteristics of the laser when the
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the "HR coating is acceptable if it can reflect the first |aser beam
efficiently and the refl ectance does not need to be 99 %or nore. To the
rear. end surface is applied an AR coating having a reflectance of 2 % or

|l ess for the wavelength of the first |aser beam To the output mrror 25
Is applied an HR coating having a reflectance of 99 %or nore for the
first laser beam In this respect, any reflectance of the output mrror 25
i s accept abl e témperature tak cchrtLiSAF fanysttallager chsamphiedl tohlfh5°C and
efficiency, and the reflectance does not need to be 99 % or nore. In
the present irvhatdettedslinevindicates. the ippubéautpitle rhAFaTHIGLIHAS t he

| oss can be greatly inproved by sqttin% t he openings in the resonator of
the Li SAF | ase¥hen the tieRReIRtuRs: 45 ROtdCaRErelled - t hkE 11% feqmysid

Based 15 that the linear area is expended by controlling the
temperature of the laser crystal and a stable solid laser
output can be obtained. -Fig. 15 shows the input/output
characteristics when the temperature of the LiSAF crystal is
set to 15°C. The input/output characteristics obtained by
changing the crystal temperature to 10, 20, 30 and 40°C were
measured. In either case, the linear area of the
inpﬁt/output characteristics was expanded and a stable solid
laser output was obtained. In other wbrds, the lower limit
of the temperature control range is a temperature at whiéh
the laser crystal is free from dew condensation. The upper
limit of the temperature control range is a temperature at
which the above oscillation lost phenomenon is not observed
under use conditions. It is desired that the température T
of the laser crystal is controlled in a range of 0 = T =
50°C.

Preferably, at least one of a plurality of mirrors
constituting the resonator is formed on one end surface of
the laser crystal.

Preferably, at least one of the optical parts is a
wavelength control element. |

Preferably, a laser comprises a laser crystal made of

Cr:LiSrALFg, a resonator structure in which at least one

resonator mirror is formed on one end surface of the laser
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on this fact, the dianeter of the opening of the |aser

- 25 - crystal has been set to 3 nm the dianeter of the opening
in the wavel ength tuning elenent 23 to 5 nmand the dianeter of the
opening in the output mrror to 10 mMm A single birefringence filter

made of a quartz plate is used as the wavel ength tuning el enent 23 and
inclined at the Brewster angle so that the reflection |oss of the first
| aser beam becerystal ni aesemitionduotsire dgseroforhex¢iting the laser

crystal, a first laser beam having a wavelength Al that

satisfies 780 = Al = 1,000 nm, which is obtained by

oscillating radiation from the laser crystal in the laser
resonator, énd an opening having a diameter 5 times or more
that of the first laser beam which is formed into the
resonator.

Further.preferably, a laser comprises a laser crystal
made of Cr:LiSrAlFg, a resonator structure in which at least
one resonator mirror is formed on one end surface of the
laser crystal, a semiconductor laser for exciting the laser
crystal, means for controlling the temperature T of the
laser crystal in a range of 0 = T = 50°C, a first laser beam
having a wavelength Al that satisfies 780 = Al = 1,000 nm,
which is obtained by osciliating radiation from the laser
crystal in the laser resonator, and a wavelength control
element having an opening with a diameter 5 times or more
that of the first laser beam and formed in the resonator.“

Preferably, the optical parts include a wavelength
control element and a nonlinear optical crystal.

'Further, a birefringence crystal inclined at the
Brewster angle may be used as a control elemént for
controlling the oscillation wavelength of a solid laser
crystal and any one of quartz (SiOz), LiNbO3 and LiTaO3 may
be used as the birefringence crystal.

Preferably, a single quarts plate having a thickness of

0.4 to 3 mm may be used as the birefringence crystal.
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| aser beam 32 can be tuned by turning the birefringence filter around the
optical axis. The wavel ength tuning range is set to about 86050 nm and the
wavel ength selection width is set to about 0.5 nm Any wavel ength
selection-width is acceptable if the output of the first |aser beamis not
reduced considerably. Further, besides a birefringence filter, a prism
etal on, external injection synchronismor a -conbination thereof may be

used as the wemetendt ) LBO (TR0 MaAE/0or BBO qzunamka@gl)pmhynbwaueé@nsgh
al l owabl e width of the Li SAF crystal 21 is w at about 100 nm and no

tenperature cond NdnEiMsENterystagd to tune the wavel ength of the
excitation beamradiated fromthe sem conductor | aser. . However, mavelength

tuning may be carritRe FRMEPInGIEHeRE PﬁecRHGEP%%b?$IYﬁet?ﬁ9¥$&ﬂ A% on

beam w th the waveldngth of the solid laser crystal is preferably a

resonator mirror for resonating the first radiation and the
waveléngth width of the first oscillation wave for which the
resonator mirror has a reflectance of 99.9 % or more is
preferably 10 nm or less with respect to the central
wavelength.

Preferably, the resonator structure is constituted by
at least two mirrors, or, at least one of the mifrors

- constituting the resonator structure has a second harmonic
transmittance of 60 % or more.

The inventors have conducted studies on the
transmission wavelength width of a birefringence crystal as
a wavelength control element which causes a high oscillation
threshold.value when the birefringence crystal is used as a
control element for controlling the oscillation wavelength
of a solid laser crystal. Generally speaking, the
oscillation characteristics of a laser resonator depend on a
loss in the resonator. When the loss is high, the threshold
value until oscillation is obtained becomes high. When the
transmission wavelength width of the wavelength control
element is narrow, there is.a loss in the resonator,
resulting in a high oscillation threshold value. Fig. 16
shows the calculation of a transmission wavélength width

based on the number of quartz plates of the birefringence
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absqution mavelength.. An optical part having a beam shaping function

such as a cylindrical lens or an optical fiber may be used in place of

t he converging optics of the sem conductor |aser. (Enmbodi nent 2)

- 26 - Fig. 2 is a diagramfor explaining another enbodi nent

of the present invention in which |aser crystal tenperature control is

appl i ed as anot her means for inproving '
crystal inclined at the Brewster angle. It is understood
from Fig. 16 that the transmission wavelength width is
narrowed by increasing the number of quartz plates of the
birefringence crystal, that is, the thickness of the
birefringence crystal. Thereby it is revealed that the
wavelength control element has the effect that transmission
wavelength width can be expanded and the oscillation
threshold value can be lowered by reducing the number of
quartz plates of the birefringence crystal, that is, the
thickness of the birefringence crystal.

LiNbO3, LiTaO3 or other birefringence crystal may be
used as the birefringence crystal.

Further, Fig. 17 shows laser oscillation wavelength
interval with respect to the thickness of the birefringence
crystal when the birefringence crystal is formed of a single
quarts plate. The term "laser oscillation wavelength
interval" denotes the interval between the wavelengths of
simultaneous laser oscillations, that depends on the gain
characteristic of a laser medium for each wavelength.
Since, when the gain characteristic is wide, the wavelength
range of possible laser oscillations is wide, laser
oscillations occur at the same time according to the
transmission wavelength interval of the wavelength control
element. It is seen from Fig. 17 that the interval between
the wavelengths of laser oscillations is narrow when the

thickness of the birefringence filter increases. This is

because, when the thickness is large, the interval between
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efficiency. The excitation |ight source 11, the converging optics 12, the
| aser crystal 21, the wavelength tuning elenent 23 and the resonator
strueture 20 are the sane as those of Enbodi nent 1. The openings in the
resanator and the wavel ength tuning range are also the sane as in

Enbodi nent 1. As shown in Fig. 15, it is known that a stable |aser
out put can be obtained by controlling the tenperature of a LiSAF crystal.
In Fig. 2, thethenpdjacent wivelrngtilBapf popgsiblei 3agentestiblations[isr]C
by using an electronic cooling elenent and a thermstor. The lower |imt
of the control NA¥EAWeRRd (A clasen vhkiale canyPsCALlake cat t Acbread rbanduidth,
starts dew condensati on and ch can be setlag%glgtif saturauéon I S not

seen in | aser ¥t u?su%d%+sQéii§§ﬁﬁﬁ1quh§§C1 two or mor

oscillation wavelengths. Since a general laser mirror has a
reflection bandwidth of 50 nm, an oscillation wavelength
interval of 25 nﬁ or more, about half the above reflection
bandwidth is required to sﬁppress two or more simultaneous
oscillations. Therefore, the thickness of the birefringence
crystal needs to be 3 mm or less according to Fig. 17.

Since wavelength control becomes difficult when the
thickness of the crystal is too small and the oscillation
wavelength width of a LiSAF laser is about.20 nm, the
ihickness of the crystal needs to be 0.4 mm or more
according to Fig. 17. Therefore, when the thickness of the
birefringence crystal is in the range of 0.4 to 3 mm, the
oscillation threshold value can be further reduced.

As described above, the oscillation threshold value can
be reduced by using a birefringence crystal. However, since
the oscillation wavelength width is broadened by expanding
the transmission wavelength width, it is larger than the
phase match half-value width of a SHG crystal, thereby
making it difficult to cause SHG efficiently. The inventors
have found it possible to further increase efficiency by
using an LBO (LiB3Os5), BBO (f-BaBy04) or CLBO (CsLiBgOig)
crystal having a relatively wide phase match half value
width. Fig. 18 shows the phase match wavelength half value

width of the LBO crystal. Since the crystal has a width
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(Enmbodi ment 3) . Fig.- 3 is a diagramfor explaining an SHG | aser
accordi ng to anot her enbodi nent of the present invention. The sane

exci tation optics including the sem conductor |laser 11 as those of

Enbadi rent 1 are used. The excited | aser crystal 21 generates a
fundanmental wave 32 which is a solid |aser oscillation wave in the solid
| aser resonator 20 which conprises the input-side resonator mrror 24
formed on an eaboudr2fcbtiméstbbat agfra KN arnystald anh8Hoqupputnthabr 25.

The | aser crystal 21, a nonlinear - 27 -
satisfies the phase match width of the LBO crystal can be

obtained by setting the transmission wavelength width of a
wavelength control element which is formed of a single 0.5
mm thick quarts plate as a birefringence crystal to 10 nm
and by inclining the wavelength control element at the
Brewster angle to eliminate a loss in the resonator. Since
a change in the phase match width of the LBO crystal by
temperature variations is small at 0.1 nm/°C, it is ﬁot
necessary to control the temperature of the LBO crystal.
Further, since the propagation loss of the LBO crystal is
small at 0.1 %/cm, it rarely becomes a loss in the
resonator.. The same effect as that of the LBO crystal can
be obtained by ﬁsing a BBO crystal or a CLBO crystal.
However, it is obvious that a further stable output can also
be obtained by controlling the temperature of an SH crystal.
Moreover, this is also possible by using what has a
wavelength width of 10 nm or.less with respect to the
central wavelength, for which a resonator mirror has a
reflectance of 99.9 % or more, without using a birefringence
crystal as a control element for controlling the oscillation
wavelength of a solid lasef crystal. When the resonator
structure constituting a laser resonator is constructed by
at least two mirrors, éH light can be taken outside the
resonator efficiently by setting a second oscillation
wavelength, that is, SHG transmittance of at least one of

the mirrors constituting the resonator structure to 60 % or
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optical crystal 22 for converting part of the fundanental wave of the

| aser crystal 21 into an SHG wave and a wavel ength tuning el enent 23 are
arranged in the solid laser resonator 20. LiB[err]derr] (lithiumborate
which is abbreviated as LBO hereinafter) is used as the nonlinear optical
crystal 22 which neasures 3 x 3 x 5 mmand is coated wwth an AR coating
having a reflectance of 2 %or less for the wavel engths of the fundanental
wave and the SHGreave. The tenperatures of the Li SAF crystal 21 and
the LBO crystal 22 are controlled to 250.1[err]C by using a tenperature
control el ement. ToPrRéesabpMr @i }aser TPERELSEsH|E d@sel ARYSEsAt MAdenhali ng

0 .
a reflectance of 99.%0r mre for the fundarentsl wave,and gn AR coating

resonator mirror is formed on one end surface of the laser

crystal, a semiconductor laser for exciting the laser

crystal, a first laser beam having a wavelength Al that

satisfies 780 = Al = 1,000 nm, which is obtained by

oscillating radiation from the laser crystal in the laser
resonator, a nonlinear optical crystal having an opening
with a diameter 5 times or more that of the first laser beam
and inserted into the resonator, a wavelength control
element, means for controlling the temperature of the
nonlinear optical crystal and the temperatures of the laser
crystal and the nonlinear optical crystal simultaneously or
individually, and means for taking out a second laser beam
having a wavelength different from that of the first laser
beam and converted from part 6f the first laser beam.
_ Preferably, the nonlinear optical crystal is selected
from LiB3Os (lithium triborate), CsLiBgOjg (caesium lithium
borate), p-BaBy04 (barium borate), KNbO3 (potassium
niobate), KTa0O3 (potassium tantalate), K-Li-Nb-O (lithium--
potassium niobate), K-Ta-Nb-O (niobic acid, tantalic acid-
potassium) and LiIO3 (lithium iodate).

| When a laser resonator or a laser according to the
present invention is used in a laser printer, an optical
shaping unit, an optical disk drive, a particle counter, a

DNA sequencer and the like, a small-sized apparatus having
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di aneter of an opening in the mrror is set to 10 mmas in Enbodi nent 1.
The ot her optical parts are the sane as those of Enbodinent 1. The
wavelength of the fundanmental wave 32 oscillated in the resonator is tuned
by the wavel ength tuning elenent 23 to a wavel ength at which the

wavel ength conversion efficiency of the nonlinear optical crystal 22
becones maxi mal, and part of the fundanental wave 32 is converted into an
SHG wave 33 byekx@elhentstabibity an he pooyided.and radiated fromthe
output mrror 25. According to the present invention, an SHG output_ of 10
mAN was obt ai ned atoﬁhgﬁn?Ewﬂﬁﬁ%t%ﬂdI%ﬂﬂﬁnﬁaﬂﬁﬁt°§ftK§5Pﬁ?99nt 1nveielon

wavel ength tunin ' t ot bout 86070 dth I Ih
sel ection wi dt Hitd BEFORS BOES FRPARENY HEOM EbEo L IaNNaNR SR FLni ng

range and any $@¥ﬁl QgéPence to the accompanying drawings.
Brief Description of Drawings

Fig. 1 is a diagram for explaining an embodiment of the
present invention.

Fig. 2 is a diagram for explaining another embodiment
of the present invention in which control of the temperature
of a laser crystal is applied as another means for improving
efficiency.

Fig. 3 is a diagram for explaining an SHG laser
according to another embodiment of the present invention.

Fig. 4 is a diagram for explaining an application
example in which an embodiment of the present invention is
applied in a laser printer. |

Fig; 5 is a diagram for .explaining an applicafion
example in which an embodiment of the present iﬁvention is
applied in an.optical shaping unit.

Fig. 6 is a diagram for explaining an application
example in which an embodiment of the present invention is
applied in an optical disk drive. |

Fig. 7 is a diagram for explaining another embodiment
of the present invention.

Fig. 8 is a diagram for explaining still another
embodiment of the present invention.

Fig. 9 is a diagram for explaining still another
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- 28 - selection width are acceptable if the wavelength is near a
wavel ength at which the conversion efficiency of the LBO crystal becones
maxi ral and if the SHG | aser output does not decrease significantly,
respectively. Further, a nonlinear optical crystal capable of phase
mat ching in the wavel ength tuni ng range of the fundanmental wave, such as
[err]-BaB[err]O[err] (bariumborate), CsLiB[err]Jerr] (caesium Ilithium
borate), KNb( embpdipentsefubheipbesent inventiieno :

Fig. 10 is a diagram for explaining an embodiment of
the prior art.

Fig. 11 is a diagram for explaining the comparison of
the input/output characteristics of a semiconductor laser
excited solid laser in the presence and the absence of a-
wavelength contfol element.

Fig. 12 is a diagram for explaining the phase match
wavelength width of an KN crystal.

Fig. 13 is a diagram for explaining the oscillation
efficiency reduction phenomenon caused by an opening in the
resonators of an Nd:YVO4 laser as a typical solid laser and
a LisAF laser.

Fig. 14 is a diagram for explaining the comparison of
the input/output characteristics of a semiconductor laser
excited solid laser using a LiSAF crystal and an Nd:YVOy
laser as a typical solid laser.

Fig. 15 is a diagram for explaining the comparison of
the input/output charaeteristics of a LiSAF laser when the
temperature of the LiSAF crystal is controlled and when-the
temperature is ﬁot controlled.

Fig. 16 is a diagram for explaining the comparison of
transmission wavelength width which differs according to the
number of quartz crystals of a birefringence crystal.

Fig. 17 is a diagram for explaining the oscillation
wavelength interval with respect to the thickness of a

birefringence crystal.
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(l'ithium potassiumniobate) or LilO3 (lithiumiodate), may be used as a
wavel engt h conversion el enent. Using a gas |aser of the prior art

whi ch achi eved the sane output as that of the above enbodi nent, conparison
of «characteristic properties was nade. The gas |laser had a service life
of 2,000 to 5,000 hours and experienced a 50 % reduction in output whereas
t he SHG | aser experienced no reduction in output after 1,000 hours or nore
of operation. TherEfigrel8t e acdiagreanfar expladndng theephage matahded to
2to5tinmes that of the prior art according to the enbodiment of the
present |nventW@Hel?ﬁgtgaylﬂﬁée?fh%klQPO\RﬂXﬁﬁ§lof 10 to 15 liters whereas
the SHG | aser Qf 0.3 liter the vol une of the SHG
| aser was redg saELYENG LOUT ] Dort according to the

enbodi rent of the p&ﬁse st "BEEEPled Té}ﬁ:&f‘fmén Ss%fh%ﬁe present invention

are described in detail. However, it is to be understood
that the present invention is not limited to the
embodiments.

(Embodiment 1)

Fig. 1 is a diagram for explaining an embodiment of the
present invention. An excitation beam 31 radiated from a
semiconductor laser 11 is converged by converging optics 12
and excites a laser crystal 21. An AlGaInP semiconductor
laser manufactured by Spectra Diode Laboratory Co. which has
an output of 50 mW and an oscillation wavelength of 670 nm
is used as the semiconductor laser 1ll1. A semiconductor
laser collimator (focusing distance of 8 mm), an anamorphic
prism pair (magnification of 6X) and a single lens (focusing
distance of 30 mm) are used as the converging optics 12.

The excited laser crystal 21 oscillates a first laser
beam 32 in a solid laser resonator 20 which comprises an
input-side resonator mirror 24 formed on an end surface of
the laser crystal and an output mirror 25. 1In the solid
laser resonator 20, the laser crystal 21 and a wavelength
tuning element 23 as a wavelength control element are
arranged. The wavelength of the first laser beam 32
oscillated in the resonator is tuned by the wavelength

tuning element 23. In this embodiment, the resonator
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a pqner consunption of 1,000 to 2,000 Wwhereas the SHG |aser had a power

consunption of 5 W Therefore, the power consunption of the SHG | aser was

reduced to 1/400 to 1/200 that of the prior art according to the

enmbqdi nent of the _ - 29 - pr esent

i nvention. Conparison between the characteristic properties of the gas

| aser and the SHG | aser of the enbodinent of the present invention is

shown in Tabl estixucture 20 is a plane-concave type resonator, the output
mirror 25 has a curvature radius of 150 mm, and the
effective optical path is slightly shorter than the
curvature radius.

A LiSAF crystal (¢3 x 5 mm) containing 1.5 mol% of Cr
is used as the laser crystal 21. To the front end surface
24 of the cryétal are applied an anti-reflection (to be
abbreviated as AR hereinafter) coating having a reflectance
of 2 % or less for an excitation wavelength and a high
reflection (to be abbreviated as HR hereinafter) cnating
having a reflectance of 99 % or more for the wavelength of
the first laser beam. In this respect, any'reflectance of
the HR coating is acceptable if it can reflect the first
laser beam efficiently and the reflectance does not need to
be 99 % or more. To the rear end surface is applied an AR
coating having a reflectance of 2 & or leés for the
wavelength of the first laser beam. To the output mirror 25
is applied an ﬂR coating having a reflectance of 99 % or
more for the first laser beam. In this respect, any
reflectance of the output mirror 25 is acceptable if it can
take out the first laser beam with a high efficiency, and
the reflectance does not need to be 99 % or more.
In the present invention, as shown in Fig. 13, it has

been verified that the loss can be greatly improved by
setting the openings in the resonator of the LiSAF laser to

5 times or more the diameter of the first laser beam. Based

on this fact, the diameter of the opening of the laser
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TabLé 1 Conparison results of specifications between gas |aser and SHG

| aser of the present invention | aser |ight output service volune
power source (MmN life (l'iter) consunption :
(hours) w Ar | aser 15 5000 10

2000 He- Cd | aser 10 2000 15 1000 SHG | aser
10 >10000 0.3 5 (Exanpl e 4) Fig. 4 is a diagramfor

expl ai ni ng an appétait has besangpte it vwinyh the dibuetesnef othe hepeningnin
nvention s apRl evelongth Conikg element 33 fo 5 mm And the diameter of
the opening in the output mirror to 10 mm.

A single birefringence filter made of a quartz plate is
used as the wavelength tuning element 23 and inclined at the
Brewster angle so that the reflection loss of the first
laser beam becomes minimal. The wavelength of the first
laser beam 32 can be tuned by turning the birefringence
filter around the optical axis. The wavelength tuning range
is set to about 860150 nm and the wavelength selection width
is set to about 0.5 nm. Any wavelengfh selection width is
acceptable if the output of the first laser beam is not
reduced considerably. Further, besides a birefringence
filter, a prism, etélon, external injection synchronism or a
combination thereof may be used as the wavelength tuning
element.

The absorption wavelength allowable width of the LiSAF
crystal 21 is wide at about 100 nm, and no temperature
control element is used to tune the wavelength of the
excitation beam radiated from the semiconductér laser.
However, wavelength tuning may be carried out by matching
the wavelength of the excitation beam with the maximum
absorption wavelength.

An optical part having a beam shaping function such as
a cylindrical lens or an optical fiber may be used in place

of the converging optics of the semiconductor laser.

(Embodiment 2)
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radiated froman SHG | aser |ight source 100 illustrated in Fig. 3 passes
t hrough an acousto-optical (to be abbreviated as AO hereinafter) nodul ator
51, a beam expander 52, a rotary polygon mrror 53 and an f[err] lens 54
and 4 s converged on a photosensitive drum55. The AO nodul ator 51
nodul ates the SHG out put 43 according to inmage information, and the
rotary polygon mrror 53 scans in a horizontal direction (of the paper of
the drawing). Wth Fhigs 2obdi aaliagramdoondxplainihgr anotber i embedimert on
t he photosensitive drum 55 as - 30 -

of the present invention in which laser crystal temperature

control is applied as another means for improving
efficiency. The excitation 1igh£ source 11, the converging
optics 12, the laser crystal 21, the wavelength tuning
element 23 and the resonator structure 20 are the same as -
those of Embodiment 1.  The openings in the resonator and
the wavelength tuning range are also the same as in
Embodiment 1. |

As shown in Fig. 15, it is known that a stable laser
output can be obtained by controlling the temperature of a
LiSAF crystal. In Fig. 2, the temperature of the LiSAF |
crystal is controlled to 15°C by using an electronic cooling
element and a thermistor. The lower limit of the control
temperature is a temperature at_which the iaser crystal
starts dew condensation and which can be set freely if
saturation is not seen in laser output under use conditions.
(Embodiment 3)

Fig. 3 is a diagram for explaining an SHG laser
according to another embodiment of the present invention.
The same excitation optics including the semiconductor laser
11 as those of Embodiment 1 are used.

The excited laser crystal 21 generates a fundamental
wave 32 which is a solid laser oscillation wave in the solid
laser resonator 20 which cdmprises the input-side resonator
mirror 24 formed on an end surface of the laser crystal and

the output mirror 25. The laser crystal 21, a nonlinear
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partlal potential differences. The photosensitive drum55 turns, adhered
by toner according to the potential differences, and reproduces

i nformati on on recordi ng paper. At this point, a photosensitive
material applied to the photosensitive drumb55 is selenium (Se) and the
out put wavel ength of the SHG | aser |ight source 100 is set to 420 nmto
whi ch the photosensitive material is relatively highly sensitive and its
out put is set optioahvwryatahigzrﬁ@msnuwen;ipnopgsengftthe fundamnental her
than Se may be used. (Enbodi nent 5) Fig. 5is a diagramfor

expl ai ni ng an Wppei eht +be 1W@$WWJCHH$@ enb8Beneare aand e present

I nvention is plied in an optical shaping unit. The SHG | aser 1] ght
source 100 |IIYI§Y?%1?%8t"‘ntW 9?%%@%%’:& AF5ARged FRcthe solid laser

resonator 20. LiB305 (llthlum borate which is abbreviated
as LBO hereinafter) is used as the nonlinear optical crystal
22 which measures 3 x 3 x 5 mm and is coated with an AR
coating having a reflectance of 2 % or less for the
wavelengths of the fundamental wave and the SHG wave.

The temperatures of the LiSAF crystal 21 and the LBO
crystal 22 are controlled to 250.1°C by using a temperature
control element. To the output mirror 25 are applied an HR
coating havingla reflectance of 99 % or more for the
fundamental wave and an AR coating for the SHG wave, and the
diameter of an opening in the mirror is set to 10 mm as in
Embodiment 1. The other optical parts are the same as those
of Embodiment 1. The wavelength of the fundamentél wave 32
oscillated in the resonator is tuned by the wavelength
tuning element 23 to a wavelength at which the Qavelength
conversion efficiency of the nonlinear optical crystal 22
becomes maximal, and part of the fundamental wave 32 is
converted into an SHG wave 33 by the nonlinear optica1
crystal 22 and radiated from the output mirror 25.

According to the present invention, an SHG output of 10 mW
was obtained at a semiconductor laser input of 455 mW.

The wavelength tuning range is set to about 86070 nm
and the wavelength selection width is set to 0.5 nm. 1In

this respect, any wavelength tuning range and any wavelength
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A blue cured resin 61 is charged into a container and a |aser beamis
caused to scan the surface of the liquid two- dinensionally. At this
point, only a surface portion 61l-a of the blue curing resin 61 that
absarbs light cures. After the formation of one layer is conpleted, an
elevator 62 falls to formthe next |ayer continuously. Wth this
operation, a solid nodel 63 having a desired shape can be forned. At this
poi nt, the SHGéeksetidn ghidtdoame acaepiablavlf ehhé hwave &g thm s chear @ut put
of 10 mMN (Enbodi nent 6) . Fig. 6 is a diagramfor explaining an
application ewavglength it othigh dlieogionversaont effjpeierey ofivkhe iTHO | s
applied in an optical disk drive. The SHG | aser |i.ght

. crystal becomes maximal and if the SHG laser output does not

decrease significantly, respectively.

Further, a nonlinear optical crystal capable of phase
matching in the wavelength tuning range of the fundamental
wave, such as B-BaBy0y (barium borate), CsLiBgO;p (caesium
lithium borate), KNbO3 (potassium niobate), K-Li-Nb-0
(lithium potassium niobate) or LiIO3 (lithium iodate), may
be used as a wavelength conversion element.

Using a gas laser of the prior art which achieved the
same output as that of the above embodiment, comparison of
characteristic properties was made. The gas laser had a
‘service life of 2,000 to 5,000 hours and experienced a 50 %
reduction in output whereas the SHG laser experienced no
reduction in output after 1,000 hours or more of operation.
Therefore, the service life of the SHG laser was extended to
2 to 5 times that of the prior art according to the
embodiment of the present invention. The gas laser had a
volume of 10 to 15 liters whereas the SHG laser had a volume
of 0.3 liter. Therefore, the volume of the SHG laser was
reduced to 1/50 to 1/30 that of the prior art according to
the embodiment of the present invention. The gas lasef had
a power consumption of 1,000 to 2,000 W whereas the SHG
laser had a power consumption of 5 W. Therefore, the power

consumption of the SHG laser was reduced to 1/400 to 1/200

that of the prior art according to the embodiment of the
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An opti cal

| aser output 33 radiated fromthe SHG | aser
by a beam expander 52 and then
reflected by the
beans passing through the beamsplitter

source 100 illustrated in Fig. 3 is used as a |ight source.
di sk drive of opto-nmagneto recording systemis used. An SHG
| i ght source 100 i s expanded
beconmes parallel beans. Part of the beans
beamsplitter 72 are received by a front nonitor 73. The
72 are converged on a nedium 75 by

a conver gi ng agprésent imednteiond [Jogiparisent batwgen cthe cthardnteatistidcam
splitter 72 and separat ed

properties of the gas laser and the SHG laser of the

embodiment of the present invention is shown in Table 1.

Table 1
Comparison results of specifications between gas laser and

SHG laser of the present invention

laser light

output | service| volume " power
source (mw) life (liter) | consumption
(hours) (W)
Ar laser 15 5000 10 2000
He-Cd laser 10 2000 15 1000
SHG laser 10 >10000 0.3 5
(Example 4)

Fig. 4 is a diagram for explaining an application
example in which an embodiment of the present invention is
applied in a laser printer. The SHG laser output 33
radiated from an SHG laser light source 100 illustrated in
Fig. 3 passes through an acousto-optical (to be abbreviated
as AO hereinafter) modulator 51, a beam expander 52, a |

rotary polygon mirror 53 and an f6 lens 54 and is converged

on a photosensitive drum 55. The AO modulator 51 modulates
the SHG output 43 according to image information, and the
rotary polygon mirror 53 scans in a horizontal direction (of
the paper of the drawing). With this combination, secondary

information is recorded on the photosensitive drum 55 as
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|nto t wo beans to be received by two detectors 76. The front nonitor 73
monitors the SHG | aser output 33 to control it. Each of the two detectors
76 after the beamsplitter 72 perforns autof ocusing and signal detection.
A fi;xed magnetic field is applied to the nmedium 75 so that the SHG | aser
output 33 is nodul ated and the focusing tenperature is raised to a Curie
tenperature-of the medium 75 to reverse nmagnetization for recording. \Wen
t he out put is paxtidie potaptaialc dhiififlegtenteshe Thei photosemsitisesl daml Sfhen
the output is off, the magnetic field is not reversed and signal
recording is crand. adhered dy diongrt pegordingi tosthe tpotentiadz. At the
time of signal reproduction, the sane SHG | aser |ight source_ 100 as that
for recording 9k qes oiNg Feprofices, ApLeENREIOR | O AFecondinm RaRaT- 7)

At this point, a photosensitive material applied to the
photosensitive drum 55 is selenium (Se) and the output
wavelength of the SHG laser light source 100 is set to 420
nm to which the photosensitive material is relatively highly
sensitive and its output is set to 10 mW.. In this respect,
a photosensitive material other than Se may be used.
(Embodiment 5)

Fig. 5 is a diagram for explaining an application
example in which an embodiment of the present invention is
applied in an optical shaping unit. The SHG laser light |
source 100 illustrated in Fig. 3 is used as a light source.
A blue cured resin 61 is charged into a container and a
laser beam is caused to scan the surface of the liquid two-
diﬁensionally. At this point, only a surface portion 6l-a
of the blue curing resin 61 that absorbs light cures. After
the formation of one layer is completed, an elevator 62
falls to form the next layer continuously. With this |
operation, a solid model 63 having a desired shape can be
formed. At this point, the SHG laser light source has a
wavelength of 430 nm and an outpuﬁ of 10 mW.

(Embodiment 6)

"Fig. 6 is a diagram for explaining an application

example in which an embodiment of the present invention is

applied in an optical disk drive. The SHG laser light
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Fig. 7 is a diagramfor explaining another enbodi nent of the present

i nvention. Excitation beans 141 radiated from a semiconductor |aser 111
are converged by convergi ng - 32 -

optics 112 to excite a |laser crystal 121. An Al GalnP sem conductor |aser
manuf actured by Spectra D ode Laboratory Co. and having an output of 500
mV and an oscillation wavelength of 670 nmis used as the sem conduct or

| aser 111. A sewrcentid@tillusismatesblin Figer 3( fis—ugednds anlighimaquraes.

An optical disk drive of opto-magneto recofding system is
used. An SHG laser output 33 radiated from the SHG 1aser.
light source 100 is expanded by a beam expander 52 and then
becomes parallel beams. Part of the beams reflected by the
beam sp;itter 72 are received by a front monitor 73. The
beams passing through the beam splitter 72 are converged on
a medium 75 by a converging optic 74. Reflected light
partially reflected by the beam splitter 72 and separated
into two beams to be received by two detectors 76. The
front monitor 73 monitors the SHG laser output 33 to control
it. Each of the two detectors 76 after the beam splitter 72
performs autofocusing and signal detection. A fixed
magnetic field is applied to the medium 75 so that the SHG
laser output 33 is modulated and the focusing temperature is
raised to a Curie temperature of the medium 75 to reverse
magnetization for recording. When the output is on, the
magnetic field of the medium is reversed, and when the
output is off, the magnetic field is not reversed and signal
recording is enabled. The recording frequency is set to 10
MHz. At the time of signél reproduction, the same SHG laser
light source 100 as that for recording is used to obtain a
well reproduced signal.
(Embodiment 7)

Fig. 7 is a diagram for explaining another embodiment
of the present invention. Excitation beams 141 radiated

from a semiconductor laser 111 are converged by converging
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prismpair (magnification: 6X) and a single lens (f = 30 mm are used as
the converging optics 112. The excited | aser crystal 121 generates a
fundamental wave 142 in a solid |laser resonator 120 which includes an

i nput -side resonator mrror 122 forned on an end surface of A the | aser
crystal and an output mrror 124. In the solid |aser resonator 120, the

| aser crystal 121, an SHG crystal 131 and a wavel ength control el enment 125
are arranged. optiashiklddintexaite sollagekacsystatohdt or APRLIGaInP

pl ane-concave resonator having a Ien%th_of 145 nm and the output mrror
124 has a cur \Genkeondugtar draseap mapuliactured by Speftya LHiqde JLaborahory
containing 1.5 nmol % of Cr,is used as the | aser CéXStal 121.. To a front end

surface of theéfRr ARG hAFING AN UFPEE CARSEBIT NP AR IRPAE AR IQ™ ance of 2

%or less for an exclbalion Nevel 4aoLn and ap, kR SopLinn Nayi i, 10y,

A semiconductor laser collimator (f = 8 mm), an anamorphic
prism pair (magnification: 6X) and a single lens (£ = 30 mm)
are used as the converging optics 112.

The excited laser crystal 121'generates a fundamental
wave 142 in a solid laser resonator 120 which includes an
input-side resonator mirror 122 formed on an end surface of
the laser crystal and an output mirror 124. In the solid
laser resonator 120, the laser crystal 121, an SHG crystal
131 and a wavelength control element 125 are arranged. At
this point, the solid laser resonator 120 is a plane-concave
resonator having a length of 145 mm, and the output mirror
124 has a curvature radius of 150 mm. A LiSAF crystal (¢3 x
5 mm) containing 1.5 mol% of Cr is used as the laser crystal
121. To a front end surface of the crystal are applied an .
AR coating having a reflectance of 2 % or less for an
excitation wavelength and an HR coating having a reflectance
of 99 % or more for the wavelength of the fundamental wave.
To a rear end surface of the crystal is applied an AR
coating having a reflectance of 0.2 % or less for the
wavelength of the fundamental wave to make it the input-side
resonator mirror 122.

The SHG crystal 131 formed of a 3 x 3 x 5 mm LBO

crystal is arranged right after the LiSAF crystal 121. To
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of Qb % or nore for the wavel ength of the fundanental wave. To a rear end
surface of the crystal is applied an AR coating having a refl ectance of
0.2 %or less for the wavelength of the fundanental wave to make it the

i Nnput -si de resonator mrror 122. The SHG crystal 131 fornmed of a 3 x
3 x5 mLBO crystal is arranged right after the Li SAF crystal 121. To
- .33 - both end surfaces of the LBO crystal is applied an AR

both end surfaces of the LBO crystal is applied an AR
coating having a reflectance of 0.2 % or less for the
wavelength of the fundamental wave and 1 % or less for SH
wavelength. A birefringence crystal formed of a single 0.5
mm thick quartz plate is used as the wavelength control
element 125, inclined at the Brewster angle with respect to
the optical axis and turned around the optical axis to
control the wavelength of the fundamental wave to a
wavelength at which the conversion efficiency of the LBO
crystal as the SHG crystal 131 becomes maximal. 1In the
resonator, part of the fundamental wave is converted into an
SH wave 143 by the SHG crystal 131 and taken out from the
output mirror 124 to the outside of the resonator as an SH
~output. In this structure, the oscillation threshold value
ﬁas twice that when the wavelength control element shown in
Fig. 12 did not exist and an SH output of 10 oW was
obtained.

The locations of the SHG crystal 131 and the wavelength
control element 125 inserted into the resonator shown in
Fig. 7 in the present invention can be exchanged. The
absorption wavelength allowable width of the LiSAF crystal
121 is wide at about 100 nm and the wavelength of the
excitation semiconductor laser is not controlled using the
temperature control element. However, the wavelength may be
controlled to the maximum absorption wavelength.
(Comparative Embodiment 1)

In the same laser resonator as that of Fig. 7, a single

- 34 -



-

coatjng having a reflectance of 0.2 %or less for the wavelength of the
fundanental wave and 1 %or less for SH wavelength. A birefringence
crystal formed of a single 0.5 nmmthick quartz plate is used as the

wavel ength control elenment 125, inclined at the Brewster angle with
respect to the optical axis and turned around the optical axis to control
the wavel ength of the fundanental wave to a wavel ength at which the
conversi on ef f Bcm@nghick grartaPlatgswas used s $he wayelangtbicprbsads
maximal . In the_ resonator, part_of the fundanmental wave is converted into

an SH wave 14816¥epiel3fcapryat BN anystal waskaipesu@st thm SHE coyspat

O 2 10 ST VTR Bhet SRR B heit oeBa R L °

wavel engt h Conugeglghggﬁgtcaﬂe¥gliga by the wavelength control element
formed of this single 5 mm thick quartz plate was narrow at
12 nm, 4 to 5 fundamental waves were oscillated
simultaneously at a wavelength interval of 12 nm by the
LiSAF crystal as the laser crystal 121. An SH output of -
several nWs only was obtained as KN which was the SHG
crystal had a narrow phase match wavelength half value width
of 0.4 nm and the power of the fundamental wave was diverged
because laser beams were oscillated at other wavelengths
even if one of the wavelengths of the fundamental waves was
converted by the RN crystal.
{Embodiment 8)

Fig. 8 is a diagram for explaining another embodiment

of the present invention. Excitation optics consisting of
the semiconductor laser 111 and the converging optics 112
are the same as those of Embodiment 7. The excited laser
crystal 121 generates a fundamental wave 142 in a solid
laser resonator 120 which is formed of three resonator
mirrors consisting of an input-side resonator mirror 122
formed on an end surface of the laser crystal, a concave
mirror 126 and a plane output mirror 123. In the solid
laser resonator 120, the laser crystal 121 and the SHG
crystal 131 are arranged between the input-side resonator

mirror 122 and the plane output mirror 123 and a wavelength

- 35 -



L]

Fig.. "12 did not exist and an SH out put of 10 mWwas obt ai ned. The

| ocati ons of the SHG crystal 131 and the wavel ength control el ement 125
inserted into the resonator shown in Fig. 7 in the present invention can
be exchanged. The absorption wavel ength allowable w dth of the Li SAF
crystal 121 is wde at about 100 nm and the wavel ength of the excitation
sem conductor |laser is not controlled using the tenperature control

el ement. Howeveepntrpd w&e@eahgms N arrangse bettweent she hplangi oupput
absorption wavel ength, _(Conparative Embodi ment 1) In the sanme | aser
resonat or as t BAFXeF tga and ghglq@ﬂqgve mirror 126. The materials,_. 34 .

shapes and coatings of the laser crystal 121 and the SHG
crystal 131 used at this time afe the same as those of
Embodiment 7. The same wavelength control element 125 as
that of Embodiment 7 was used.

To the concave mirror 126 was applied an HR coating
having a reflectance of 99 % or more for the wavelength of
the fundamental wave. To the plane output mirror 123 were
applled an HR coating hav1ng a reflectance of 99 % or more
for the wavelength of the fundamental wave and an AR coating
having a transmittance of 85 % or more for an SH wavelength.
The wavelength control eleﬁent 125 was turned around the
optical axis to control the wavelength of the fundamental
wave to a wavelength at which the conversion efficiency of
the LBO crystal as the SHG crystal 131 became maximal. In
the resonator, part of the fundamental wave is converted
into an SH wave 143 bj the SHG crystal 131 and taken out
from the plane output mirror 123 to the outside of the
resonator as an SH output 143. 1In this structure, an SH
output of 15 mW was obtained since there was no loss in the
SH light at the wavelength control element 125 shown in Fig.
7.

(Embodiment 9)

Fig. 9 is a diagram for explaining still another

embodiment of the present invention. Excitation optics

consisting of the semiconductor laser 111 and the cohverging
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5 mathick quartz plate was used as the wavel ength control elenment 125 and
a KN crystal was used as the SHG crystal 131. Since the interval between

| aser oscillation wavel engths controlled by the wavel ength control el enent
formed of this single 5 mmthick quartz plate was narrow at 12 nm 4 to 5°
fundanmental waves were oscillated sinultaneously at a wavel ength interval
of 12 nmby the LiSAF crystal as the laser crystal 121. An SH output of
several nW orPPtigs bbi AF¥Rhe savaudsckbrse ofcEmPrlineyttht HBRPa narrow
phase match wavel engt h, hal f val ue width of 0.4 nmand_ the power of the

f undament al wa%’échbé] d}@gﬁ:@é{;ystal 121 generates a fundamental wave 142
in a solid laser resonator 120 which includes an input-side

resonator mirror 122 formed on an end surface of the laser
crystal and an output mirror 124. The materials, shapes and
coatings of the laser crystal 121 and the SHG crystal 131
used at this time are the same as.those of Embodiment 7.
Since the output mirror 124 is coated with an HR coating
having a reflectance of 99.9 % or more for the wavelength of
the fundamental wave with a central wavelength of 86015 nm,
control of an oscillation wavelength can be carried out
without a wavelength control element. The output ﬁirror 124
is also coated with an AR coating having a transmittance of
85 % or more for an SH wavelength. As shown in Fig. 18,
since the phase match wavelength half value width of the LBO
crystal as the SHG crystal 131 is wide at 8 nm, SH light can
be obtained efficiently without controlling wﬁvelength.

In the present invention, by designing a LiSAG laser
resonator, taking into consideration openings in the
resonator, the efficiency of the semiconductor laéer excited
LiSAF laser is greatly improved. Further, by controlling

| the temperature of the LiSAF crystal, the oscillation lost
phenomenon of the laser is avoided and means for obtaining a
stable laser output is proposed. Using this LiSAF laser, an
SHG iaser having an output of 10 mW is implemented. The
present invention makes it possible to extend service life

to 2 to 5 times and reduce volume and power consumption to
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because | aser beans were oscillated at other wavel engths even if one of
the wavel engths of the fundamental waves was converted by the KN crystal.
(Enbodi nent  8) Fig. 8 is a diagramfor explaining another enbodi nen
of the present invention. Excitation optics consisting of the :
seri conductor |aser 111 and the converging optics 112 are the sane as

t hose of Enbodi ment 7. The excited |aser crystal 121 generates a
fundanental wayso0l4d 1v3a andi ii/40@ses0 I/2Mhdthoseled whecbriorfarted of
three resonator mrrors consisting of an input-side resonator nmirror 122
formed on an eedpsctiivedyef Iheadldteior: ysheipreseséndaventipn Bakedeitind a

pl ane output mrror 123. In the solid |aser resonator 120, t '
crystal 121 ap@ssibleHto reduce the size and power consumption?eekgggé

the service life and improve the reliability of laser
applied units.

According to the preseht invention, in a wavelength
variable laser, particularly an internal resonator SHG
system using a LiSAF laser, the oscillation threshold value
is reduced by expanding the transmission wavelength width of
the wavelength control element and the efficiency and
reliability of é second harmonic generator as a 1a§er are
improved by using an LBO crystal as an SHG crystal having a
wide phase match width. Moreover, using this second
harmonic generator as a light source, the reliability of a
laser applied product such as a laser printer is improved.
Industrial Applicability

As described on the foregoing pages, according to the
present invention, a small-sized laser resonator, laser and
laser applied unit such as a laser printer having excellent

stability can be provided.
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crystal 131 are arranged between the input-side resonator mrror 122 a
t he pl ane out put mrror 123 and a wavel ength LH‘ g SHEET HAS BEEN-

35 - he Réedi s arranged between th ut
mrror 123 and the .}Wn Bilﬁmm 126. The materials, s b REPLACKD '
of 'the | aser crysta SHG crystal 131 used at this tine are the

same as those of Enbodinent 7. The same wavel ength control el ement 125 as
t hat of Enbodi nent 7 was used. : CLATIMS

1. A laser resonator comprising a laser crystal made of a
fluoride éontaining Cr and at least one optical part,
characterized_in that ah'opening in the resonator has
substantially a diameter 5 times or more that of a first
laser beam, which is obtained by oscillating radiation from
the laser crystal in the resonator.

2. The laser resonator of claim 1, wherein the laser
crystal is made of Cr:LiSrAlF¢ (chromium added lithium
strontium aluminum fluoride). |

3. The laser resonator of claim 1 or 2 which has means for
controlling the temperature of the laser crystal.

4. The laser resonator of claim 3 which has means for
controlling the temperature of the laser crystal in a range
where input/output characteristics thereof do not reach
saturation.

5. The laser resonator of claim 3 or 4 which has means for
controlling the temperature T of the laser crystal in a
range of o.s T = 50°C.

6. The laser resonator of any one of claims 1 to 5,
wherein at least one of a plurality of mirrors constituting
the resonator is formed on one end surface of the laser
crystal.

7. The laser resonator of any one of claims 1 to 6,
wherein at least one of the optical parts is a wavelength
control element.

8. The laser resonator of claim 7, wherein a birefringence

e

L
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To the concave mirror 126 was applied an HR coating having_a reflectance
of 99 % or nore for the wavel ength of the fundanental wav THI® &
output mrror 123 were applied an HR coating having a reffec ag
or nore for the wavel ength of the fundanental wave and an C
having a transm ttance of 85 % or nore for an SH wavel ength. The
wavel ength control elenent 125 was turned around the optical axis to
control the waeeystal hinélimed fai ddree Brewsteayangbe aisawsddmg ke whi ch
the conversion efficiency of the LBO crystal as the SHG crystal 131 becane
maxi mal . I n tWavebengbh oronrel affement fomdeephrallingcthe esmidskatsidnint o
an SH wave 143 by the SHG crystal 131 _and taken out fromthe plane out put
mrror 123 to Vatelengtlycobithe sokiss dagesr CEYSEALSH output 143. In this

structure, an SH outpuf of 15 mWwas obtained since there S no loss in
t he ' 9. %hg iaser resonator of ciagm 3, wherefh at least one

selected from quartz (SiOz), LiNbO3, LiTaO3 and a liquid
crystal plate is used as the birefringence crystal.

10. The laser resonator of claim 9, wherein a single quartz
plate having a thickness of 0.5 mm or less is used as the
birefringence crystal.

11. The laser resonator of any one of claims 1 to 10,
wherein the optical parts include a wavelength control
element and a nonlinear optical crystal.

12. The laser resonator of claim 11, wherein at least part
of the first laser beam is converted into a second laser
beam having a wavelength different from that of the first
:laser beam when it passes through the nonlinear optical
crystal.

13. The laser resonator of claim 11 or 12, whereih the
nonlinear optical crystal is made of at least one selected
from LiB3Os (lithium triborate), CsLiB3Os (caesium lithium
borate), B-BaBy0s (barium borate) KNbO3 (potassium niobate),
KTaO3 (potassium tantalate), K-Li-Nb-O (lithium-potassium
niobate), K-Ta-Nb-O (niobic acid, tantalic écid—potassium)
and LiIO3 (lithium iodate).

14. The laser resonator of ahy one of claims 11 to 13 which
has means for controlling the temperatures of the laser

crystal and the nonlinear optical crystal simultaneously or

-
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SH i ght at the wavel ength control element 125 shown in Fig. 7.

(Enbodi nent 9) Fig. 9 is a diagramfer—exptaii ng st|II anot her
enbqdi mrent of the present invention.. Ex0|tat|o Egtlcs ; St

sem_conductor |aser 111 and the co Seen Re
- optics 112 are the sane |
| aser crystal 121 generates a funda

individually.

15. A laser comprising the laser resonator according to any
one of élaims 1 to 14 and a laser crystal.

16. The laser of claim 15, wherein means for exciting the
laser crystal is a seﬁiconductor laser.

17. The laser of claim 15 or 16 comprising a laser crystal
made of Cr:LiSrAlFg, a resonator structure in which at least
one resonator mirror is formed on one end surface of the

laser crystal, a semiconductor laser for exciting the laser

crystal, a first laser beam having a wavelength Al that

satisfies 780 = kl = 1,000 nm, which is obtained by

oscillating radiation from the laser crystal in the laser
resonator, and a wavelength control element having an
openiné with a diameter 5 times or more the diameter of the
first laser beam and inserted into the resonator.

18. The laser of claim 15 or 16 comprising a laser crystal
‘made of Cr:LiSrAlFg, a resonator structure in which at least
one resonator mirror is formed on one end surface of the
laser crystal, a semiconductor laser for exciting the laser
crystal, means for controlling the temperature T of the
laser crystal in a range of 0 = T = 50°C, a first laser beam
having a wavelength Al that satisfies 780 = 11 = 1,000 nm,
which is obtained by oscillating radiation from the laser
crystal in the laser resonator, and a wavelength control
element having an opening with a diameter 5 times or more
the diameter of the first laser beam and inserted into the

resonator.
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in a solid |aser resonator 120 which includes an input-side__resonator

mrior 122 formed on an end surface ®&his$Stee HafB&h Repldcist @l |aTHIS BHEETtHAS BEEN

mrror 124. The materials, shapes and ; he | ader crRepiACED21
and.the SHG crystal 131 wused at this ; Eﬂ%ams as—t+hose—of

Enbodi nent 7. Since the output mrror | wi th an HR coating
having a reflectance of 99.9 %or nore for the wavel ength of the

f undanent al wal@.w Thealaserrof ebabhclytdr 36 SeMpFising aohaser ofysbal
oscillation wavel ength can be carried out w thout a wavel ength contyol

el ement. The oB@P6t Ofi Frol18DA1Fe 5 3 LRSANGEOXd SFEVALURC ARD (AT AR R3]y a
transmttance of 85 %or nore for an SH vel ength. As shown in_Fig. 18,
si nce the phas@PfafeRORAYEr MyFFOR 4 W eoﬁnphﬁuffﬁ?ec?§s?§? as

the SHG crysta&a%g% E%ygkgf,ag geﬂl oésuéﬂé¥“iégag for exciting the laser

crystal, a first laser beam having a wavelength Al that

satisfies 780 = Al = 1,000 nm, which is obtained by

oscillating radiation from the laser crystal in the laser
resonator, a nonlinear optical crystal having an opening
with a diameter 5 times or more the diameter of the first
laser beam and inserted into the resonator, a wavelength
control element, means for controlling temperature of the
nonlinear optical crystal and the temperatures of the laser
crystal and the nonlinear optical crystal simultaneously or
individually, and means for taking out a second laser beam
converted from part of the first iaser beam and having a
wavelength different from that of the first lasei beam.

20. A lasef applied unit which uses the laser of any one of
claims 15 to 19.

21. The laser applied unit of claim 20 which is a laser
printer.

22. The laser applied unit of claim 20 which is an optical
shaping unit.

23. The laser applied unit of claim 20 which is an optical
disk drive.

24. The laser applied unit of claim 20 which is a particle
counter.

| 25. The laser applied unit of claim 20 which is a DNA

] : N
\“ : - 42 -
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be obtalned efficiently wthout controlling wavel ength. In the

present i nvention, by designing a Li SAG |aser resonatorg
consi deration openings in the resonator, the effici ency SH@EQEHL HAS BEEN

sem,conduct or
control ling
phenonmenon of

out put is propseaaendsing this Li SAF | aser,

of 10 mMWis i
service life
- 37_

| aser excited LiSAF |aser is greatly inpropved. HERLARED by_

the tenperature of the Li SAF crystal, the oscillation | ost

the |l aser is avoided and neans for obtaining a stable |aser
an SHG | aser having an out put
nglenented The present invention nakes it possible to extend

®- 2 Aolaser resc ik tdan aethedy #eranacpbhrting nsaddaten t o

from a laser crystal made of a fluoride contalnlng chromium
in a laser resonator to obtain a first laser beam, wherein
resonance is carried out in the resonator having an opening
with a diameter which is substantially 5 times or more the

diameter of the first laser beam.

ThlS Sheet Has Been Reilaced

SR [T



1/50 to 1/30 and 1/400 to 1/200 those of the prior art, respectively. In
addition, the present invention nakes it possible to reduce the size and
power consunption, extend the service life and inprove the reliability of
| aser applied units. According to the present invention, in a

wavel ength variable laser, particularly an internal resonator SHG system
using a Li SAF | aser, the oscillation threshold value 1is reduced by
expandi ng the transm ssion wavel ength width of the wavel ength control

el ement and the efficiency and reliabiligy of a second harnoni c generator
as a laser are ABSTRACT

In a laser resonator comprising a laser crystal made of
a fluoride containing chromium and at least one optical
part, the diameter of an opening in the resonator is set to
"5 times or more the diameter of a first laser beam obtained
by oscillating radiation from the laser crystal in the

resonator.

- 44 -



i nproved by using an LBO crystal as an SHG crystal having a wide phase
mat ch wi dth. Moreover, using this second harnonic generator as a |ight
source, the reliability of a |aser applied product such as a | aser printer
is-inproved. Industrial Applicability As descri bed on the foregoing
pages, according to the present invention, a snall-sized |aser resonator,
| aser and |aser applied unit such as a |aser printer having excellent
stability can be provided.
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resonat or

- 38 - 7 . CLAIMS 1. A laser _
conprising a | aser crystal nmade of a fluoride containing C and at | east
one optical part, characterized in that an opening in the resonator has
substantially a diameter 5 tinmes or nore that of a first |aser beam which
I's obtained by oscillating radiation from the laser crystal in the - o
resonat or. .
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2. _The laser resonator of claim1, wherein the laser crystal is made of
Cr:LiSTAIF6 (chrom um added lithium strontium alum numfluoride). 3.

The }aser ‘resonator of claim1 or 2 which has neans for controlling the
tenperature of the |aser crystal. 4. The | aser resonator of claim3

whi ch has nmeans for controlling the tenperature of the laser crystal in a
range where input/output characteristics thereof do not reach saturation.

5. The | aser resonator of claim3 or 4 whi3chihas neans for controlling
the tenperature T of the laser crystal in a range of O [err] T [err]
50[err]C. . 6. The | aser resonator of any one of clains 1 to 5  wherein

at least one of a plurality of mirrors constituting

Fig. 5 |
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the resonator is forned on one end surface of the |aser crystal. 7. The
| aser resonator of any one of clains 1 to 6, wherein at |east one of the
optical parts is a wavelength control elenment. 8. The | aser resonator

of claim?7, wherein a birefringence . - 39 -

crystal inclined at the Brewster angle is used as the wavel ength control
el ement for controlling the oscillation

412

Fig. 6
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wavel ength of the solid | aser crystal. 9. The | aser resonator of claim
8, -wherein at | east one selected fromquartz (SiQ2), LiNobG3, LiTa®3 and a
liquid crystal plate is used as the birefringence crystal. 10. The l|aser
resonator of claim9, wherein a single quartz plate having a thickness of
0.5 mmor less is used as the birefringence crystal. 11. The | aser
resonator of any one of clains 1 to 10, wherein the optical parts include
a wavel ength control elenment and a nonlingpy pptical crystal. 12. The

| aser resonator of claim1l, wherein at |least part of the first |aser beam
is converted q?jt a sgbond | aser beam having a wavel ength different from

that of the fi *| aser beam when it passes through the nonlinear optical
crystal .
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13. “The | aser resonator of claim1l or 12, wherein the nonlinear optical
cryStal is made of at |east one selected fromLiB[err]O[err] (lithium
trihorate), CsLiB[err]O[err] (caesiumlithium borate),
[err]-BaB[err]O[err] (bariumborate) KNb(Jerr] (potassium niobate),

KTag err] (potassiumtantalate), K-Li-Nb-O (lithium potassium niobate),
K-Ta-Nb-O (niobic acid, tantalic acid-potassiunm) and LilQerr] (lithium

i odate). 14. The laser- resonator of any ofe/df2claims 11 to 13 which has
means for controlling the tenperatures of the |aser crystal and the

nonl i near optical crystal simultaneously or

-

— ]

06



indL}iduaIIy. 15. A laser conprising the | aser resonator according to any
one of clains 1 to 14 and a laser crystal. - 16. The laser of claim 15,
wherein nmeans for exciting the laser crystal is a sem conductor |aser..
17. The laser of claim15 or 16 conprising a |laser crystal nmade of

Cr:Li SrAlF6, a resonator structure in which at |east one resonator mrror
is forned on one end surface of the Iaser7p %sxal a sem conductor | aser
for exciting thez:l aser rystal, a first er bean1haV|ng a wavel ength
[err]1 that é?ies iﬁo [err] [err]1l [err] 1,000 nm which is obtained
by oscillating radiation fromthe |aser crystal in the | aser resonator,
and a wavel ength control elenent having an opening with a dianeter 5 tinmes .

or nore the dianeter oﬂOThe ,
'l
1
i ;, existence of wave length |
i . control element l
"'\ ’
'l
2T
=. - /!
o, U
. ll
s no wavelength control element
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fi kst | aser beamand inserted into the resonator. 18. The laser of claim
15<0r 16 conprising a |laser crystal made of Cr:Li StrAlF6, a resonator
structure in which at |east one resonator mrror is forned on one end-
surface of the |I|aser crystal, a sem conductor |aser for exciting the |aser
crystal, means for controlling the tenperature T of the |laser crystal in a
range of O [err] T [err] 50[err]C, a first |laser beam having a wavel engt h
[err]1l that satisfies 780 [err] 11 [erré/l 0O nm which is obtained by
oscillating radiation fromthe |laser ¢ ysg in the | aser resonator, and a
wavel ength control el enment having an opening with a dianeter 5 tines or.
nore the dianeter of the first |aser beamand inserted into the

resonator. - 41 -

Fig. 13 \
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19.~ The | aser of claim 15 or 16 conprising a | aser crystal nmade of
Cr:<Li Sr Al F6, a resonator structure in which at |eas one resonator mrror
iszZormed on one end surface of the |aser crystal, a sem conductor |aser
for. exciting the |laser crystal, a first |aser beam having a wavel ength
[err]1 that satisfies 780 [err] [err]1 [err] 1,000 nm which is obtained
by oscillating radiation fromthe |aser crystal in the |laser resonator, 'a
nonlinear optical crystal having an opening 3ﬂ$h a dianeter 5 tinmes or
nore-the dianeter of the first |aser beanlan Tnserted into the resonator,

a wavel ength

Nd:YVO, laser

- LiSAF laser

/

output of solid laser
(relative intensity)

T 200 300 400

excitation input (relative intensity)



coatrol element, neans for controlling tenperature of the nonlinear

optical crystal and the tenperatures of the |laser «crystal and the
nopl i near optical crystal sinmultaneously or individually, and nmeans f-or
takKi ng out a second | aser beam converted frompart of the first laser beam
and having a wavelength different fromthat of the first |aser beam 20.
A | aser applied unit which uses the laser of any one of clains 15 to 19. .
21. The laser applied unit of clai-m20 whilcQA 322 |laser printer. 22. The

| aser applied unit of claim?20 which is an optical shaping unit. 23. The

| aser applied unit of claim20 which is an optical disk drive. 24. The

| aser applied unit of claim?20 which is a particle

z
temperature of LiSAF crystal :
is controlled (15 °C)

= 83 :
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2 ! -
= temperature of LiSAF
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e |
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v P
co_urit"‘er. 25. The laser applied unit of claim?20 which is a DNA
- 42 - sequencer. 26. A laser oscillation nmethod for oscillating
radiation froma laser crystal nade of a fluoride containing chromum- in
a Tlaser resonator to obtain a first |aser beam wherein resonance is
calried out in the resonator having an opening wth a dianeter which is

substantially 5 tinmes or nore the 11/192
Fig. 16
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di affeter of the first |aser beam
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CLAIMS

1. A laser resonator comprising a laser crystal made of a fluoride
containing Cr and at least one optical part, characterized in that said
laser crystal'(IZI); SHG crystal (131) and birefringence filter (125)
are ;rranged in this order ; wherein said birefringence filter is
iﬁc!ihed at Brewster angle with.respécf to an optical axis, and phase
matching is executed by rotating said birefringence filtér around

normal axis thereof with keeping an inclination of Brewster angle.

2. A laser resomator of claim 1, wherein at least one crystal plate
selected from quartz (Sioz), LiNb0s and LiTa0s is used as the

birefringence crystal such that transmission wavelength which is 10 nm

ot less than.

3. A laser resonator §f claim 1 or 2, wherein the thickness of said
birefringence filter is from 0.6 mm to 3.0 mm in order to set

oscillation wavelength interval at 10 nm or less than.

4. A laser resomator of claim 1, wherein a plane output mirror (123) is
arranged between said SHG crystal (131) and said birefringence filter,

in order to input only fundamental wave into said birefringence filter.

5. A laser resomator comprising a laser crystal made of a fluoride
containing Cr and at least one optical part, characterized in that said
laser crystal (121), SHG crystal (131) and output mirfor (128) are
arranged in this order ; wherein said output mirror is provided with a

coating having wavelength selection characteristic for fundamental wave,

A



: _ 40 Substitute sheet - 19 June 1998
in order to carry out a phase matching of oscillation waveingth.

6. A laser resonator of claims 1 to 5, wherein an opening of optical
parts arranged in a resonator has a dianietér 5 times of more that of a

first laser beam.
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