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Abstract The resulis of expermental sudy on a canplex cavity Nd YAG hser pumped L NBO; crystal optical param etric
oscillator(OPO) is reported Average output pulse energies of 56 4m J of the OPO and 22 8m] of the idler at 3097m were
observed with the pulse w dth of 8ns The conversion efficency fran 1060mm pump ing laser © the OPO output ( the sgnal and
idler) was 466 at puke repetiton rates up to 10Hz The tunng ranges of the OPO obtained by angle tuning the LNHO, crystal

were 1479mm ~ 1621mm of the signal and 3097mm ~ 3793mm of the dler
Key words solid state laser m d infrared canplex cavity pump optical paran etric oscilhtor( OPO)
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The atmosphere vsibility at visble or nearvisible
n frared wavelengths is prin arily related to aewsol scatte-
ring Systems operating at 1064nm are affected mamnly by
molecular absoptbn The most pmm ising amospheric
w indow for bngrange applicatbns appears to be 3500nm
~ 4100nm spectral region of the so-called 3000nm ~
5000nm atm ospheric transn issbn w indow, in which mo-
lecu lar attenuaton and aerosol extincton are moderate So
the opto-electronic countem easures in the 3000nm ~
5000nm spectral regbn attract spec il attention

The optical paranetric oscillators (OPOs) offer a
wide wnable output m the m d nfrared regi)n“N 7
LAVE" reported highly efficient bw-threshod tnable
all-solid-state ntra-cavity optical parametric oscillator n

the m d nfrared Output energy as hgh as 640H Jwas ob-
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1479mm ~ 1621 mm, 3097mm ~ 3793

sewved at the dler wavelength of 3700nm, which corre

fran dbde
lght to idler lght In literature [ 6], the idler output ener
gy of Tm J/pulse at H z was observed by a Q-switched
Nd:YAG laser punped L NbO; parametric oscillator

It is necessaty for sane experinental tests to have as

sponds to a conversion efficency of 1 &b

high output pulse enewgy/power and high conversion effr
ciency fran pumping laser to OPO output as possible
There are sam e drawbacks for usng i tra-cavity or extra-
cavity scheme For obtaining high ouput pulse energy of
the OPO , the canplex cavity technology is used to sudy
expermentally on a Q -swilched Nd:YAG laser pumped
singly resonant LNbO; paran etric oscillator Average
pulse ouput energies of greater than 56mJ of he OPO,
22m J of he dler at 3097mim wavelength were observed
The wning ranges of the OPO obtained by angle uning
the LINbO; crystalwere 1479nm ~ 1621nm of the sgna]
and 3097mm ~ 3793m of the dlex

1 Basical laws

The enewgy consewatbn lav of anOPO s®,= o+
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w; that i5 the wavelength relation must be satisfied n
non Inear nteracton process of an OPO:

1/, = 1/Ac+ 1/N; (1)
where ©,, @ ®©; denotes frequency of pumpng lghi se-
nal and dler respectvely, and A, A, Ai denotes wave
length and polarizatbn correspondingly Themament con-
sewatbn law must also be obeyed in nonlnear nteraction
process of an OPO, that is K, =K, +K;, that also is

n, /N, = n,/N.+ n,/\,; (2)
where K, K, K; denotes wave vector valie of pumping
lght sinal and idler respectvely, and n.p, n., n.; denotes
refraction index at correspond ng lght transn ission drec
ton n nonlnear crystal This is also the phase matching
relation of the OPO, 1 e phase vebcity relaton of light
wave n an OPO. For the Nd:YAG 1064nm laser pum ped
LNBO; crystal and typell phasematching the phase
matching angle 6, at a certain tenperature can be calcu-
lated using the formmula (1), (2) and Selmekr's equa
tbns " of refractbn index of crystal In the experment

he LNbO; crystalwas cut atf, = 48°, ®= - 90°
2 Experim ental setup

Expermental setup and measurng scheme are shown
n Fig 1 The flat m irorM; and M, consit 1064nm laser

cavity andM 3 M4 consist a singly resonatng cavity of the
QPO cavity @
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Fig 1 Experinental setup

OPO. The nput couplerM; of theOPO is coated for high
trangn issbn (T > 97 &b ) at 1064nm, heh reflection
(T< Y% ) at 1400nm ~ 1600mm. The output couplerM,
(Caf substrate) is coated for hgh transmisson ( 7>

85% ) 2500mm ~ 5000mm, hih reflectbn 1300nm ~

1600nm (T< 1% ~ 6% ) ( signalwavelength range) and
1064nm radiaton (TKQ 2%% ). I order to obtain a high
conversbn efficiency fran punping source to the OPO
output it 5 need to increase reasonably pump laser pulse
duration so that the sgnalmakes round trip enough tines
n the OPO. A ccord ng to the laser() -sw itching theorym,

a Q) -swiiched laser pulse widh varies nversely as the
ratb Ang/An, the nithl population density Any to the
threshold population density An, Thereforg a Q-sw iiched
YAG laser with low reflectivity m irror M, at 1064nm, and

sowith low ratob value Any /An, is used for reasonable
ncrement of he OPO punping pulse width and gaining
as high pum ping pulse energy output as possble

In the experim ent the YAG laser backm irrorM, and
the output couplerMy of the OPO simu ltaneously consist a
high reflecton cavity at 1064nm. Then, n this locked ca
vity the 1060nm laser radiation can be output through the
M, only by the OPO conversion nto sinal and idler As
men tbned above this so-called canplex punp caviy OPO
is neither an ntra-cavily nor an extra~caviy OPO
schen ¢ but it canbnes both advantages and avoids heir
dravbacks This expermental schane is particularly val-
able for obtaining high pulse energy output and a high
converson efficiency fran 1064nm o the OPO output
The pulse outputs of the sgnal1400nm~ 1600nm and the
d ler 3000mm ~ 5000mm spectral regbn can be smultane
ously obtaned through My depending upon the phase
matched situation and the reflective characters of the M ;
and M 4

It is also need to use as long nonlnear crystal as
possible n pemissve distance determn ned by wak-off
angle of the crystal The 10mm X 10mm X 40mm good
quality LNBO; crystal with antireflection antbptic dam-
age coatng at the pump and signalwavelengths & used n

the experment
3 Experim ental results

The pulse output energies are m easured with J25-
MAXS500 or EPM-2000 laser eneigy/power m eter at the
M, orM 4 output respectvel. Under the san e pumping n-
put conditbn the Nd: YAG output pulse energes with
average valie of 122 9mJ and the OPO output pulse en-

ergies versus measuren ent numbers are shown in Fig 2

EIZOF OPO pumping pulse energy

:ﬁs I

;‘:—5 &0y

B e iseman i am e e san_anPumansen et st
% 40 OPO output pulse energy

o

0O 10 20 30 40 50 60
measurement number

Fig 2 OPO pumping pulse energy and OPO output pube enery vs m ea-
suren ent num ber

The output flicuabns of the fomer are 4 &0 ~ 6. 2%

and 4 & ~ 7 0% of the later By seltng a filter a K9

glass p hte or the My m irror w ith the same character at the

output of he OPO to cut off above or belw about 2700nm
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lght radiation the signal or dlerwave is separated out of
the OPO output The pulse energy measured with the K9
glass phte orMy miror filter correspond to the sinal or
dler output pulse enewy respectvel. The typical OPO
output ( signal and iler) pulse energiesw ith the average
valie of 56 4mJ/pulse and the dler output pulse energies
at 3097om w avelength w ith average output energy of 22 8
m J/pulse are shown in Fig 3 Themeasured transm issivr

ty of the OPO output couplerM, at 1064m is 0. 25%.
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Fig 3 OPO output pulse energy curve and idler( at 3097nm wavelength)
pulse energy

Thereforg there is onky Q@ 31lmJ at 1064nm in he OPO
output pulse enemy of 56 4m] so he average output con-
version effciency fran 1060nm to signal and dler is
56.4/(122 9- Q 31) = 46% . The results presented n
Fi 2 and Fig 3 are taken at a repetiton rate of IHz No
degradatbn of the conversion efficiency is observed at
repetition rates up to 10H z

The pulse traces of the ()-swiiched YAG hser and
the signal are separately measured by an ﬁﬁa&@wctor
at the output of Mo, My and a LeCroy LC584A oscilb-
scope As shown n Fig 4 Fig § the pulse width of the

B 1

| 20ns |
050V | i\

Fig 4 The oscilbscope trace of the OPO pum ping hser puke
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| 385mV |,
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Fig 5 The oscilloscope trace of the OPO signal output pulse
Q-svitdhed YAG laser is 20ns and the sgnal pulse w dth
is 8ns which is obvbusly reduced because of nonlinear
param etric interaction process and he OPO threshold con-

ditbn

W ave kngths of the sgnal and idler are m easured
wih W DG30 grating spectraneter An InGaAs or pyroe
lectric detector is used to measure sgnal or idler wave
lengths respectively A cwally the wavelength range of
dler can be derived by measured signal wavelengh ac
cording to the equation (1). The measured dler wave
length is concidentw ih the calculated value Tunng ran-
ges of the OPO obtaned by angle uning he L NbO; ciys
tal at20C are shown in Fig 6 Realignng the OPOsm -
rors while tuning the OPO wavelengh & not conducted
M easured wavekngths of the sinal are 1479mm ~
1621nm, and 3097nm ~ 3793nm of the dler Because of
machnig tolerance of the LNbO; crystal the lower dler
wavelength (3097nm) of the twn ng range is shorter han
that expected

40
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Fig 6 Tuning range of theOPO obtamned by angle tuning the LINDO; crystal
at 20C

4 Sunm ary

The optical param etric oscillatorw ith high pulse out
put enegy and w de wavelength range are experinentally
stud ied using camplex cavity pump technology The aver
age pulse output enegy of 56 4m]J of the OPO and
22 8m] of the idler at 3097m wavelength is obtaned re
spectvely. The conversion efficiency fran 1064nm to si-
nal and idler is 48

nunber of experimental data denonstrates that it is bene

at pulse rate up to 1Hz A lage

ficial to raise converson efficiency fran 1064nm to signal
and dlerbymeansofaNd'YAG laser pumped good qual
ity LINDO; crystal OPO and camplex cavity pump technol
ogy It is also very mportant for obtan ng high pulse out
put energy of the OPO to coat antireflective anti-optic
damage i at the optical surfaces of he LNbBO; crystal
The signal in 1479mm ~ 1621nm  spectral regon of
the Nd'YAG 1060mm laser pumped LN bO; crystal OPO
is pst n the amospheric transn ission w ndow, and also
n the eye-safety spectral regn. In case thew de spectral
app lications are desired, for exanple, it is required that
(T4 % 346M )
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laser janmer can sinultaneously jan the elder nfrared
m issiles operatng 1000nm ~ 2000nm spectral and
he new infrared m issiles operating 3000nm ~ 5000nm, it
perhaps is very useful that the signal and idler are smul
taneous ou puts The laser janm ing source of high bright
and hgh directionality can easy saturate detectors of n-
frared m issiles moreover the chemical absoptbn spectra
of the light hydrocarbons in the nfrared region 3000nm ~

4000mm allows the use of mid-nfrared D AL lidar tech-

niques for petroleum exploration and pipeline mon itoring

. 8
hese chem icald ¥

References

[ 1] KATO K Paranetric oscillation 3. 2Hm i KTP pum ped at 1. 0644 m
[Jl. EEE JQ E 1991 27(5): 1137~ 1139

[2]

[ 3]

[ 4]

[ 5]

[ 6]

[7]

[ 8]

BUDNIPA, KNIGHTSM G, CH CKLB E P et al KibhertzA gGaSe,
optical paran etric oscillhtor pumped at 2Hm [ J]. OptLett 1993 18
(13): 1068~ 1070.
M NYAKE C I LOWENTHAL D D. Efficientm - infrared conversion
technologies [ J]. SPIE, 1995, 2374 215~ 224
LAV IR, ENGIANDER A, LALLOUZ R H ichly efficient low- thredr
old unable alksolit state intracavity optical parmetric oscillator n
them dinfrared [ J]. Opt Lett 1996 21(11): 800~ 802
COLVILLE FG, MCGUCKIN BT. OPOs wune solidstaie (W hsers
fran 3 to5 m icrons [ J]. Laser Focus World 1998 34(11): 83~ 87

s .3 76im []]. R
2000 A27(8): 691~ 693.

s s . [M].

, 1983 52~ 53.

CEIGER A R, PRASAD SN. M id-infrared D IAL lidar ©or petrolum
expbration and pipeline monibring [ J]. SPIE, 1995 2374 240~
248



