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Abstrac t: The resu lts o f exper im enta l study on a com plex cav ity Nd�YAG lase r pumped L iNbO3 crysta l optical param etr ic

osc illator( OPO ) is reported. Average output pulse ene rg ies of 56. 4m J of the OPO and 22. 8m J of the idler at 3097nm w ere

observed w ith the pulse w idth o f 8ns. The conversion effic iency from 1060nm pump ing laser to the OPO output ( the signa l and

idler) was 46% at pu lse repetition rates up to 10H z. The tun ing ranges of the OPO obta ined by ang le tun ing the L iNbO
3

crysta l

w ere 1479nm ~ 1621nm o f the signa,l and 3097nm ~ 3793nm o f the idler.

K ey words: so lid�sta te lase r; m id infrared; com plex cav ity pump; optica l pa ram e tric osc illa tor( OPO )
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摘要: 报道了采用复合腔技术研究 Nd�YAG 激光抽运 L iNbO 3晶体光参量振荡器 ( OPO )的实验研究结果。得到

OPO输出单脉冲平均能量 56. 4m J, 闲频光 ( 3097nm )脉冲平均能量 22. 8m J, 脉宽 8ns, 抽运光转换成参量光输出效率

46% (重频 1H z~ 10H z)。测得角度调谐的波长范围是: 信频光 1479nm ~ 1621nm,闲频光 3097nm ~ 3793nm。
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Introduction

The atm osphere v isibility at v isib le or near�v isible

in frared w avelengths is prim arily related to aeroso l scatte�
ring. System s operating at 1064nm are affected m a inly by

m o lecu lar absorpt ion. The m ost prom ising atm ospheric

w indow for long�range applications appears to be 3500nm

~ 4100nm spectra l reg ion of the so�called 3000nm ~

5000nm atm ospheric transm ission w indow, in wh ich m o�
lecu lar attenuat ion and aeroso l extinct ion arem oderate. So

the opto�electron ic counterm easures in the 3000nm ~

5000nm spectra l reg ion attract spec ia l attention.

The optica l param e tric oscillators ( OPO s) o ffer a

w ide tunab le outpu t in the m id infrared reg ion
[ 1~ 5]

.

LAVE
[ 4]

reported high ly effic ient low�thresho ld tunable

all�solid�state intra�cav ity opt ical param etric oscillator in

the m id infrared. Output energy as h igh as 640�Jw as ob�

served at the idler w avelength o f 3700nm, wh ich corre�
sponds to a conversion effic iency o f 1. 8% from d iode

light to idler ligh.t In literature [ 6] , the idler output ener�
gy o f 7m J/pulse at 5H z w as observed by a Q�sw itched

Nd�YAG laser pum ped L iNbO3 param etric oscillator.

It is necessary for som e experim ental tests to have as

high output pulse energy /pow er and high conversion effi�
ciency from pum ping laser to OPO output as possible.

There are som e drawbacks for using in tra�cav ity or ex tra�
cav ity schem e. For ob taining high ou tput pulse energy o f

the OPO , the com p lex cavity technology is used to study

experim en tally on a Q �sw itched Nd�YAG laser pum ped

sing ly resonant L iNbO3 param etric oscillator. Average

pulse ou tput energ ies o f g reater than 56m J of the OPO,

22m J of the id ler at 3097nm w ave length w ere observed.

The tuning ranges o f the OPO ob tained by ang le tuning

the L iNbO3 crystalw ere 1479nm ~ 1621nm of the signa,l

and 3097nm ~ 3793nm o f the id ler.

1� Basical laws

The energy conservat ion law of an OPO is�p = �s +
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� i, that is, the w ave length relation m ust be satisfied in

non linear interact ion process o f an OPO:

1 / ep = 1 / os + 1 / oi ( 1)

w here �p, �s, �i denotes frequency of pum ping ligh,t sig�
nal and id ler respective ly, and  ep,  o s,  o i denotes w ave�
length and po larizat ion co rresponding ly. Them om en t con�
servat ion law m ust also be obeyed in non linear interaction

process o f an OPO, that is, K p = K s +K i, that also is:

nep / ep = nos / os + no i / o i ( 2)

w hereK p, K s, K i denotes w ave vector value of pum ping

light, signa l and idler respective ly, and nep, nos, no i denotes

re fraction index at correspond ing light transm ission d irec�
t ion in non linear crysta.l Th is is a lso the phase m atching

re lation o f the OPO, .i e. phase ve loc ity re lation of light

w ave in an OPO. Fo r theNd�YAG 1064nm laser pum ped

L iNbO3 crystal and type� phase�m atch ing, the phase

m atching ang le !m at a certa in tem perature can be calcu�

lated using the formu la ( 1), ( 2) and Se llm e ier! s equa�
t ions

[ 1]
of refract ion index of crysta.l In the experim ent

the L iNbO3 crystalw as cut at!m = 48∀, ∀= - 90∀.

2� Experim ental setup

Experim ental setup and m easuring schem e are shown

in Fig. 1. The flat m irror M1 and M 2 consist 1064nm laser

cav ity andM 3, M4 consist a sing ly resonat ing cavity of the

� �

F ig. 1� Exper imental setup

OPO. The inpu t coup lerM3 o f theOPO is coa ted for high

transm ission ( T > 97. 6% ) at 1064nm, h igh reflection

(T < 1% ) at 1400nm ~ 1600nm. The output coupler M 4

( C aF substrate ) is coa ted for h igh transm ission ( T >

85% ) 2500nm ~ 5000nm, h igh reflect ion 1300nm ~

1600nm (T < 1% ~ 6% ) ( signa lw ave length range) and

1064nm radiat ion (T # 0. 25% ). In order to obtain a high

conversion effic iency from pum p ing source to the OPO

outpu,t it is need to increase reasonably pum p laser pulse

duration so that the signa lm akes round trip enough tim es

in theOPO. A ccord ing to the laserQ �sw itching theory
[ 7]

,

a Q �sw itched laser pu lse w idth varies inversely as the

rat io #n0 /#n t, the in it ia l popu lation density #n0 to the

threshold population density #n t. There fore, a Q�sw itched

YAG laser w ith low reflectivity m irror M2 at 1064nm, and

so w ith low ratio value #n0 /#n t, is used for reasonable

increm ent of the OPO pum p ing pu lse w idth, and gaining

as high pum ping pu lse energy output as possib le.

In the experim ent theYAG laser back�m irrorM1 and

the output couplerM4 of theOPO simu ltaneously consist a

high reflection cav ity at 1064nm. Then, in th is locked ca�
v ity the 1060nm laser radiation can be output through the

M 4 only by the OPO conversion into signa l and idler. A s

m en tioned above this so�ca lled com plex pum p cav ity OPO

is neither an in tra�cav ity nor an ex tra�cav ity OPO

schem e, but it com b ines both advantages and avo ids the ir

draw backs. Th is experim enta l schem e is part icularly valu�
able for ob taining high pulse energy output and a high

conversion efficiency from 1064nm to the OPO outpu.t

The pu lse outputs of the signa l1400nm ~ 1600nm and the

id ler 3000nm ~ 5000nm spectra l reg ion can be sim ultane�
ously obta ined through M4 depend ing upon the phase

m atched situation and the reflective characters of theM 3

and M 4.

It is a lso need to use as long non linear crystal as

possible in perm issive d istance determ ined by w a lk�o ff

ang le of the crysta.l The 10mm ∃ 10mm ∃ 40mm good

qua lity L iNbO3 crysta l w ith ant ireflection, ant ioptic dam�
age coating at the pum p and signalw aveleng ths is used in

the exper im en.t

3� Experim ental resu lts

The pulse output energies are m easured w ith J25�
MAX500 or EPM �2000 laser energy /pow er m eter at the

M 2 orM 4 output respect ive ly. Under the sam e pum ping in�
put condition the Nd�YAG output pulse energ ies w ith

average va lue of 122. 9 m J and theOPO output pulse en�
erg ies versus m easurem ent num bers are show n in Fig. 2.

� �

Fig. 2� OPO pump ing pulse energy and OPO ou tpu t pu lse energy vs. m ea�

surem ent num ber

The output fluctua ions of the form er are 4. 6% ~ 6. 2%

and 4. 8% ~ 7. 0% o f the later. By sett ing a filter, a K9

glass p late or theM4 m irror w ith the sam e character at the

output o f theOPO to cut o ff above or below about 2700nm
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light radiation, the signal or id ler w ave is separated out o f

the OPO ou tpu.t The pu lse energy m easured w ith the K9

glass p la te or M4 m irro r filter correspond to the signal or

id ler outpu t pulse energy respective ly. The typical OPO

output ( signal and id ler) pu lse energ iesw ith the average

value of 56. 4m J/pulse and the id ler output pu lse energies

at 3097nm w aveleng th w ith average ou tput energy o f 22. 8

m J/pu lse are show n in Fig. 3. Them easured transm issiv i�
ty o f the OPO output coupler M4 at 1064nm is 0. 25%.

� �

Fig. 3� OPO ou tput pu lse energy curve and idler ( at 3097nm w avelength )

pulse energy

Therefore, there is on ly 0. 31m J at 1064nm in the OPO

output pulse energy of 56. 4m J, so the average output con�
version e ff ic iency from 1060nm to signal and id ler is

56. 4 / ( 122. 9 - 0. 31) = 46% . The resu lts presented in

F ig. 2 and Fig. 3 are taken at a repetition rate of 1H z. No

deg radat ion o f the conversion efficiency is observed at

repetition rates up to 10H z.

The pu lse traces o f the Q �sw itched YAG laser and

the signal are separate ly m easured by an InG aA s detector

at the outpu t of M2, M4 and a LeC roy LC584A oscillo�
scope. A s shown in F ig. 4, F ig. 5, the pulse w idth of the

� �

F ig. 4� Th e oscil loscope trace of the OPO pum p ing laser pu lse

F ig. 5� Th e oscilloscope t race of the OPO signal ou tpu t pu lse

Q�sw itched YAG laser is 20ns, and the signa l pu lse w idth

is 8ns, w hich is obv iously reduced because of nonlinear

param etric interaction process and theOPO thresho ld con�
dit ion.

W ave lengths o f the signa l and idler are m easured

w ith W DG30 grating spectrom eter. An InGaAs or pyroe�
lectric de tecto r is used to m easure signa l o r idler w ave�
lengths respectively. A ctua lly, the w aveleng th range o f

id ler can be derived by m easured signal w aveleng th ac�
cord ing to the equation ( 1 ). The m easured id ler w ave�
length is co incidentw ith the calcu lated value. Tuning ran�
ges o f the OPO obta ined by ang le tuning the L iNbO3 crys�
tal at 20% are shown in Fig. 6. Realign ing theOPOs m ir�
rors w hile tun ing the OPO w ave leng th is not conducted.

M easured w ave lengths o f the signa l are 1479nm ~

1621nm, and 3097nm ~ 3793nm of the id ler. Because o f

m ach in ing to lerance o f the L iNbO 3 crysta l the low er id ler

w ave leng th ( 3097nm ) of the tun ing range is shorter than

that expected.

Fig. 6� Tun ing range of theOPO obtained by angle tun ing th e LiNbO3 crystal

at 20%

4� Summary

The opt ical param etric oscillator w ith high pu lse out�
put energy and w ide w avelength range are experim entally

stud ied using com plex cav ity pum p techno logy. The aver�
age pulse output energy of 56. 4m J of the OPO and

22. 8m J o f the idler at 3097nm waveleng th is obta ined re�
spective ly. The conversion efficiency from 1064nm to sig�
nal and idler is 46% at pu lse rate up to 10H z. A large

num ber o f experim ental data dem onstrates that it is bene�
f icial to raise conversion efficiency from 1064nm to signa l

and id ler bym eans o f aNd�YAG laser pum ped good qual�
ity L iNbO3 crystalOPO and com plex cav ity pum p techno l�
ogy. It is also very im portant for obta in ing h igh pulse out�
put energy of the OPO to coat antireflective, anti�optic

dam age f ilm at the opt ica l surfaces of the L iNbO3 crysta.l

The signal in 1479nm ~ 1621nm spectral reg ion o f

the Nd�YAG 1060nm laser pum ped LiN bO3 crystal OPO

is just in the atmospheric transm ission w indow, and also

in the eye�safety spectra l reg ion. In case thew ide spectra l

app lications are desired , for exam p le, it is requ ired that

(下转第 346页 )
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是由于烧结道距其后方边沿的距离更近的原因造成

的。可通过对粉末进行预热来减少应力的不均衡性。

这些趋势与先前的研究
[ 6]
相吻合。

8� 结 � 论

对直接金属选区激光烧结过程的瞬态热应力场分

布进行了数值模拟,并形成如下结论: ( 1) 建立了直接

金属选区激光烧结的三维瞬态有限元分析模型, 在模

型中考虑了热传导、比热容等变物性参数的影响。热

量在粉床中的传播机制复杂, 其导热系数的考虑可以

通过折算的方式进行。 ( 2) 对于多道烧结的热力耦合

分析, 激光移动热源可以通过 ANSYS的 APDL进行模

拟,热力耦合采用间接法具有更大的灵活性。 ( 3) 在

烧结进行过程中,由于已烧结部分的影响,最大热应力

有逐渐减少的趋势。 ( 4) 在扫描烧结道的前方比其后

方具有更大的热应力分布, 这是由于扫描烧结道前方

具有更大的温度梯度。

参 考 文 献

[ 1] � JIANG W, XU Zh X, DALGARNO K W e t al. Num erical pred iction of

th erm al stresses in d irect m etal SLS p rocess [ A ] . Proceed ing of the

S econd In tern at ion alC onference on Rap id Prototyp ing & M anufactur�

ing 2002 [ C ]. Beijing: T singhu a Un iversity Press, 2002. 64~ 69.

[ 2] � CH ILDS T H C, TONTOW I A E. S elect ive laser s intering of a crystal�

lin e and a g lass�filled crystallin e polym er: exp erim en ts and sim u lat ions

[ J] . Proc IM echE, 2001, B215: 1481~ 1495.

[ 3] � GRECO A, MAFFEZZOL I A. Polym er m elting and polym er pow der

sin tering by therm al analysis [ J] . Journ al of Therm al Analys is and

Calorim etry, 2003, 72( 3) : 1167~ 1174.

[ 4] � CH ILDS T H C, BERZINS M, RYDER G R et a l. Selective laser sinte�

ring of an am orphou s polym ers�s im ulations and experim ents [ J] . Proc

IM echE, 1999, B213: 333~ 349.

[ 5 ] � FISHCHER P, ROMANO V, W EBER H P e t a l. M od eling of near in�

frared pu lsed laser sintering of m etallic pow ders [ J ] . SPIE, 2003,

5147: 292 ~ 298.

[ 6] � MATSUMOTO M, SH IOM IM, OSAKADA K et al. Fin ite elem en t a�

nalys is of sing le layer form ing on m etall ic pow der bed in rap id p rototy�

p ing by selective laser processing [ J ]. In ternat ional Journal of M a�

ch ine Tools& M anu factu re, 2002, 42 ( 1) : 61~ 67.

[ 7] � W ILL IAM S JD, DECKARD R. Advances in modeling the effects of

selected param eters on the SLS p rocess [ J] . Rap id Prototyp ing Jour�

na,l 1998, 4( 2) : 90 ~ 100.

[ 8] � S IH S S, BARLOW JW. M easurem en t and p red ict ion of the therm al

conductivity of pow ders at h igh tem peratu re [ A] . Proceed ings of the

5 th Annual SFF Sym pos ium [ C ] . Au stin: the Un iversity of Texas,

1994. 321 ~ 329.

[ 9] � S IH S S, BARLOW JW. The pred iction of the thermal conductivity of

pow ders [ A] . P roceed ings of th e 6 th Annual SFF Sym pos ium [ C ].

Ausf in: the Un iversity ofT exas, 1995. 397~ 401.

[ 10 ] � 鹿安理,史青宇,赵海燕 et al.厚板焊接过程温度场、应力场的三

维有限元数值模拟 [ J] .中国机械工程, 2001, 12 ( 2) : 183 ~ 186.

(上接第 342页 )

laser jamm er can sim ultaneously jam the elder infrared

m issiles opera ting 1000nm ~ 2000nm spectral reg ion and

the new infrared m issiles operating 3000nm ~ 5000nm, it

perhaps is very useful that the signal and idler are sim ul�
taneous ou tputs. The laser jamm ing source of h igh bright

and h igh d irectionality can easy saturate detectors of in�
frared m issiles; m oreover the chem ica l absorpt ion spectra

of the light hydrocarbons in the infrared reg ion 3000nm ~

4000nm allow s the use o f m id�infrared D IAL lidar tech�
n iques for petroleum exploration and pipeline m on itoring

these chem icals
[ 8]

.
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