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ABSTRACT

In the present work, the result of investigations of theinfluence of different
parameters on conversion efficiency in mixed AgGa, In,,Se, crystal in
conditions of existing experiments are cited. The angular dispersion
coefficientsfor threeversionsof crystal AgGa In, , Se,, differing by acontent
of indium, have been calculated. A comparison was made of the obtained
results on conversion efficiency with analogous results in case of other
crystals and with corresponding experimentally measured values. The
applied analytical method makes it possible to calculate the optimum

parametersof both crystal-converter and asource of radiation for conditions
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of uncritical phase matching in the concrete experiment.
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INTRODUCTION

By present, theimportant achievements havebeen
attained in application of nonlinear crystalsinthenu-
merousdevicesof IR-range. One can noteamong them
the prospect CdGeAs, crydtds, available ZnGeP, crys-
tals, AgGaSe, and others*3. Selection of nonlinear
crystalsisdetermined by requirement of obtaining the
high conversonefficiency of pumpradiationinatuning
wide spectra range. Asoneway solving thisproblem,
itissuggested to use cha cogenide crystasor cha copy-
ritestructures, for example, AgGa/In,  Se,, AgGa(Se,
S),A. Insimilar crystals, by changing parameter X, itis
possibleto realize uncritical 90° phase matching. This
condition ensuresthe absence of walk-off of second
harmonic energy, excluding decrease of second har-
moni ¢ generation caused by birefringence.

We have chosenthe perspective crystalsAgGa In,
Se,asasubject of study among crystalsof mixed type,
owing to anumber of itsqualities. Asshowed inthe
result of experiment!® by researchers, by choosingin-
dium content, it is possibleto perform the uncritical
condition of 90° phase matching at second harmonic
generation in near and middleIR-range. With this, a
valueof parametersx onwavelength of CO, laser ra-
diationA=9.64 mcmisequad t00.6. Themeasuredvaue
of quadratic nonlinear susceptibility for AgGa, In, ,Se,
crystal isequal d =41 pm/V. For comparison, the
ana ogous specified valuefor AgGaSe, crystal isequal
to 39 pm/V B4,

For thetask of applicationin IR range of spectrum
CO, lasersthat present a powerful source of optical
coherent radiationin thegiven region of spectrum, play
aleadingrole. If inthemiddlel|R-region of spectruman
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efficient generation of radiationfor thislaser permitsto
realizetunable coherent radiation, theninthenear IR
rangeit can be succeeded owing to radiation of second
harmonicsfor CO, |aser.

To consider awidecircleof thetasksin atheory
for nonlinear waves, it isnecessary to solvethe system
of coupled nonlinear differential equations. In most
cases, solution of such systeminagenera formisnot
possible, soto analyzethe compl ete system of reduced
equiation, different gpproximation method hasbeen used.
Among them, constant-field gpproximation of basicra:
diationwaswidey used™7. Inthisapproximation, both
thereal amplitude and phasefor wave are considered
to be constant. The constant-field approximation de-
pictsrightly only aninitid stageof nonlinear interaction
for wavesuntil itisnot generdly possibleto takeinto
account thereverseinfluence generated or enforced
wavesontheintensepumpwave. Thisleadsto restricted
congderation of waveinteractioninreal mediaandloss
of information on featuresof the nonlinear process.

For analyzing of nonlinear process, itispossbleto
usethedirect numerous of coupled equations. How-
ever, development of theanal ytical method will permit
toreceivethe concrete analytical expressionsand to
define optimum parametersof thetask for the purpose
of obtai ning themaximum efficiency of converson.

To study thenonlinear opticd propertiesof sdected
typeof crystal, it isexpedient to resort to the constant-
intensity approximation’®, enabling totakeintoregard
an impact of exited wave on exciting one. Thegiven
approximations permitted to consider an influence of
phase effects on the process of redoubling CO, laser
radiation frequency in these crystal s of mixed type.

At the present work, cited astheresult of studies
for theinfluenceof different parameterson conversion
efficiencyinAgGa In, ,Se, crystal inconditionsof ex-
isting experiments. These have been calculated thean-
gular dispersion coefficients for three versions of
AgGaln,_Se, crystds, differing by content of indium.
Comparison of recelved result on conversion efficiency
has been made with analogous result in case of other
crystalsand with corresponding experimentally mea-
sured values. Theways of increasing conversion effi-
ciency aredisplayed. The used analytical method per-
mitsto cal cul ate optimum parameters of both crystal-
converter and radiation sourcefor conditionsof uncritica
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phase match in the concrete experiment. Thusfor ex-
ample, we can calculate optimal crystal length at the
givenlossesand the pump intensities, what allowsone
to estimate expected conversion efficiency.

THEORY

Let’s analyze the process of redoubling the fre-
quency of CO, laser radiation (at frequency w,) in
AgGaIn _ Se, negativeuniaxia crysta incaseof oo—
escalar phase matching for first type.

For nonlinear conversion, theoretical analysis of
waveinteractionismade by using theknown system of
the reduced equati on describing second harmonic gen-

eration (at frequency 2m 1)IF*TJ
dA 87 Oy
E+51Al_ (o) ——= AA exp(-iAz),
4 2q )
Ca +5,A, = - —2 AZexp(iAz),
dz 2N(@,)

whereA , A, are complex amplitudes of pump wave

anditssecond harmonic &t frequencdies @, , (o, = 2w,)

correspondingly, k , k, are vaues of wave vectorsfor

pump and second harmonic waves, A =Kk, —2k;

standsfor phasemismatch, d, , areefficient nonlin-

ear coefficient for thecase 11— a scalar phasematch-

ing, ., ,signify the wavelength of pump and second

harmonicwaves, n(w, ,) aretheindicesof crystal re-

fraction, J; , are the coefficients of absorption for

wavesa frequenciesof respectively.

System (1) does not includethemembersthat are
respons blefor therma effects. Inthepresentworkitis
explaned theinvestigation of frequency conversonfor
low valueof pumpintensity.

We’'ll solvethesystem with thefoll owing boundary
conditions

A(z=0)= A exp(ipy), A(z=0)=0,(©
where z=0 correspondsto theentry of crystal, and is
aninitia phase of pump waveat the entry of theme-
dium.
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Solution (1) inthe congtant-intensity gpproximeation
which concernstheamplitudeof second harmonicwhile
considering the boundary conditions (2) at the output
fromcrysta (z = ¢) leadsasfollows®9:

Ay(0) = =iy, Ayl SincALexp| 2igyg — (5, +26,—iA,) £12],(3)
where

A2 =22 (5,-26,+iA)° 14, T2=yp,lh,

sincx =sinx/ X, IjzA-A*--and

177
872y Aoy

An(ey) AoN(@,)
arenonlinear coefficients of waves.

From (3) it isseen that the harmonic amplitude de-
pending onlengthisaperiodicfunction. Atfird, at the
optimal length (coherent length) transferring of basic
radiation energy to the second harmonic energy hap-
pens. Then areversetransfer of energy occurs. From

(3) a o, = 20, itispossibleto receiveoptimum length
of crystal. At thislength in the process of frequency
conversion, a harmonic signal is maximum
(o = A arctan(1/8,) , where A% = 2%+ A?/ 4.

Whenceit appearsthat in thiscase, in contrast to the
results of the constant-fiel d approximation, acoherent
length of nonlinear medium dependson pump intensity

I, anddissipationinamedium. By increasingin pump
intensity and mismeatch, the optimum length decreases.
When we ignore the losses

lopr =057 1 (207 + A | 4)V2189),

71 V2

At y, =0and 6; = 0 from(3) wehave an expression

for conversion efficiency in the constant-field gpproxi-
metion.

From (3) itispossibleto obtaintheana ytical ex-
pressionfor conversion efficiency of pumpradiationto

second harmonic 72,(¢) = 1,(£) / 1 45.

mo(0) =3l l?SincA ¢ exp[-(8,+25,)¢]. (4
Animportant requirement for the efficient proceed-

ing nonlinear optical processisthenecessity of fulfill-

ment of optimum phase correl ation between interacting
waves. Theviolation of thisconditionleadsto mismatch

of waves phaseand, as aconsequence, to decrease of
conversion frequency efficiency. Oneof thebasic rea-
sonsthat causefor break of condition of optimum phase
correlation isthe phase mismatch. At frequency con-
versionintheconditions of phase mismatch, itisim-
possibletofulfill thecompletetransfer of basicradia-
tion energy to second harmonic energy. Inthiscasethe
gpatia beatings of harmonic amplitudesare observed.
Thistime, theminimumsof harmonicintengty beatings,
asan anaysisshowsin the constant-intensity approxi-
mation, depend on nonlinear susceptibilitiesof crys-
tal(*¥, Thisfact permitsto definethe nonlinear suscep-
tibilities of substances by asimpleway, more precise
than in the constant-field approximation. Withanin-
creasein phasemismatch, spatia frequency increases,
but at thistime, maximum va ueof second harmonic
intensity decreases.

Intheexperiment for real frequency converters, it
isimpossibleto ensureacondition of phase agreement,
i.e. phase matching (A=0). Anerror infollowing the
condition of phase matching determinesthewidth of
phase matching. Spectra width of pumpradiationline,
deviation from phase matching angledueto divergence
of laser radiation, and instability of temperaturefor a
crystal converter, all contribute to mismatch. Hence
recelving information, in particul ar, on angular width of
phase matching, will permit to cal culatethe maximum
divergenceof light beam for pumping. Aswell, deter-
mination of conditionsfor realizing uncritical phase
matching at chosen length of pump waveisimportant
for exclusion of taking down theinfluence of birefrin-
gent walk-off on generation efficiency. Thisfact alows
oneto take away therestriction of length of the used
crystalg4714,

Let’sdefinean angular width of phasematchingin
uniaxia crystal for mixedtypeAgGa ln , Se, incaseof
second harmonic generation of CO, laser radiationon
three wavelength of pump: 9.64 mcm, 9.55 memand
9.31 mcm (scalar phase matching of thefirst typefor
oo—e interaction). We’ll carry out the cal culation of
deviation anglefrom the direction of phase matching
according tol” for threeva uesreflecting indium con-
tentin crystal (0, 0.3 and 0.4). With this, there were
used Sdlmeier coefficientscited in19,

Theresultsof cal culationsare presented for angu-
lar dispersion coefficient of thefirst and second orders
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TABLE
angular dispersion
R R - - dae Phase coefficient of first
Crystal A, mcm Ne ne Ny ne pmAV ma:tyc:éng 9, degree order, cm+ang.
min.?
AgGaSe, 9.31 2.597798 2565611 2.616307  2.58463 390[12] oo—se  47.9[4]47.9672 0.048353
AgGaSe, 9.55 2.596647 2563607 2.616158 2584178  30.0[12] oo—e  49.1[4]49.1893 0.047611
AgGaSe, 0.64 2.5065652.506[4] 2.563902 2.615704 2.584012.583[2] 39.0[12] oo—e  49.6[4]49.6679 0.046432
AgGanringsSe;  9.31 2.606749 2584379 2.624120  2.602546 40.6[4] 00->e 63,5[4] 0.026456
AgGao7nesSe,  9.55 2.583259 2.605674 2.623659  2.602059 40.6[4] 00-se 65.0[4] 0.024782
AgGaornsSe,  9.64 2.605264 2582832 2.623489  2.60188 40,6[4] 00-se 66.0[4] 0,023831
AgGaelnesSe  9.31 2609726 2590959 2.626858  2.608989 ?11é(]) 00 77.6[4] 0.011648
AgGaoslnosSe;  9.55 2.609726 2580858 2.626432  2.608496 ?11:3,(]) 00->e 83.4[4] 0.006216
angular dispersion
coefficient of second
order, cm™*ang. min.
AgGansinosSe;  9.64  2.6082772.6081[4] 2.580438 2.626222  2.608315 ?115? 00-se 90.0[4] 0.0000194
intheTABLE. P

RESULTSAND DISCUSSION

To study theways of increasing frequency conver-
sonefficiencyinAgGaln, Se, crystd of CO, laser rar
diationinIR range, we’ll makethe numerouscalcula
tionof theandytica expressionfor conversonefficiency
(4), received inthe constant- intensity approximation,
the parameters of thetask are chosen according to con-
ditionsof existing experimentsfor thegiven crysta 4,
In Figures. 1-3 thedynamic processof frequency con-
version is shown to the second harmonic in
AgGa In ,Se,crystal.

In Figure 1, the dependencies of frequency con-

version efficiency onlength of crystal 7,(¢) arepre-

sented. These are considered as 3 version of conver-
sondiffered by CO, laser pumpintensities, radiaing a
wavelength in 9.55 mem. From thebehavior of curves
differing by monotonousbehavior in case of the con-
gtant-field approximation, it followsthéat thereexistsan
optimum vaueof crystd length a which conversion ef-
ficiency ismaximum. Asfar aspump intensity grows
themaximum of conversonisreached at lower lengths
of acrystal, i.e. by increasing the pump intensity, the
coherent length of crystal decreases.

In Figure 2, the dependencies on pump intensity
for threelengths of crystalsarecited. Asisseeninfig-
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0,4 0,6 0,8 1 14 1,6

172, cm
Figure1: Dependencesof conversion efficiency of radiation
ener gy of pump wave(A=9.55 mcm) toener gy of waveof second
harmonicn,onlengthsof AgGa, In,Se,crystal | calculated
in the constant-intensity approximation for § =0.06 cm*,
6,=0.08 cm™ [4], A=0.06 cm™ at pump intensity of I, =0.55
MW/cm? (curvel), 1.25 MW/cm?(curve2) and 1.8 M W/cm?
(curve3).

ure, CO, laser radiation, generating at wavelengthin
9.55 mem, maximum efficiency isconverted to second
harmonicwavea optimumva ueof pumpintensity. From
comparison of curves 1, 2 and 3itisseenthat optimum
vaueof pumpintensity fallsdown ascrystal lengthin-
crease. Itisexplained by thefact that at greater values
of pump intensity the coherent length of crystal, where
maxi mum conversion occurs, comes out at lower geo-
metric dimension of crystal-converters.
Asisknowninthemixed structuresAgGalln, Se,

ey, P alzrioly Seience
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Figure2: Dependencesof conver sion efficiency of radiation

ener gy of pump wave (A=9.55 mcm) to ener gy of waveof second

harmonicin AgGa,In ,Se, crystal n,asafunction of the

pump intensity calculated in the constant-intensity
approximation for § =0.06 cm'*, §,=0.08 cm™ [4], A=0.06 cnmv
Lat crystal length of I=1.05cm[4], (curvel),0.75cm(curve
2) and 0.65cm (curve 3).

crystal propertiesundergo theinfluence of indium con-
tent!. In Figure 3 the results of the analysisfor fre-
guency conversion process are represented in case of
3different concentration of indiumincrysta: 0,0.3and
0.4. Thereare considered threeversions of CO, laser
waveengths: 9.31 mcm, 9.55 mcmand 9.64 mem. The
groups 1 and 4 (containing on three curves everyone)
correspond to dependencies of n,(8) in caseof three
wavelengths of pump radiation at lengths of
AgGa, In, . Se, crystal (x=0.7) equal to 1.05cm and
0.65 cmrespectively. Thegroups 2 and 5 (containing
on three curves everyone) correspond to dependen-

ciesof 7,(:9) tothreewavelengths of pump radiation

at crystal lengthsAgGa, I, Se, (x=0.6), equal to 1.05
cm and 0.65 cm. The group 3 (containing on three
curves) corresponds to dependencies in case of 3
wavelengths of pump radiation at length of AgGaSe,
crystal (x=1) equal to 0.8 cm. Ineach group, the upper
curve correspondsto wavel ength of radiationequd to
9.64 mcm, the middle one correspondsto 9.55 mem,
and lower curve correspondsto 9.31 mem.

By comparing thebehavior of curves3, 4and 5, it
isseen that with increasing the concentration of indium
in the mixed crystal from 1 to 0.6, the dependence

m,($) becomesmoreflat. It testifiesthetransitionto
theregimeof uncritica character of crystd towardsfol-

]
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-30 -20 -10 0 10 20

30
8, mrad

Figure3: Dependencesof conver sion efficiency of radiation
ener gy of pump waveto ener gy of waveof second har monicin
AgGa In,  Se crystalm,asafunction of thephase mismatch
calculated in the congtant-intensity appr oximation at pump
intensity of I, = 0.6 MW/cm? for x=0.7 - AgGa,__In .Se,
(groupsof curves1and 4), 0.6 - AgGa, In, ,Se, (groups of
dashed curves2and5), 1- AgGasSe, (group of curves3). In
each group, theupper curve cor respondsto wavelength of
radiation equal to 9.64 mcm, the middle one corr espondsto
9.55mem, and lower curvecorrespondsto9.31 mem. Here
crystal length of | =1.05cm [4], (groupsof curves1and 2),
0.8cm[4] (group of curves3) and 0.65 cm (groupsof curves
4 and 5). For AgGaSe,crystal 8 =0.09 cm™, §,=0.15 cm™ [4]
andAgGa,In,_ Se, 8=0.06 cm™, §,=0.08 cm™ [4].

lowing condition of phase matching, thusfor instance,
inAgGaSe, crysta thechangeof conversation efficiency
by 0.036 % takesplacein theangular range of changes
from -0.6 mrad to +0.6 mrad. By substituting some
part of Gafor indiumto content x=0.7 (AgGa, ,In, .Se,)
inacrysta leadsto the ana ogouschange of efficiency,
but dready intheangular rangegreater 1.67 times(from
-1 mradto +1 mrad). Thefurther replacement of in-
diumtocrysta tox=0.6 (i.e. AgGa In, ,Se,) increases
angular range 33times (-20 mrad to +20 mrad) incom-
parison with a case of AgGaSe, crystal. Hence, in
AgGa,In, ,Se, crystd, uncritical behavior towardsfol-
lowing phasematching conditionisobservedinangular
range greater that inAgGa, In, .Se, andinAgGaSe,.
Thisquestion was studied experimentally, ini, but at
thelength of experimental sampleforAgGaIn, Se,
crystal equal to 1.05cm. Inour case, it correspondsto
curvesgroup 1 (x=0.7) and group 2 (x=0.6). By com-
paring the curvesin group 1 and 4, and those of groups
2 and 5, we see that the use of optimum length of a
crystal-converter may enableto increasethe conver-
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sionefficiency threetimesfrom 77, =0.15t00.45.

Aswidll,itisseenin Figure 3that in conditionsof a
real experiment, themaximum expected conversion ef-
ficiency incaseof AgGg, In, Se, crystal ismorethan
conversonefficency inAgGaSeg, crystd in1.225times
and only on 0.0378 % conversion efficiency in
AgGa In, ,Se, ismorethaninAgGa, In Se, crystal.

Thus, theoreticd investigation of frequency conver-
sionin mixed crystalswith regard for phase effectsen-
ablestofind out thewaysof increasing conversion effi-
ciency. And namely at thegiven valueof crystal con-
verter lengthitispossibleto ca culaetheoptimumvaue
of pumpintensity, aswell asto cal cul ate the coherent
length of crystal-converter at chosen pump intensity of
laser radiation. Theanalytical method al so permitsto
estimate an expected conversion efficiency at different
wavelengths of leaser radiation. There has been esti-
mated the angular width of phase matching at different
concentrationsof indiumfor crystal sof mixedtype. The
conditions promoting amode of uncriticaly to perfor-
mance of acondition of phase synchronism werere-
veded.

CONCLUSION

Theresultsof thestudiescarried out will permitto
elaboratethereliable highly efficient generatorsof sec-
ond harmonicin CO, lasers. The method of analysis
for second harmonic generationinAgGa, In, ,Se, crys-
tals devel oped in the present work may be used for
cons dering theprocess of frequency conversonin other
perspectivecrystalsof IR range, aswell for examina
tion of nonlinear optical wavesinsimilar crystas.
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