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The diffraction of idler beamgeneratedn optical parametricampli er operatingat low parametriayain is analysed.lt is
revealedthat diffraction propertiesof idler beamunderpropagtionin the free spaceis signi cantly differentin comparison

with the propertieof Gaussiarbeam.
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1. Intr oduction

Propagtion of intenselight beamin nonlinearme-
dium is governedby interplay of diffraction andnon-
linearity. The refractve index of isotropic mediumis
modi ed by intensebeam. As a result, the diffraction
canbecompensatedndself-focusingof the beamoc-
curs. Anomalousbehaiour of diffractionin a medium
with quadraticnonlinearitywas predictedin [1,2]. It
was shavn that a beaminjectedinto an optical para-
metricampli er (OFA) canacquireunderdiffractiona
corverging wave front at low enegy exchangewith a
pump beam. Simultaneousnutual focusingof inter-
actingbeamsn nonlinearcrystalis possibleat strong
enegy exchange.Thewave vectorsof signalandidler
wavesin the nonlinearcrystaldueto the actionof the
pump wave are modi ed in comparisorwith the lin-
earpropagtion. In OPA which operatesieardegener
acy thediffractionof thesignalbeamcanbeeffectively
suppressefB, 4]. At degenerag theidler beamis en-
tirely diffraction-free,and perfectspatiallocalization
of anidler beamis obtained.

In what follows we analysethe diffraction of idler
beamgeneratedn OPA andreveal thatits behaiour
underpropagtionin thefreespacecanbesigni cantly
differentin comparisorwith propagtionof aGaussian
beam.
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2. Theoretical tr eatment

We shall analysethe parametricinteractionof the
guasimonochromatitight beamsin a nonlinearcrys-
tal ngglecting depletionof the pumpwave. The cor
respondingruncatedequationf nonlinearopticsare

[5]

@g = 2I—k14 2 AL+ i%4A3AL;
i . a
% = 2—k24 2 A2 + |:'yQA3A1; (1)

whereA1, A,, andAj arecomplex amplitudesof sig-
nal, idler, andpumpbeamsrespectiely. For simplic-
ity, we supposehat the pump beamis a planewave
with an amplitudeAs = azexp(i' 3), and noncriti-
cal phasematchingof interactingwaves takes place.
4, = (@=@2%) + (B=@?) is atrans\erseLapla-
cianoperatork, and¥, arewave vectorandnonlin-
earcouplingparametemrespectiely, of signal(m = 1)

andidler (m = 2) beamsz is alongitudinalcoordinate.
Assumingaxial symmetryfor signalandidler beams,
furtherwetakeinto consideratiortheangularspectraof

signalandidler wavesS;( ) andS,( ), where isan-
gularfrequeng. Carryingouttwo-dimensionaFourier
transformof Egs.(1) we nd the solutionsfor the an-
gularspectraS;(" ) andSy(") [4]:

S1= So(7) exp(ial) cosh(l) + i»Si”:;(p')’ ;
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. o, — .. sinh(pl
Sz = i%AsS3(i ) exp(i igl) 2P

; (2

whereq = 52:4 ¢(1=ky | 1=ko),» = ~2=4¢(1=k, +
1=ky),p= i2i »,j = YaYsasistheparametric
gain factor and| is nonlinearcrystallength. It was
assumedhatatz = 0in OPA S; = Sp( ) andS; =
0. In the caseof nondgeneratgarametridnteraction
anidler beamcanacquirea corverging sphericawave
front (ko > k1, g> 0) aswell asadivergingone(ks <
ki, g< 0)[6].

Furtherwe shallanalysethe propagtion of anidler
beamin the free spacebehindthe OPA which operates
neardegenerayg. Thenk; Y4 |§2 =K, ¥ Va¥p = ¥
Q%0 »¥ 2=2k),p= 2] %(4k?),| Y%
Ya3. In this casethe 2nd equationof Egs.(2) canbe
rewrittenin theform

o i220
Sz = i¥AsISy(i )F( ) exp Tko v 3
where
—, _ sinh(pl)
FO) = =] (4)

is OFA transferfunction, which determineghe band
of angularfrequenciesandfactorexp[i 2z%=(2ko)] de-
scribesthe propagtion of an idler beamin the free
spacebehindthe crystalat z° = zj | > 0. Here
ko = k=nandn = ny Y n; is arefractionindex
of the nonlinearcrystal. We assumehat at the input
of ORA (z = 0) the signalbeamis Gaussianwith a
planewavefront. In this casethe amplitudeof the sig-
nal beamat the input boundaryof the crystal can be
writtenasA o = ajpexp(j r?=dg), wherer is aradial
coordinateanddy is the beamradius. Carryingout a
Fouriertransformwe obtainanangularspectrunof the
signalbeamattheinput of OPA

3 M —zdzﬂ
So(7) = Ydfaoexp | 40 ' )
By useof Eq. (5) we nd
S, = ivd3i lagoexp(i' 3)
H 22 2 ofl B
Eexp j T+I2—ko F(): (6)

Then,the complec amplitudeA(r) of theidler beam
canbefound astwo-dimensionaFourier transformof

Eq.(6),
1R

Axr) = o

2, SONNd @

where Jo( r) is zeroth-orderBesselfunction of the
rst kind. It follows that

i .
Aa(r) = 5i ldgasoexp(i’ 3) ®)
i B o — % __ZZOﬂ _ _ _
£ exp i T+ |2—kO F()Jo(r)d :

0

It shouldbe pointedoutthattheidler beamin degener
ateORA is diffraction-free(seeEq. (6) atz° = 0), and
perfectspatiallocalizationof theidler beamin thecrys-
tal canbe obtained[4]. Equation(8) canbe rewritten
as

A2( = i lagoexp(i’ 3)f (V25); 9)
where
f (Y45) = (10)
2 M T . . Pu—
Sy, . sinh 212 y? o
b &XP i tisy P2 Jo(E 9 dy;

0
andy = _2|:2k, S = Z(h:|, o= pzl_)r_do’ b= I=Lq; here

Lg = kd3=2is aRayleighrangeof asignalbeamin the
crystal.

3. Differ ence-frequencygeneration

At jlI ¢ 1 the parametricinteractionfor idler
beamcanbetreatedasdifference-frequerncgeneration
(DFG),andORA transferfunctionF () takesaform

A 1
72
sin ——
_ ~ 2K siny
F Yy —A L = : 11
() =2 y (11)
2k

Firstin this casewe shallanalysethe variationof axial
amplitudejA»(0)j of idler beamduringits propagtion
behindthe crystal.We obtain

jA2(0)] . .

B8 = it 0:9) =

aio
. S 1 -

il- exp Y, isy

b b
0

At the outputof OPA (s = 0) we nd

JA200)] _ . Iarctanb_
= .

aio b

siny -
—=dy— (12
y (12)

(13)
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Fig. 1. Difference-frequencgeneration Variationof axial ampli-

tudeof idler beamunderpropagtionbehindOPA in thefreespace.
Parameteb: 2 (1), 4 (2), 6 (3), 8 (4), 10(5).

Atb¢ 1(I ¢ Lg)theaxialamplitudeof idler beam
increasedinearly with a crystallength,jA»(0)j=a1o =

il.fbA 1( A Lg), thenaxial amplitudeof idler
beamat the outputof OPA is determinecby Rayleigh
rangeof thesignalbeam jA,(0)j=ayo Y2 ¥&=2 ¢j L4. In
generalanintegrationin Eqg. (12) yields:

iA2(0)j _

14

a1 (14)
il= 2b 1P (s+ )2
2 N 1 T 2N s 1)

herej = Oat(s?j 1)+ 1, Oandj = 1if (s?
1)/? + 1 < 0. The analysisof Eq. (14) shaws that
justbehindthecrystaltheaxialamplitudeof idler beam
increaseslueto diffractionwhen

arctanb
b

A solutionof inequality(15)isb> 2:3.

The dependencef an axial amplitudeof the idler
beamon normalizedongitudinalcoordinates = z%h=I
under propagtion behind OFA in the free spaceob-
tainedby useof Eq.(14)is presentedn Fig. 1 for vari-
ousvaluesof b. We notethatfor broadsignalbeams

< 0:5: (15)

(b¢ 1,1 ¢ Lg) ORPA transferfunction F( ) is
sin(y)=y ¥ 1, andtheintegrationin Eq. (12) yields
PO _ il
aio L M2 (16)
+

La
So,for b ¢ 1 thevariationof the axial amplitudeof

the idler beamunderpropagtion s typical for Gaus-
sian beam. Olviously, with increaseof parameterb
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Fig. 2. Difference-frequencgenerationPro le of idler beamun-
derpropagtionbehindOPA in the free space.Parameteib = 10,
parametes: 0 (1), 1 (2), 1.5(3).

(Fig. 1) the variation of axial amplitudeof idler beam
underdiffractionis quite differentin comparisorwith
a variationtypical for Gaussiarbeam. For b > 2:3,
theaxialamplitudebehindthecrystalslowly increases,
reachesa maximumat s ¥ 1 (z° % I=n), and after
wardsrapidly decreasesAn explanationof this phe-
nomenonis quite simple. The OPA transferfunction
(11) canbewrittenas

H 2| f M
i exp i

i
2k

exp
oY K (17)

=i
2k
It meanghatthe idler beamat the outputof OPA can
be treatedas a superpositiorof two beams,one with
cornverging wave front andanothemwith diverging one.
In this casethe focusingof the beamwith converging
wave front is obsered behindthe crystal, causingthe
increaseof axial amplitudeof idler beam.

The pro le of the idler beamunderdiffraction be-
hind OFA obtainedby numericalintegrationin (10) is
presentedn Fig. 2. Obviously, at the outputof OPA
(s = 0) thebeampro le is non-Gaussiaffcurve 1). It
shouldbe pointed out that the complicatedpro le of
the idler beamin this caseis causedy transferfunc-
tion of OPA F (" ), whichmodi es theGaussiarpro le
of angularspectrunof thesignalbeam

Say) _ 0y sy A
S0 TP Ty YT
seeEq. (10) and Fig. 3. Under diffraction the beam

amplitude on the axis increasesbeamwidth gradu-
ally decreasesndoscillatingpartsof thebeampro le

(18)
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Fig. 3. Difference-frequenpcgenerationAngularspectrunof idler
beamattheoutputof OPA. y = ~2I=(2k), b= 10.

disappeafFig. 2, curwe 2). Afterwards,strongdiffrac-
tion takesplace(Fig. 2, curve 3).

We notethatsomediffractioncharacteristicsf idler
beamproducedn OPA aresimilar to diffraction char
acteristicsof superGaussiarand at-topped Gaussian
beamq8-10]. For example,underpropagtionthe ax-
ial gmplitude of superGaussiarbeamwith ervelope
exp i (r=dg)®™ rst increasesaatm = 2 andafter
wardsdecreaseasidler beamgeneratedn OFA.

4. Parametric ampli cation

The diffraction propertiesof idler beambehindthe
crystalessentiallydependbnthe parametrigyain factor
i , aswell ason crystallengthl. Typical dependences
of axial amplitudeof idler beamon normalizedprop-
agationdistances areshavn in Fig. 4 for variousval-
uesof j | andb. For rathersmallvaluesof product; |
(Fig. 4(a,b)) the slow variationof axial amplitudebe-
hind thecrystaltakesplaceat(a)b, 4and(b)b, 10
up while distances - 1, asin the caseof DFG, see
Fig. 1. Theincreaseof axial amplitudeof idler beam
behindthe crystalnow is obseredfor larger valuesof
parameteb in comparisorwith DFG. Thus,theidler
beamformedin OPA atsmallparametrigain still pre-
senesits anomalousliffractionpropertiesunderprop-
agationin thefreespace.

In the caseof large parametricgain (j1 = 5,
Fig. 4(c)) thevariationof axialamplitudeof idler beam
behindORA is quitedifferentandis similarto thevaria-
tion of axialamplitudeof Gaussiafeamunderdiffrac-
tion. Thatis the resultof broadbandof angularfre-
quenciesf OPA existing at large parametriogain [7].
In this casethewidth of thetransferfunctionF () ex-
ceedghewidth of theangularfrequencie®f thesignal
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Fig. 4. Parametricampli cation. Variation of axial amplitude

of idler beamunder propagtion behind OPA in the free space.

@il=1,b=2(1),4(12),6(3),8(4),10((5). (b)il = 2,

b=5(1),10(2),15(3),20(4). (c)il = 5,b=5(1), 10(2),
15(3), 20(4).

beam,andfor this reasornthe idler beamat the output
of ORA is Gaussian-lik.
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5. Conclusions

The diffraction of idler beamgeneratedn ORA is
analysedunder propagtion in the free space. It is
shavn that at low parametricgain the diffraction of
idler beambehind the nonlinearcrystal is quite dif-
ferentin comparisonwith the diffraction of Gaussian

beam. The beamwidth of the idler beamdecreases.

Its axialamplitudebehindthecrystalincreasesieaches
maximumat thedistancevs |=n, andafterwardrapidly
decreasesThis phenomenoiis moredistinct with in-
creaseof theratiob = I=Lg4. Thatis causedy trans-
fer function of OPA which modi es the Gaussiarpro-
le of angularspectrumof signalbeam. In the case
of large parametricgain the diffraction of idler beam
behind OFA is similar to the diffraction of Gaussian
beam.

Therevealeddiffractionpropertiesof theidler beam
generatedn OPA shouldbetakeninto accountdueto
its applicationsin laserspectroscop optical commu-
nications etc.
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Santrauka

ISanalizuotaanomaliSalutiresbangosgeneruojamosptiniame
parametriniametiprintuwve, difrakcija ma o stiprinimo atveju. Pa-

rodyta, kad Salutires bangos,sklindarcios laiswje erdweje, di-
frakcines savybes esmingi skiriasi nuo Gausopluostui budingu
savybiu.



