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Résumé - Nous présentons quelques propristés spicifiques du milange dégénécd 3
quatre ondes dans un milieu gazeux tésonnant. Nous montrons en particulier que
1a polarisarion dc l'onde conjuguée est profondément modifife par 1'effet Dop-
pler résiduel. Pour de fortes intensités d'irradiation,on observe des formes de
rajes txa2s particulidres, dont on montre qu'elles sont Cypiquement lifes & la
présence d'une distribution de vitesses atomiques.

Abstract - Wc analyte¢ some specific features of degenerate four-wave mixing in
resonant gas media. One shows that the polarization of the phase conjugate emis—
sion is strongly affected by the reaidual Doppler effccet. With sHaturating inten-
sicies, very peculisr emission lineshapes are observed and are shown to he typi-
cal effeccs of the velocity diatribution,

Anong the various techniques to perform phase-conjugation (PC) of an optical wave,
degenerate four-wave mixing (DFWM) <n resomant gas media haz undergone @ remarkable
development in the recent years [L]. Let us quote the unique features of this method,
which sre at the otrigin of thie development : (i) Puc to the velocity selection, the
PC enission lineshape is Doppler~free [2-4] . This property may be used to build
narrow-band optical filters [5]. (11i) bue to the resonant enhanccmént., the suscepti-
bllity of the gas medium saturates for low iacident intensities (about 1 mW/mm? for
an atomic resonsnce line), which allows one to operate PC mirrers et very low power
levels. (iii) The reflectivity strongly depends on the angular sepavation, 8, bet-
ween pump and probe beamws, and is maximum at grazing incidences (8+0) [3].

In thic arvicle, we discuss two kinds of cxperiments which have been performed in a
Neon discharge. In the first one, the polarization properties of phase-conjugate
emission are studied and we emphazize the role played by thc thermal motion, which
tends to vanish the influence of the vatrious atomis relaxation processes on these
polarization properties [6]. In the second part, we analyze the origin of the line-
shapes observed in the saturated regime, and we show that the inhomcgencous Noppler
:;:aden[;.r]lg is fully responsible for the peculiar properties of the PC emission line-
pe .

I. POLARIZATION PROPERTIES OF PC MIRRORS.

Some of the polarization propertiaes of 9C mirrors directly originate in the selection
Tules fmposed by the conszervation laws of angular momentum. FOor imstance, the absorp-
tion of the angular momentym units carried dy che photons absorbed from each pump
bean must be cormpensated by the anguler momentum units carried by the photons respec-—
tively re-radiated along probe beam and PC besm. The only cendition of validity for
that law 15 the assumption that the non-lineat mediuvm does not retain angular momen—
tur unics (isotropic media). These considerations lead to the predictions .of Table I,

. - Z
:h:re the polarizations ( ¥, 5, ¢ g = &7'2:'9--) are refered to a fixed gquantization
xig,
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Teble I, Pofanlization sefection rules,

This table shows that in moat cases the polarization of the PC beam is not simply
the conjugate of the probe pelarization. Nevertheless, the properties of the PC mir-
ror can generally be determined by the knowledge of the emission charactaristics for
a few scts of polarirxarions, like the ones depicted in Table I. The esseatial voqui-
cvement {5 that the PC field depends linearly on each of the three incident fields
fi.e. thc nonlinesrity must be a third-order nonlinearity]. This impiies very low
incident inteasities in the vase of resonant gas media.

In the following, we will restrict onrselves to Che case when all the incident beams
are linearly polarized. This in general fmplies thst the PC beam 1s also Liaearly
polarized . With the sssumption of weak non-saturating incident intensgitiss, only
two types of configuration have to be studied : (i) Pumps co-polarized, (i) pumps
orthogonally polarized, The quantizatjon axis 1s chosea along the palarization of
the forward pump beam gf = u_ (W polarization) and the angles &, and &, define the
polarization of the probe beam aad of the PC beam respectively :

° o in e {1)
e - co u_ 4+

() ¥ Gy Bp * 8iR O, vy
> &+ -

e_ - se_u_ + a 2
cTces e U +sino u (2)

From Table Y, one easily gets thc following palarizstion laws :

(1) For porallel pump polarizations : ) tg o, ~ Ctg &, 3
with € = g(0)/p(w}, wherc g(6)} and g(T) are respectively
the (amplitude) c¢fficiency of a O or & ¥ polarized probe.

(11) For orthogonal pump polurizattons : tg ﬂovta a. =D (4)
with D = £(w}/£(q), whece £(o) and £(7) arc respectively
the (amplirude) effictency of a ¢ or 2 7 polarized probe.

These rules have bee¢n experimentally verified on varfous Ne transitices im a dis-

charge. A schomatic of the set-up is given in Fig.l. Incidenr intensitics are sy~
pically kept balaw 0.5 wé¥/mm? to avoid
gaturation c¢ffects. The polerization of
the PC beam (determined by rotating the

-4 T analyzer te the extinetion) is indepen-
____J(Z__, ‘Y. %' _.  dent of the frequency detuning im rhe
K 52— K case of non-saturating intensitles, Al-
=kl = though the PC reflectivity was quite lov
e K [typically 1074 = 1076 with lew pump in-

tenaitics ; up to 10™3 with saruration]

the gccuracy of the measurement ian most

cases 18 as good as 1° (including the

sligh? znd unavoidable depolarization in-
Fig.1l Expenimentad scheme ducad by the beam splitters).

Io determine the constants © and D reguizes to go deeper in the physicel proccsses of
ghe PC cmissien. Oae knows that in gsses, the fantevaction ordering consiscs in sn 8b-
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gorptien of one photon of the focwarctl pump (f) beam, followad by the smission of one
photon of the probe beam, so chat & large-spacing) grating is created ; the back-

ward puop beam (b) fs thus diffracted by this grating. Other processes, like the
creation of a small-spacing gracing by the pump (1) and probe ace not congldaered
here since they are destroyed very quickly by the stomde thernmal wotion 3473, 1f
the pump beam (£) and the probe have identical polarizations, a spatial modulstion
of the intensity of the vesulting field appeacs,prodecing a populacion grating in
ehe medium. On the other hand, when the pump (£} and the probe have orthogomal pola-
rizaticns, the intansiry is no loages spatially modplared, so that in the framework
of a gealar theory le.g. for & nou-degencrate twe-level system] the PC emissdon
ghould be forbidden. Actually, the spatial variation of the polarization induces
gymtialiy-modulatea coherent affects and there is a PC field produced by the dif-
grpetion of the backward pump on a prating of Zeeman coherence induced beétwecn ma-
gnetic sublevels.

In order te ges 4 genersl exprosaion of ¢ and D, we give the explicic value of the
PC field amplitude, ‘Er, resulting from a third-ovder calculation in the remsorial
formalise 18], in the limit of lsrge Doppler broadenings, and with & << 1 [].

For parsllel pomp polarizatlons C;f - :h = ﬁ:)
->

2 -%v) I ocos a U, + £ sia @ 0] (5)
> > -~
For orthogonul pump polarizations (&, = u,,cp =}
ol
zt ~ &) [ sin o 32 +eoens @ -';xJ (6

In thesc exprassicns, B(V) reprasescs vhe fraquancy dependencc of the emission
anplitude :

T - —L 8 o
(Ku)“ 8 reg w i

whers v 1s the frequency dotuming relatively to che trvausition (8,3, + (=,7),

Ve ow-w o K is the Doppler width, Ty, the optical linewidth ard a constant,

:t;dEPEudentgnf the pularizations, and proportisnal bo the amplitude of sach incident
eld

/2
and ¢ - Z (=) Iy 4= 2 % bk
k& 0,2 k=1,2 "
X y s &
X 0, X, wha
KT 2ok k=02
vith ¢ 41 Vol oyt o1 kP S
kY, 3, 1 " Jg Jg J b4 )
(k)
vh w(rﬁ ) {
8= e,]
8 Nt '8 o
¥(x) 1s the function
=
xz 2 -tz
¥lx) e 11~ —*fa dt an
ﬁ a

“Tglk) 4
§ the relaxstion gate for the t
¢ ensorial observeble of rank & [I,(k) 1is vespoc-
ta:ﬁz ?:S:cia;ad with the relaxation of the population (k = 0), of thé aromice orgen—
1) and of che aligoment (k = 2) of level 8]. Thase formulae are establie
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shed in the sase of a small residual Doppler heoadening,[Tog >> KuB, T {k)land, for
the sake of simplicity, cascade effects induced by spontancous emission are neglected
(if wot, slight changes shouvld be brouyght to tk). The expression of C and D (Bq. 3
and 4) is then obvious v

C=§f/h 3 D=eld {12y (13)

These expressiong of C and D show that the efficicncy for s definive set of polari-
zations depends mainly om @

(i) the velaxation proccsses inm the gas meddum, which determine the intrinsic life.
time of the gratings : a pressure dependence is expected due to collizional broadew
ning. ¥n geneysl, the relaxation wechanisms are not scalar, which implies that popu~
lacion gratings and Zeeman coherence gratings are not governed by the same relgxa-
tion conetants (k = 0,2 for the populstion ; k = 1,2 for the Zeeman coherences).

(11} che residuyal Dopplar brosdening, Kuf : the gratings arc washed out in a mean
vime (Kud)=% (Ku ¢ Doppler width). This decay, induced by the thermal motion, tends
to overcome the effects of thu various intringlc relaxation processes.

(114) the geometvieal coefficients which are related to the angular pomentum of the
atomle levals favolved in the transition.

let ue consider experinents performed on the lss(J = 2) + 2p,(J » 1) transiclon of
Neon. All the paramecsrs of the relsxation are known (sen ’S.’agle 11). The residusl
Dopplet~brordening 8 ¥uf = 37 MHz (§ = 30 mrade). In Fig.2, are drawn chroe cheo=
retical corves for parallel polarizariona : € = 1.8 and C = -0.05 are the theore-
tical predictions whem the Doppler shorteaing is neglected 8 = 0 in EBqs. (3-1)]
for two differsnt experimental conditions, respectively 0.6 Torr of o misture He(957)
4+ Ne(5%) and 0.5 Torr of pure Ne, € = -0.41 is the theoretical pradicrion 107 for

8 = 50 wrads (independently of the discharge pressure) and iz in very good agreement
with the experimental data (Fig.2). This demomstrates the cruclal vole played by the
Dopplar ghortening of the pracing liferime, whish completcly oversumes che drastic
effect of collisions pradicead at O = U, Inhe residual Doppler effect, vven i4 the
ahgence of lineshape broadening (since Rud < I‘e_g), is able to alter the polsriza-
téom propertics of PC wirress In a very strong memner. It shows also that, to detect
specific effects of collisions in ¥W (Like break of a selegtiom rule by depolari-~
zing collisfons), the collincar configuration (0 = 0) 4s ofren tha only appropriate
one.

‘r*. Ve
k 155 2p9 /4:1.3
0 |~1% Wiz 8,2 Wiz TSy // - ey
SV LTy o
1 P.7 MB2/T (8.2 MHz ¢ 4.4 MHa/T // h "s.085
/ !
2 | ) Mz/T {8.2 MRz ~ &.6 MU2/T A R ™
o, z \
Table II. Vanlations of F(w) with Ne G -4t
presdune (11 (lag 44 a metasiable '
Lovoly, -8¢"

Fie.2 Rotation of the FC simal polani-
zation {on paralfel vump volaadzations. Transilion 15g{J ~ 2} » 2pg(J = 3}
X = 540 um. to): 0.6 T of Ne {5%) - Hel958] ;010,57 of pute M. The p oited cravesd
folbow tg =, = Ctp o, with © = L8, ~0.03, 0.41, as indieated {see texti,

Similar conclusions can be dorived from the analogous expeciment with sross-polarized
pumps (Fix.3). In this case, ir musr be noriced that B is almost equal to ) (ms= 1.1
which mesns that the efficiency nf the PC mi¥rer is nearly independent of the probe
polarizstion. In the hypothesis of a simgle relaxation tims model, or if the Doppler
sfFoct i strongly predeminant, onc finds emactly B = 1. This follows From Fqs. (8«12}
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for Xul >> Lplk) (so thae yk = 1 which implics ¢ « d from wymmetry tules), In this
model, the PC mirror behavel Like & half-wave birefringent mirror with che neutral
axes along the bisectors of the pump pularizationg. Experimentally, D = 1,11 lesds
to sn angular deviation from this daseription which nover axcasds 3°,

AR z,

an” e, ‘“'
o, soy ) ¢
¢x.23

LI il %

Fig.3 Pobandzation notntion fon cross- Fig.4 Polanization otation for puratiel-
potarized pumps (\=66Com, p=0.6T, Ne 5%  pump polanizations . () A=607nm, 1s,(J=1)
He 8521 . The plosted cwrves dolbow : > 2py(J=0). Due 2o selection aubes, the
tg @, tg @~ D, with D ~ 1,11 or 0.4 PC pblonization s identioal ty the pump

polanization. (0)A=6lénm, lsg(J=2) + 20,
(s=2). The solid curve {ollows :

tg o, = 4 op @ /17 = 0.23 1g «,

On the opposire, when the pumps are co-pslarized, the vC mirror is dichroic [reflesc-

tivity depending upon the probe polarization], even in & einglc ralaxation model. An

éxtreme cxample is glven in the gage of a T~ 1+ J =0 svansition, Fov which there

15 no roemission 4f the probe Ls ¢ polavized {Fig.4). This selection rule can be de-

duced from Eqs. (8,9,12) or understood from ¥ig.5[81.We give balow the J dspundence

c(!g r.h; ;:x;nstant C caleulared in a single relaxation constant mogel H'E = 1l Eqs.
~ 11,

for a J + F+l transi¢ion, € = ~J(23446)/ 4T3 8345) (14)
JLor a T+ T transition, € = (J~1) (3+2)7(30%+33-1) (15)
-
Hence, a probe with the same pslarization
0 T as the two pumps 15 more efficiently
A Iy J=0 reflgeted than a ¢ polavized probe. This
H H rasult is dus to the anisvtropy of the B¢
a/ 1 bl nirror inducad by the two pumps beams
which define a prefearsntial polarization
axis, The quantitarive Aiffarence hetcwaen
—— J= 1 ¥ snd @ probe reflectivitiss can bt con-
-1 0 1 . sidarable ¢ of the order of 20 for a J=2

+ Je2 tranaition A ¢ 614 nm, 1sy = 2pg]
as it was ¢ean experimentally (Fig.4)
(C = 4/17 and the zatio of PC intensities
Pig.s Selection rule. fer a I =17 ~0 is siven by [C}2). Tue to tho cxisrence
Lansition in the case 0§ w polanized pumps of » prafarential axis, the PC mirvor
o o pofanized probe. ‘ with paraliel pump pelarizations is & pon
: ’ reciprocal miryar s afrer two PC refle-
xions, the final polarization does not
tome back to the tairial sne. This Jast property could be of wrast intsrest to Yuild
vnidireceional ring ¥C rescnator iB1.

In the pargiculor case of the lsg - 2pg transition, the PC efficiency fx alwaye very
Swall, dus go the opiicsl pumping  of the lsg metastable state fthe lpy level gan de-
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cay to 18; and 15‘,‘]. YThe extinction ratie

LI of the analyzer is thus rather bad. Thig

. explaing the velatively large error barg

80 in the measurements performed for & probe
polarization nearly orthogonal to the

% pump polarization lin that case, the ef-

B20.94 ficieacy is decreased by another order
of msgnitude — see Fig.4, for o, = 75°),

adl 3 The same remark applies to the configuw
\ rafion with orthogonally polarized pump

boams, The theoretival value D = 0.%94 (in

good agreement with the experiments — mee
45° Npot 4. Fig.6) demonatrates that the description
° * ) —— by a sinpgle relaxation vate is once agaia
quite satisfactory. Hence, the ratlo

Ré’l&é berween the maximum reflcctivities
for the two types wf mirrors [respective

Fig.6 Polanization rofation for cross-
pa?;m.zed pumps o= 634 rm, p= 0,6 T,

ly with pumps co-polarized and pumps oty
Ne 5%, He 952]. thrl:gonﬁly polarized] is given by n/e|?
= |h/d}<.

Kumerically, one gets :
2
for & 1+ 341 transirion, Rﬁ/R; = [(RJZ + 163 ¢ 10)/(6.!2 + 127+ 9] (10}

2
for « 3+ 1 tranaition, RY/RE = 637 + 61 - 1)/ (217 5 21+ 1)) an

In the case of 8 J = 2 ~J = 2 eranaition, this ratlo iz nearly equal to 7. All these
numetical results emphasize the importance of polarization studies in the determina-
tion of PC efficiencies.

These studies show that thera im no hepe to build a "vectorial phase-cenjugase’ mir-
ror [12])[for which the PC polarizetion is the conjugate of the probe polariration]
with linearly polarized pumps : indeed, a birefringent behaviour (for cross-polarized
pumps), or a llnegr dichroism (for pareallel-polarized pumpe) are obviously coatra=-
dicrory with vec¢toris) phase-conjugation.Aefually, vectorial phase-gonjugation at
prazing incidence necessarily roguires that the £WO pumps kave sircular counterrpta-
ting polarizations (g.g. pump f 1s d', pump b is d ) [13). A necessary condition 1is
that there is no ecirculsr dichroism, 20 that amy linear polarizetien ¢ is reflccted
idencically to ftsell. This condition becomes sufficicat if © iz small endugh, sO
that the probe polarizetion decs not own any ¥ component. We give below the expres-
slon of the PC Field amplitudc, squivalent to Eq.(6), fov the following configure-
tion @ .

»
f"‘,;b-\l_'o %,;fc ou_~e l)u“] (1R)

+ -
where G, awd 3_ ar¢ respectively the unit vectors defining o and 67 polarizaptions
and €, the angle (co,uY) :

b -1 ig
2:’17~ v om_e °3, -5, b (199
]
with &_ = > 3(31«1)(; ! '_‘J 7, = 3%,
k=0,1,2 2

¢ 2
k 11 %
L= N 520: i‘; 3<2k’1)(1 Y 0) B =ty =30 /2 20,2

In general, £, and £, are not equal, due to the facw that ¢ _ depends only on tenao-
rial obscrvables of rank 2. A simple explanation eof thisz fact is given 1a Fig.7 ¢ (::‘
a ¢~ probe, the PC emission is due re the creation af a Zesmon coherence between Sy
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levels m and m+2 while the population grating (for a ol probe) depends on the para=
meters of population, oricntation and alignment. However, somsz interesting results
can be deduced from the following sum rule :

2

2 2 2
1 1 2 1 10 3)L 11 1)1 1 2
;JS JB Ja Jq Ju JS 2 JQ Ju JB 2 Ja Ja JB

(1) The relaxation of sach level is deg—
m m41 m+2 cribed by 2 single rate [l'ﬂ(k) = Ya» i.e.
?E = Wg] &, and R_ sre cqual if Je and

Js can be interchanged in the expression
of %, [Eq.9). Hence, vectorial phase-
conjugation 1s achieved if the incident
flelds tnteract with & J + J transition,
but not for a J + J+l transition (since

Am=2

Fig.? Scheme of the interaction when t 1 k)2 K {2
punps ane o¥,a% and puobe L5 o”. The {J R G FRRVIRSE RTINS O P
grating Lnduced by pump £ and probe « a8 8787
43 @ Am = 2 Zeoman cohenence gaaling. . A .
(ii) Im a single relaxation constant mo—

Ik .
del WB = Vc - Vg, onc finds £ = &_.

Then, in most cxperiments, when the residval Noppler effect is predominant, a
nearly perfect veetorial phase-conjugator is created with o*/g~ pumps, independently
of Lhe transition considered, It can he noticed also that vectorial phase-conjugation
13 00 longer possible when the angular separation 8 increascs : the requircment of an
taual efficiency for both m and a prodeg is gencrally not satisfiad, as seen easily
in the case of a J =0+ J = 1 transitiom : a selection rule forbids the reemission
vhen the probe is 7w polacizad,

50 *28 Finally, a much more intricate situation
is observed when the incident besus satuy~
rate the wedium. The emission lineshape
is no longer a Lorentzian (Fig.8), but

2ge 125 s the most striking featyre is chat the sa-
turated lineshape depends on the analyzed

5

. polarization.This observation reflects a
=9¢* complicated theoretical situstion. How-

"3
-] s
ever, it is worth noticing that such a
ryra of sxpfriment could be usad o SCy-
b

dy higheorder nonlinearities, for examplc
a%v if the analyzer is set to pravent the

AR . X
uMp transmission of the third-order component,

250

-

" L]
14 %ﬁ"' Fig.8 Lineshape of the saturated PC emis-
- 8401 verdus analyzen angle, a, for cross-
7 fORWARD polarized pumps, and probe at Gy = 45°
7 [A = 640 nm, p = 0.15 T]. Note the Line-
e o ) shape change around nean-extinciion. of
noszl the PC gield [a = 131°),

r

»

IT. SATURATION BEHAVIOUR IN RESONANT DrwN.

Struceures induced by saturatien effects in the emission lineshape (Fig.9a) have
°e0 observed from the first experiments in gas wedia R], but not fully uynderstood.
interpretatisns fer tha lineshape splittiag have been currently syggested (i)
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one iz based upon the a.c. Stark splitting produced by a strong resonant irvadlagign
(11) the second one assumes that, i the nonlinear apsceptibility Ypyp» the imaginory
component {absorption-like lineshape) saturates such faster tham the real component
(dispersion-ltke linechapc), so that the inteneity lineshaps (propertional to }XNsz)
is essentielly the sgquare of & dispersion curve, exhibiting a dip on line center,
Until now, the validity of these interpretations could not be tested, asince the PX-
perimentel information was limfted to the knowlaedge of the intensity 1ineshapes, Y
eppesred howover that the ideg of an a.c. Stark splitting had o be rejected : for
ctransitions between degenerate levels, substruetures should be cxpectad, due to the
various Robi frequencies and Stark splittings associated wit)h transitions betwesn
diffcrent magnetic sublevels. Up to now, such substructures have not besn observed
(sce Fig.%a).

e Fig.9 PC emission Lineshape forn various

powers of the sianding pump wave [Ne
discharpe, A = 640 nm, 155 (J=2) + Zps

(3-3}]. The probe intensity s nom-safy-

i /)
L oo ° .
— aating (< 0.1 mi/ma?]. (&) Frequency
28 nevnt \ dependence of the intersity £ineshape,
— (b) Helerodyne defecZivn oé the PC §iekd,
M amplitude |26 - &4 iz}, Aiabsoaption,
s N
] ) 3
42»'-:_’/ .2 D’ﬂ
R »10
A

Df dlepend<on.
H Erl S

Fig.10 Basic scheme for heterodyne de-
fection [n : atienuator used in the experiments of Fig.l1].

In order to ge¢ direct imformatiom on the complex nonlinesr susceptibiliry, we have
#nalyzed tbe PC emission by using optizal heterodynae detection technigques. The opti-
tal seteup (Fig.10) consints of two standing—waves ls¢uing from an secevsto-optic de-
flector (AOD), opereted with two RF froquencies, so that 2 fixed frequency shift is
created betwcen the pump weve (frequency ) and the probe wave st fraquoncy W + 6.
These two beame cross inside a Ne discharge cell, thanks te a double prism DP, and
are retro-reflected by e double plane mirror. This set-up enables us to work with
collimated beams, so that the saturation is constant ever the whole iatoraction re-
sion. By an adequate RF Input in the AGD, the probe intensity is alwazys kept at non-
saturating level. Due to ncarly dogenerate FWM processes, two PC ffcelds at w — § are
racmitted alung the probe direction and detested through their hocterodyne besting at
frequency 28 with either prabe [detection slong Iy or I, (see Fig.1n)}. The best in=
tensity is proportionsl to the gmplitude of the P& ficld, and using a high-frequency
phese-sensitive (lock-in) deteccion, signals proportiomal to the resl or imaginary
parts of ¥y cam be abtained.

Such shyorption and dispersion componente src shown in Fig.9% . At low intensily, as
predicted ina third-order theory [sce E4.7], the lineshapes are Noppler-free lLorent=
vians satiafying to a Kramers-Kronig-type relarionship (absorption and disparsion
have the same amplitude). For saturating pump intensities, the Kramers-Kronig rela=
tion bresks down, and the amplitude of the disperaion becomez considerably larger
“han the one of the absorptien component, This provides a direct experimenral ewi-
deace for the dispersive origin of the lineshape splitting. Such a saturstion beha-
viour hae been previously iaferred by Woerdman and Schuurmans [14] from a simplifted
model based on the nonlinear response of Astationary twe-level stows o @ Tesonant
irradiscion. The validity of sueh a model’ is questionable since one knows, from a
¥igorous calevlation pecformad by Abrams and Ling [15] that, in the sbsence of inho-
mogeneous broadening, the satuvation induced by an intense standing pump wave cannol
produce any linmcshepe splitting (at least when propagation effects are neglacted).
This shows that the inhomogenesus broadening coming frum the velocity distribution
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has o decizive influence on the saturated emission lineshape -~ in spitc of the
foct that the latter is Doppler-free —.

We have seen above that the thermal motion unbalances the effoct of cither £ or ®
pump wave by altering the grating decay in a differemt way. Another important cConsc=
quence of the atomlec moticn has been obsexrved on the aaturated lineshape. To digcri-
@inate berween the optical saturatian iaduced by eigher pump wave, we have performed
a sacies of experipents in which the return pump wave waR stronglyatteanated in grder
to isolate thc saturation produced by a single, imtensc running pump wave. Due to Che
symetTy of the set-yp, the eflecls of 2 forwurd—pump-induced gaturation and of the
equivalcat backward saturation are easily compated by moving the photodetector from
1. to L, (Fig.10). At this peint, it is important to recall that, in a "sratioMaTy-
olom" :%eoty, pumps fand b play 2 gynmetrical role, i.e. Iy and Iy should yield the
game signal. As shown below, this i not at all the case.
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Pig.l1 PC emisaion Lineshape at X = 607 Fig.12 Theoneticak emission Lineshape in
m L=l + 3-0 transition) with a sdingle o aingle. Lifetime model, Sox differnent va-
saturating pump, (a) Foaward saturation 2ues of the normalized pump intonslty, S.
(13, dec Fig.20}. (b) Backwand satura- (a) Fomward saturacion, (b) Backwud sa-
tan (1,, sce Fig.10]. turation.
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The cxperiments have been performed on the 1ag(4=1) - 2p3(J-Q) () = 607 mm) transi-
tlon of Ne, wirth crossed (lincar) polarizations between the incident beams (isauing
£¥om the AOD) and the rerurn beams. Experiuwental lineshapes are shown in Pig.1l. In
%G cage of forward saturation (Fig_ll.a), ahsorption and disperzion have nearly the
#amo aaplitude, independently of the saturating incensity, bug their lineshapes own
WeTy peculiar stryctures at line center. These structuces reach full-zesle amplirude
for ptrong saturation. Another essential point is the faet that the overall amplitu-
de of the aignal, after reaching & moximum, decreases to zero, when the intensity of
m pump £ alone iz increased. In the casc of backward sacturatiom (Fig.llb), the be-
haviour reaembles the ons obscrved for standing pump wave saturation 3 the die-
PeTeive component af the susceptibility ig predominant, no gtructure appears in.the
Iloashapes, and an incrcase of the pump b intensity alone leads to a non-2zero asymp-
fotde value for the sigral awplitude, wo that the zigaal cun be ab leasl one veder
of magnitude larger than with an equivalent forward satutation, All these featur=s

e been fnterprered with an adequate demsity-matrix treatment [L6). The main as~
Susptions are the following ones :

1) ™e theoretical caleulation is limited te first perturbation order in the probe
m"‘:‘“‘ pump fields, but takecsinto account arbitrary intensities of the saturating
@am via a nopperturbative treatment.

(M')':h: Jx1 -» J=0 rransition interactiag with the croas—polarized fields is descri-
Secarace thres=level system (with degenecate ¢requencies) in which pump f and probc
te the vith one tramaition, while pump b latecacts with the coupled transition.

t this approach eliminates the problems related ta spatisl hole-burning.
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(111) Probe and pump cross at grazing incidence (8 = 0). This approximation is valid
when the residual Noppler broadening, (Kué=12MHz), is small comparcd with the line-
width, T. We also neglect the frequency shift (8 = 22 Miz) between pump and probe in
coiparison with T, and take all the incident frequencics te be equal.

(iv) Propagation effects are mot congidered. The gas mediua is sssumed to be opticale
1y thin (lineer ebsorption of the oxder of 57 in the interaction region).

With these hypothcses, in the Doppler limit approximation (¥u >> T) the velocity in-
tegration of the final expression may be performed anslytically.

Theoretical curves are shown in Fig.12 (for a single relexation time model) ., They re-
produce the main experimental observations [exiastence of structures, digpersive natu-
¢ of the nonlinearity, asymptoti¢ behaviour, ...). The same caleulation aleo yiclds
intensit{_lmeshapcs. As shovn in Fig.13, ¢ven with a sipgle saturatling putp, the sa-
tursted lincshape exhibits a double pcak structurc.The dip at line-center in the casge
of forward satucation is not of dispersive origin — as in the case of backward satu-
racion —, but is due to the structures of the absorxption component itself. The split-
ting is propurtional to the Rsbi frequency {, and equal to 30/2 in a single relaxa-
tien conztant mode!. The difference between peak teflectivity fox forward and back-
ward gaturation is showm in Fig.14. Por relatively moderate forward saturation, the
reflectivity drops down to zero. It shovld be noted that thc splitting in the inten-
sity lineshape appears faster for backwaed saturation than for forward saturation.
This anlsotropic behaviour,predicted by our theovetirsl model which takes intoric-
count the stomic motiom, has been observed by Roulnois et al. (17] in slightly dif-
ferent conditions. (In their experiment, both pump bheams are saturating, but with
very differcnt intensities).
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Fig.14 Theoretical peak neflectivity R,,'é' v
[f or b) saturating pump intensity. Ry 48 the
5ot Jk asymptotic value of the nedlectivity in the
— A . . case osab%ckumdd 54mmuo;1. The peak ﬁ&leq-
ity {5 deddned as the maxirum vatue 4n
— —’”—A_. . the cunvEs 0f Fig.13.
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Fig.13 Theonetical {ntensity Lincshapes in a sinale Lifetime model {on different
values of the noamﬁ&ﬁmp infensity. (B) backwand saturation, (F) gouwmad s
wnaiion.

In conclusion, this work demomstrates the cruclal importance of the atomic motion
for the understanding of FWM in gas media. We¢ have shown that rhe polarization pro-
perties of PC mirrors are deeply altered by the thermal motion, and exhibit quasi~
general characteristics only baged on the angular momentum values, tndependently of
the considercd gas media. This allows a perfect ¢ontrol of the FC polarization by an
adequate choicc of the input (pump and probe) polarizations. As cegards che emission
lineshape, the directional anisotropy of the saturation effects, or the dispersive
origin of the intensity linechape in the case of an intense standing pump wave, which
have been experimentally demomstrated by means of heterodyne datection techniques,
are phenomena alse produced specifically by tha rharmal motion (unpredictible for
stationary atoms). A theorctical analysisof the saturation induced by an intense stan-
ding pump wave is in progress. It can already be sugiested that, in gas media, an op-
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timum intensity ratio between pump £ and pump b should exist, Futyre theoretical
developmant should also inciude the effect of high-order nonlincarities on the PC
polarization,

This work was supported im part by "Direction des Recherches, Erudes et Techniques"
(Paris). The "Labocratoire de Physique des Lasers" 1s a laborstory associated with
the “Centre Natfonal dc la Recherche Scientifique™ (C.N.R.5.).
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