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LASER LIGHT INTENSITY DEPENDENT NONLINEAR
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In phenomenological as well as molecular-statistical treatments, the nonlinear suscep-
tibilities of crystals and amorphous bodies determined from harmonics generation are shown
to depend explicitly on the laser light intensity. This dependence leads to a self-amplification
of the harmonics generated which is especially strong in statistically inhomogeneous media,
where saturation of optical reorientation of the microsystems can occur.

1. Introduction

In processes of DC electric field-induced second-harmonic generation (SHG), first
observed by Terhune et al. [1], the tensor of second-order nonlinear susceptibility AZHE®)
is a function of the field strength E° [2, 3]. This paper is aimed at showing that nonlinear
susceptibility tensors, measured in processes of harmonics generation [4], are functions
of the intensity of laser light. We previously [5] performed an analysis along these lines
with regard to SHG in electrically polarized dipolar gases. Here, we shall consider the
problem more generally for arbitrary isotropic bodies and crystals.

2. Phenomenological treatment

In a medium acted on by a sufficiently intense, vibrating electric field E(r) = E,, cos wt,
the vector of induced dipole polarization is a nonlinear function of the field; in the electric
dipole approximation, we have

PO = ¥ 4B = 3 PO, 0

where x™ is the tensor of n-th order nonlinear susceptibility, and [n] denotes n-fold con-
traction of the (#+1)-rank tensor y™ and the poly-vector E™
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Taking into account frequency-dependence in the expansion (1), we can resolve
the n-th order polarization vector P™ into an even part and an odd part [6]

P(f) = 2—1— {(i") 2 (0) [2n]E2"

n—1
+2 Z (25") 1" (2nw—2sw) [2n]E2" cos 2(n—-s)wt} , 9))
a—1
2a—1) 1 2n—1 (2n~1) — - 2n—1 -
P (t) = = x (2no—2sw—o) [2n-1]JE2* " cos (2n—2s— 1)wt.
s
§=0

3)

The even-order polarization vector (2) contains the zero-frequency contribution correspond-
ing to a DC polarization effect within the medium [7] and the frequency-dependent polariza-
tion responsible for the generation of even 2(n—s) harmonics from the medium. The
odd-order polarization vector (3) consists only of frequency-dependent contributions cor-
responding to generation of odd 2(n—s— 1) — harmonics. To-day, second, third and
higher harmonics are obtained from various isotropic and anisotropic materials [4, 8].

By Eqs. (1)-(3), we have the following expression for the i-th component of dipole
polarization vibrating at the fundamental frequency w of incident light

P = xi;(DE7 cos wt, @
where
xiiD) = 7i{(0)+3 Ximala+ 3 X iimniad o + - ®)

is the tensor of linear dipolar susceptibility dependent on the incident light intensity, given
by the tensor I, = EPE; “/2. From existing observations, the light intensity-dependent
polarization (4) is apparent in the optical Kerr effect [9], self-induced rotation of the
polarization ellipse [10], and self-focussing of laser beams [11, 12].

Since the polarization of Eq. (4) depends on the incident intensity, polarization at
doubled frequency can naturally be expected to be a function of I

PII) = § xZ(DECEY cos 2ut, (6)
where, with regard to Eq. (2),
Xlzﬁc)(l) = Xlz,l(;c)(o) + 2Xi2j(;c)lmllm + % Xizj(;c’lmnollmlno +... (7)

is the tensor of second-order nonlinear susceptibility at 2w in the presence of a self-induced
variation of highly intense light.
Likewise, by (3), we obtain for polarization at tripled vibration frequency

PP(I) = 3 1 (DESERE cos 3o, ®)
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where the light intensity-dependence of the tensor of third-order nonlinear susceptibility
is given by the expansion

X?_]‘l:l(l) = X?J(Igl(o) + % X?jtlglmnImn + %Tl Xia_;;:lmnoplmnlop +... (9)

Similarly, we obtain with regard to (1)-(3) polarizations responsible for harmonics higher
than the third. .

The dependence of higher-order susceptibilities on frequency dispersion and absorp-
tion and spatial dispersion are found in general by the perturbation methods of quantum
mechanics [6, 7]. Also, the symmetry relations and non-zero and mutually independent
elements of polar tensors of higher ranks can be derived by the methods of group theory,
as it has been done for axial tensors [13]. This makes it possible to apply nonlinear variations
of the susceptibility tensors (7) and (9) for all the classes of symmetry of materials investi-
gated for harmonics generation. Though actually only the susceptibilities xizﬁ and x?j‘;,’,
have been measured hitherto, there already are available laboratory conditions for the
measurement of nonlinear susceptibilities of still higher orders [14]. Such measurements
will permit to carry out numerical evaluations of the various light intensity-dependent
terms occurring in the expansions (7) and (9).

3. Semi-macroscopic treatment

The dependence of the tensors (5), (7) and (9) on I can be proved as well by studies
of their dependence on temperature, density, and concentration, and can be made apparent
in a semi-macroscopic and molecular-statistical approach [15] particularly well adapted
to the analysis of isotropic bodies. But here we come up against the fact that in the isotropic
optically inactive case the tensor (7) vanishes, and SHG can occur only by way of electric
quadrupole and magnetic dipole polarization mechanisms [7, 8] or if a DC electric field
is applied externally [1-3].

Applying perturbation calculus with Gibbs statistics, we derive in the presence of
a DC electric field E° and light of intensity I the following distribution function {11, 15]:

f(z, E% I) = f(z, 0) {1+ BME +3 BAATT;
+3 ﬂ(B?;-k+ﬁM,-AA§~°k)E?Ijk+ b 10)

where f(t, 0) is the distribution function of the microsystems at the configuration 7 when
E°=0and I =0, and 8 = (kT)~'. The total electric dipole moment of the medium is
M;; its variation under the influence of light of intensity I is given by the tensor Bjj,
of nonlinear second-order electro-optical polarizability. The quantity 44;; = Af— <A
describes the fluctuation of the linear optical polarizability tensor of the medium.

By having recourse to the distribution function (10), we obtain in a good approxima-
tion for a spherical sample of volume V:

® 1 [n2,+2n3\ (n2+2nd\? ° ©
VUE, T) = ﬁ< 2% )( e °) {<c?,-,,,+ﬁ3?,-kM,>
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e+ 28 20 po ]
X 38 El + <Euklmn + 3ﬂ(Buk lmn l]klA Amn)
0

e+2¢0\ (n2+2n2\? 1
+3B2BI2M 442, ( . 0)( ¥ °) E?I,,,,,+...}. (11)

Above, n, and n,,, are, respectively, the refractive indices for the fundamental and doubled
frequency and & the electric permittivity of the sample; n, and go refer to the medium
surrounding the spherical sample. When deriving Eq. (11) we had recourse to the circum-
stance that, in the case of isotropic optically inactive media, unweighted averaging causes
polar tensors of odd rank to vanish: (M,> = {Bijy = {BijAmy = 0.

The first term of the expansion (10) which is linear in E° was discussed exhaustively
in previous papers [3]. The second term, which arises by superposition of the action of
the field E° and light intensity I on the medium, depends on temperature likewise to the
DC Kerr constant [15]; however, whereas Kerr’s effect is described by tensors of rank 4,
the interference effect in DC SHG is given by tensors of rank 6. The sixth-rank tensors
of (11) have to be averaged isotropically according to previously established transforma-
tion formulae [16].

On applying the distribution function (10) with E° = 0, we obtain for the nonlinear
third-order susceptibility tensor in the presence of intense light

o(1) = n3,+2n3 nfa+2n(2,)3
tiD = o 3n2 3n2

o [(M2+2n2\?
X < l_]kl>+ <Euklmn+4ﬁcuklAA 3n2 Imn+ . (12)

0

The intensity-dependent term is of a form similar to that of the fourth-rank tensor of the
optical Kerr effect [11].

4. Molecular-statistical treatment

The expressions (11) and (12) derived above are accessible to an analysis on the
microscopic level permitting to gain insight into the various mechanisms leading to the
generation of harmonics, thus processes of electron vibration anharmonicity [7] as well
as of molecular reorientation and redistribution [3, 11, 15], other statistical-fluctuational
processes, and molecular motions [17]. The tensors M, A;j By, ... depend, besides the
properties of the atoms and molecules, on the fields F of the surrounding electric multipoles.
Thus e.g. one has for the dipole moment of N microsystems present in V

M — Z {m(”)+a(”)F(")+% b(p)F(")F(p)+6 c(p) Fﬁ'p)Fl(cp)Fz(p)‘l'---} (13)

and similar expansions for the other tensors of Egs. (11) and (12). Expansions of this
kind, in conjunction with appropriately chosen statistical distribution functions, make
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it possible to investigate the influence on harmonics generation of pairwise, triple, quad-
ruple etc. correlations of the microsystems, besides that of their intrinsic properties. In
this way, the susceptibilities (11) and (12) can be expressed as functions not only of temper-
ature but also of the density, or concentration, of the systems under study [19].
Noteworthy progress has recently been achieved with regard to the numerical determi-

nation of nonlinear optical polarizabilities for atoms and simpler molecules [2, 18-21] '
as well as large organic molecules [22]. These data and the knowledge of other relevant
molecular parameters will permit to evaluate numerically the variations induced in the
susceptibility tensors (11) and (12) by the action of sufficiently intense light beams.

5. Saturation of optical molecular reorientation

The expressions (11) and (12) cover statistical processes implying a rather weak
degree of optical reorientation of the microsystems. Closer studies of the self-trapping
of intense laser beams have shown that strong optical reorientation of molecules including
saturation (complete alignment) can be achieved. In the latter case, the calculations can
be carried out to the end only if statistical molecular correlations are neglected.

Let us assume the intense laser beam incident on a system of mutually uncorrelated
molecular dipoles to propagate in the direction of the Z-axis and to be plane polarized
in that of the Y-axis, along which a DC electric field E° acts. On omitting nonlinear polariz-
abilities of higher orders, we obtain for axially symmetric molecules having the electric
dipole moment m

nyu;( 1) = {3b113L2(i'Q)+(b§33—3b113)L4(i‘1)}E3- (14)

Above, L,(+q) and L,(+q) are Langevin functions of the second and fourth order [5]

] ) ) n+2
of the optical reorientation parameter of the molecule g = gla‘g’3—a‘f1|< 3 ) I,; the

sign -+’ refers to “‘cigar-like”” molecules, with a positive anisotropy of linear polarizability
(@83 —a$, > 0), whereas the sign “~“ is for “disc-shaped” ones with negative anisot-
ropy (a53—af; < 0).

If the molecular system under consideration is not acted on by an external electric
field (E° = 0), the susceptibility (14) vanishes and only third-harmonic generation with
susceptibility of order 3 is possible (we neglect higher-order effects)

Xi;‘;y {‘31111+2(31133 cit10)L(+9)

+(cit— 601133+03333)L4(i4)}- (15)

Egs. (14) and (15) hold for weak as well as strong optical reorientation of the molecules.
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In particular, for I, = 0, i.e. in the absence of optical reorientation, ¢ = 0, they reduce to

NmE°
nyy(E 0) = 10KkTV 2 (0355 +2b173), (14a)
nyyy( ) = 3607 —— (3c3%33+12¢i 033 +8¢3%1y). (152)

For the case of complete optical alignment, i.e. optical saturation, we obtaih by (14)
and (15) for ‘“‘cigar-like” molecules

nyy(E + ) = b333 (14b)

Nm
2kTV

xym(+ 00) = (15b)

N
24V 03333

Gy

0 10 20 30

Fig. 1. Relative changes in nonlinear susceptibilities due to strong optical reorientation of molecules.

The full curves (HF, NO, CO, CH;F, CHF,) are for x;‘;’y (Ey, I, )/x;;’y (E5,0), the dashed ones (CS;,

C6H6) for wa (I )/xﬂyllll (0)
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With regard to the available literature data [8, 18-22] for the nonlinear polarizability tensor
elements bfj‘,‘,’ and c,aj‘;,’,, one is easily convinced on inspection of our formulae that in
the case of “cigar-like”” molecules the process of optical reorientation saturation enhances
the susceptibilities (14) and (15) by at least one order of magnitude. As a consequence,
the power of the harmonics generated can increase by two orders at the least.

The situation is different for “disc-like” molecules, since here the susceptlblhty of
Eq. (14) can decrease to zero, whereas that of Eq. (15) takes the value

N
Xopy(— 0) = AV i1 (15¢)

thus also leading to a considerable enhancement of the third harmonic.
On the assumption of 6¢,,335 = €3333+C111, We obtain, with regard to (15) and (15a),
the relative change in nonlinear susceptibilities in the form

nyyy(ly) Cg?aa cT111
= 14 TN gy, (16)
Xy,,y,,(()) 3933 +2¢3511 g

i.e. a dependence on optical molecular reorientation identical with that of the Optical
Kerr Effect [5] and self-trapping of light [23].

Fig. 1 shows the variations of Eq. (16) with increasing light intensity for CS, and C;Hg
[8] and similar variations in the susceptibility ratio of Egs. (14) and (14a) for HF, NO, CO,
CH,F and CHF; (the data for these molecules are taken from Ref. [24]).

6. Conclusions

We have seen that the tensors. of higher nonlinear susceptibilities ¥, and X;jims
are accessible to determination indirectly from studies of the light intensity dependence
of the 2-nd and 3-rd harmonics, respectively, and directly from generation of the 4-th
and 5-th harmonics. The numbers of nonzero and mutually independent elements of
these tensors for all crystallographical classes are given in Tables I and II (those of independ-
ent ones for some classes are to be found in Refs. [25, 26]). The tensor elements of x;;,
Xije and x;;, are available from the literature [8, 27]. Those of totally symmetric tensors
Xijrm a0d Xijume are given in Table II. These data permit to apply the light intensity
dependent susceptibility tensors (5), (7) and (9) to the various crystallographic classes
investigated experimentally in Nonlinear Optics.

Obviously, laser self-induced enhancement or abatement of the nonlinear susceptibil-
ity tensors plays a highly important part in light harmonics generation in crystals
[4, 8], especially ones with structural phase transitions [28], in organic dye solutions
[29], as well as in molecular, macromolecular and colloidal fluids [30]. In semiconductors,
the increase in nonlinear susceptibilities is due essentially to other mechanisms [31-33].

The authors wish to thank the Institute of Physics of the Polish Academy of Sciences
for sponsoring this investigation.
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