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NONLINEAR OPTICAL EFFECTS IN LIQUID CRYSTALS 

Eric Gregory Hanson · 

ABSTRACT 

,. We show that various characteristic parameters of nematic liquid 
·.; 

crystals can be determined by a combination of linear and nonlinear opti-

cal measurements. We have made such measurements on seven homologous 

compounds of the ·p,p'-di-n-alkoxy-azoxybenzene series, allowing us to de-

termine the variations in these parameters with increasing alkyl chain 

length. 

In the isotropic phase, we measured the temperature dependen<;:e of 

the optical Kerr constant and the orientational relaxation time. The 

critical behavior near the nematic-isotropic transition agrees well with 

the predictions from the Landau-de Gennes model. We have deduced the ex-

pansion coefficients of the three lowest order terms in the Landau free 

energy. Knowing these coefficients, we show that the Landau expansion 

converges quickly in the isotropic phase, but in the nematic phase it 

either diverges or converges slowly. In addition, these results suggest 

that the mean-field theory of Maier and Saupe is not a good approximation 

for a quantitative description of the isotropic-nematic transition. 

In the nematic phase, we have measured the temperature dependence of 

the refractive indices and linear birefringence of the same· seven com-

pounds. Using the Vuks' model of local field corrections, we have de-

duccd from our results both the microscopic and the macroscopic order pa-

rameters. The former agree well with those determined by Pines et al. 

from mtR measurements. \~e show that increasing alkyl chain length in-

creases the average molecular polariznbility much faster than the polar-



i.zability a.nisotropy. Our results clearly show that the alkyl chains do 

contribute to the polarizability anisotropy, but the dominant contribu-

tion is from the molecular core. 

We also show that it is possible to use a single liquid crystalline· 

material in its isotropic phase to study the entire range of self-focus-

ing behavior from transient to quasi-steady-state. We have performed.· 

such a study using a single input laser with a constant pulse length, by 

varying the orientational relaxation time of p-ethoxybenzylidene-p-butyl-

aniline (EBBA) as a function of temperature. Our results agree well with 

a simple unified physical description of self-focusing and with known 

theoretical predictions. Stimulated Brillouin scattering in the backward 

direction is identified as the mechanism responsible for the limiting di-

ameter of the self-focused beam in our experiment. 
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I. INTRODUCTION 

Nematic liquid crystals are fascinating materials with distinctive 

1 properties unlike those of other forms of condensed matter. These rna-

terials are composed of long, rigid, organic molecules. Each molecule 

has a highly anisotropic polar~zability, causing the orientation of 

neighboring molecules to be strongly coupled together by dispersion or 

Van der Waals forces. As a result of this coupling, these materials po-

sess an unusual phase, the nematic..phase, which occurs in a temperature 

range between the solid and the liquid phases. In the n~matic'phase, the 

molecules move around freely but always remain roughly parallel to each 

other. The material is birefringent because of the anisotropic polari-

zability of the individual molecules. 

As the material is heated, it makes an abrupt phase transition into 

' . 
the isotropic liquid phase. This transition is interesting because of 

its simplicity. Only one degree of freedom changes during this transi­

tion, that of orientational ordering.
2 

In order to learn about this 

phase transition, we perturbed the isotropic liquid to cause a small a-

mount of orientational ordering. The perturbation was from the optical 

frequency electric fie~d produced by a pulsed laser, which coupled to the 
I 

induced dipole moments on the molecules and produced the ordering. We 

probed the response of the material by measuring the resulting birefrin­

gence, or in other words, by measuring the optical Kerr constant s3 

We also measured the decay of the bir.efringeance after the strong laser 

pulse was over. From this we could deduce the orientational relaxation 

time T. In Chapter II, we discuss the results of these measurements for 

seven cl6sely related nematic compounds. We find that the optical Kerr 

1 



constants and the relaxation times are strongly temperature-dependent, 

in agreement with the Landau-deGennes model. As with other liquid crys-

talline materials, these compounds have a large B and a long T, be~ause 

3 of the strong orientational coupling between the molecules. We show 

that we can deduce characteristic parameters of the nematic-isotropic 

phase transitions in these materials, and we see how these parameters 

varywith increasing molecular length. Using .these parameters, we esti-

mate the latent heat of the nematic-isotropic phase transition ~H. and 

co~pare this to the calorimetrically determined ~H.4 We find good agree-

ment for the lower members of the series, but substantial devi'ation for 

the highest two members. 

In the nematic phase, the large optical birefringence is the basis 

of many applications sue~ as liquid crystal displays. The magnitude of 

this birefringence is determined by the moLecular optical anisotropy and 

the degree of orientational ordering, both of which are strongly affected 

5 by the molecular structure. · Recent work using nuclear magnetic reso-

nance techniques has investigated some effects of changing molecular 

6 structure upon the orientational order paramter. These measurements 

showed the effects of in·creasing alkyl chain length by studying a homolo-

gous series of nematics. However, no measurements have yet been report-

ed on the variation of the optical anisotropy or of the resulting hire-

fringence as a function of chain length. 

In Chapter III, we show that the optical refractive indices and hi-

refringence can be measured.to an accuracy of 0.5% as a function of tern-

perature. We present the results of these measurements for seven members 

of the same homologous series as discussed in Chapter II. We deduce the 

microscopic order parameters, which agree well with those determined by 

2 
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6 Pines et al. We find that the macroscopic polarizability anisotropy de-

creases strongly with increasing chain length due to the molecular volume 

effect. The microscopic polarizability anisotropy of the individual mol-

ecules actually increases sliphtly with increasing chain length. This 

shows that the end chains do contribute to the anisotropy, but their con-

tribution is always much less than that of the molecular core. 

The field-induced refractive index of a liquid crystal can lead to 

self~focusing of an optical beam. 7 Previous quantitative experiments on 

self-focusing have investigated only two limiting cases: the case of ex­

treme transient self-focusing8 and the case of quasi-steady-state self-

f . 9 
OCUS1ng. In the nematic liquid crystal it is possible to investigate 

both of these limiting cases as well as the intermediate ·range between 

them simply by varying the sample temperature. In Chapter IV, we des-

cribe the results of measurements using a Q-switched laser pulse with a 

conventional detection system, where we vary the relaxation time of the 

liquid crystal over the entire range with only one sample. We show that 

our results can be explained in terms of a simple unified physical model. 

In the quasi-steady-state limit, the focusing behavior approaches that 

predicted for the moving focal spot model, while in the transient limit 

. the behavior agrees with that predicted for the dynamic trapping model. 

We can also identify backward stimulated Brillouin scattering as the me-

chanism responsible for the limiting diameter in our measurements. 

3 
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II. OPTICAL-FIELD-INDUCED REFRACTIVE INDICES AND 

ORIENTATIONAL RELAXATION TIMES IN A HOMOLOGOUS 

SERIES OF ISOTROPIC NEMATIC SUBSTANCES 

1. INTRODUCTION 

Recently, it has been demonstrated by nonlinear optical measurements 

that liquid crystalline materials in their isotropic phase can have a 

large optical Kerr constant with a long relaxation time. 1 Such charac-

teristics result from the pretransitional behavior of the materials. The 

nonlinear optical measurements actually provide a stringent test on the 

Landau-de Gennes phase transition model for iiquid cyrstals. ·From these. 

measurements together with measurements on the order parameter and aniso-

tropy in refractive indices, one can obtain values for large number of 

characteristic material parameters: * . ·T , the fictitous second-order iso-

tropic-nematic transition temperature; v, the viscosity coefficient for 

molecular orientation; a, b, and d, the coefficients in the Landau's ser-

ies expansion of the free energy; and others. These parameters are im-

portant for characterizing a liquid crystalline material. To understand 

how molecular structure affects the properties.of liquid crystals, it 

will then be of great interest to find these parameters for a homologous 

series of compounds. However, no such information for any homologous 

series exists in the literature. 

In this chapter, we report the results of our recent nonlinear re-

fractive index measurements on the homologous compounds of p,p'-di-n-

alkoxy-azoxybenzenes. The molecular structures of these compounds are· 

shO\vn in Table.!. Also listed in the Table are the isotropic-nematic 

transition temperatures TK of our samples, the macroscopic order parame-

5 



ters QK at TK, the refractive index anisotropies bx (defined for the case 

of perfect molecular alignment) we recently measured, and the latent heats 

bH obtained from Ref. 2. From the nonlinear optical measurements and the 

values of TK' QK, and bX, we then deduce the various characteristic param­

eters we mentioned earlier for these homologous compounds. The work here 

constitutes one of the very few examples where nonlinear optical measure-

ments can yield quantitative results not only on nonlinear optical coef-

ficients but also on other characteristic parameters of a condensed mat-

ter. 

In Sec. 2, we give a brief review on the theory of optical field-

induced refractive indices. We describe in Sec. 3 , the experimental 

arrangement and the data analysis procedure. Then, in Sec. 4, we pre-

sent the experimental results and the material parameters deduced from 

our results. Finally, Sec. 5 discusses the implications of our results 

from the molecular structural view point. 

2. THEORETICAL BACKGROUND 

Liqu.id crystalline materials are composed of highly anisotropic mol-

ecules. Consequently, the'induced dipoles on the molecules are also high-

ly anisotropic. In the presence of intense optical field, the molecules 

tend to be aligned by the field via induced dipole interaction with the 

field. The resultant molecular ordering is then reflected by the induced 

optical anisotropy iii the medium. 

If Q is a macroscopic tensorial order parameter which describes the 

degree of molecular alignment, then the optical susceptibility x .. (or any 
1J 

tensorial property of the medium) can be written as 3 

(1) 

6 
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1 
where x = 3: Eixi and 6x is· the anisotropy in x ij with perfect molecular 

1 alignment such that ~2 = -Q = -Q = 1. In the absence of field, in 
XX yy ZZ 

an isotropic medium, Qij is zero, but becomes finite in the presen~e of 

a field. 
2 According to the Landau-de Gennes model, the free energy per 

unit volume of an isotropic fluid in the presence of an intense field 

~ ~ 

E(w) and a weak probing field E(w') is given by 

1 * 1 * - 7X
4 

•• (w)E.(w)E.(w) - J.X
4 

•• (w')E.(w')E.(w') 
1] 1 J 1] 1 J 

(2) 

where F ·is independent of Q and where we assume (1/lw- w' I> is much 
0 

shorter than the response time of Q (see Appendix·!). The field-induced 
I 

molecular ordering then obeys the dynamic equation3 vaQ .. /at = 
. 1] 

Nonnally, Q is small in the isotropic phase, and hence the Q3 

* 

- aF/aQ ..• 
]1 

4: 
and Q 

tenns and the x .. (w')E.(w')E.(w') tenn in Eq. (2) are often negligible. 
1] 1 . J 

The dynamic equation assumes the form 

aQ.. * 
v ~ + a(T- T )Q

1
.J. = f .. (t) 

ot l.J 

1 (* 1 2 ) f .. (t) = 12~x E.(w,t)E.(w,t)- -3 !E(w,t) I o .. +c. c. 
1J 1. J 1] 

* under the condition that lw - w' I >> 1/T = a(T - T )/v. 

(3) 

Consider first the steady-state solution of Eq. (3). If the optical 

~ 

field propagating along z is line9rly polarized, e.g., E = Ex, we find 

immediately 

7 



(4) 

The corresponding induced linear birefringence at w' is 

= (21T/n)I
3

t-.x(w')(Q - Q ) 
XX YY 

(5) 

2 * = (2Tr/n) llx(w) llx(w') IE(w) I /9a(T- T ) 

where n is the linear refractive index and we assume lw - w' I >> 1/T. 

2 
From the usual definition of the optical Kerr constant B = w'ong_ITrciE(w) I , 

we have 

* B = 2(w/nc) llx(w) llx(w')/9a(T- T ). 

If the intense optical field is elliptically polarized, e.g., 

(6) 

E(w) = e+E+ + e_E_with e± = (x ± iy)//:2, we find from Eqs. (1) and (3) the 

following susceptibility tensor in the circular coordinates for w = w' 

1 
2 (

X + X + i(x - X ) (x -X ) - i(x +.X )) xx yy xy yx ' xx yy xy yx 

<xxx - xYY) + i <xxy . + xy) , xxx + xyy - i <xxy - xy) 

<Ax) 
2 

= x o . . + ---'-'=.tJo..£--,.*-

]_J 18a (T - T ) 

We can write 

. (7) 

8 
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(8) 

and then the field-induced refractive indices seen by the two circular 

components of the incoming elliptically polarized light are 

(9) 

The corresponding circular birefringence is 
; : 

cSn = on - on c . + 

(10) 

We shall see later that the above-mentioned induced linear and circular 

birefringences can be deduced from measurements of phase shifts of linear 

and the elliptical polarizations respectively. As seen in the above ex-

pressions, all these field-induced refractive indices and birefringences 

* diverge as T approaches T . This critically divergent behavior is of 

course characteristic of a pretransitional phenomenon. In liquid crystal­

* line materials, the first-order transition temperature TK (> T_) always 

* sets in before T reaches T . 

In nonlinear optics, the field induced refractive indices can be 

described more generally from symmetry considerations. 4 •5 For an isotro-

pic medium, th~ third-order nonlinear polarization takes the form 

9 



p~3)(w'). = E I (3) ( ' * . D x1122 w = w' + w - w)E1(w')Ej(w)Ej(w) 
J 

(3) ( ' * +X 1212 w = w' + w- w)E.(w')E1 (w)E.(w) (11) 
J J 

(3) ( ' 
+ X1221 w w ' + w ..:. w) E . ( w ' ) E . ( w) E ~ ( w)) 

J J . 

where x( 3)•s are components of the third-order nonlinear susceptibility 

4 
tensor and where D is a degeneracy factor , which accounts for the equiva-

lent permutations of the frequency indices. For these field induced re-

fractive indices, D = 6 if w * w', while D = 3 if w = w'. Of course, 

there is no factor of 2 jump in the observed nonlinear refractive indices 

as w approaches w'. Instead, these quantities have a smooth frequency de-

pendence (see Appendix I). 
(3) 

The tensor elements of x are not frequency-

independent, but as w approaches w', they vary smoothly (see·Appendix I). 

-r . 
In general, for E(w) = x E(w), we can solve Eq. (11) to give 

&n (w') = (2w/n)P(3)(w')/E (w') 
XX X X 

&n (w') 
YY 

[ 
(3) (3) (3) 1 2 

( 2w/n)G xll22 +xl212 +xl221 IE<w>l 

(2n/n)P(3)(w')/E (w') 
y y 

(3) 2 . 
(2n /n) 6x 

1122
1 E (w) I . 

Comparing Eq. (12) with Eqs. (4), (5), and (6), we find, assuming 

l':lx (w) = l':lx (w') and I w - w' I » 1/T, 

(12) 

10 
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x(J) (jw- w' I » 1/'r) =-.!.!I (t.x)
2 

* J = ... .!. ___! !!.£. B 
1122 . 3 6 9a (T _ T ) . 3 12 w 

(13a) 

This gives, for lw - w' I >> 1/T, 

- ~i~~2 <lw- w'l » 1/T) =xi~~2 <1w- w'l » 1/T) +~i~;1 (jw- w'l » 1/T). 

(13b) 

For w = w', and forE= ~+E+(w) + ~_E_(w), we have in circular co-

ordinates, 

( (3) < '> O> c· '> ~- X1122 w = w + X1212 w = w (14) 

·c I o> [1~ t -*c 12 ,. t -* >12]. 6nc = 2n n)~ 1221 e+ • E w) - A_ • E(w . 

Comparing Eq. (14) with the previous expressions, we find, 



(3) 
X 1221 (w 

{15) 

Also, from the synnnetry of Eq. (11), x ~i~2 (w = w') = xi;i2 <w = w'). 

Owyoung et al. have shown that with only nuclear contribution, the 

third-order nonlinear polarization can be written as 6 

P (3) (w,) 2a: * B * B , * 
i 

= - 4 E.(w')E.(w)E.(w) +-4.E.(w')E.(w)E.(w) +-
4 

E.(w )E.(w)E.(w) 
~ J J J J ~ J ~ J 

12 

B + 2a * B * + B + 2a * 
8 E.(w)E.(w)E.(w) + -

4
. E.(w)E.(w)E.(w) .:;:___

8
,-:::-'- E.(w)E.(w)E.(w) 

~ J J J J ~ J 1 J 

(16) 

where again we assume lw - w' I >> 1/•. In the case of liquid crystalline 

materials, this is true since the electronic contribution is negligible 

compared to the nuclear part. Comparing Eqs. (13), (15), and (16), we ob-

tain 

B - )a: ' 

(17) 

B = (w/nc)8. 

We now consider the transient case where molecular ordering Q .. is 
~J .· 

induced by an intense light pulse. From Eq. (3), we find immediately! 

-ft ' -(t- t')/• Qi. ( t) - [f .. ( t ) /v] e 
J -oo 1J 

(18) 

where the orientational relaxation time is defined as 



0. <u··· ' tJ 0 4 

Consequently, we have 

7 0 7 

* 1''"' v/a(T- T ). 

ljt -+ 2 I onc(t) = (nc/w)B-; (!e+ · El - e 
-a> 

8 

(19) 

(20) 

Thus, know~ng the time variation of oni(t) or onc(t), we should be able 

to deduce the values of B and T. Equation (19) shows that T would diverge 

* as T approaches T . This critical slowing-down behavior is again charac-

teristic of a pretransitional phenomenon. 

Suppose we have obtained B and T as functions of temperature T. Then 

* 2 from Eqs. (15) and (19), we can deduce the parameters T , (~x) /a, and 

v/a. If, in addition, ~X is separately measured, then a and hence v are 

also known. Now, the Landau-de Gennes model with the free-energy expres­

sion of Eq. (2) predicts 7 a first-order phase transition at 

TK = T* + 50b2/243ad and an order parameter QK = 20b/27d at the transi­

* tion. Knowing TK, T , a, and QK' we can then deduce b and d·. 

* b = 18a(TK - T )/SOK 

(21) 

The validity of Eq. (21) however depends on whether the Landau model 

gives a valid description of the isotropic-nematic transition. 

13 



3. EXPERIME-NTAL ARRANGEHENT AND DATA ANALYSIS 

A. Sllmple Preparation. , 

Our experimental work was on seven homologous compounds of 

p,p'-di-n-alkoxy-azoxybenzenes. (CNHZN+lo-c6H4-N2o-c6H4-ocNHZN+l with 

N-1,2,---,7). The samples were purchased from Eastman Kodak Co. Purifi-

cation of the samples was done by recrystalization from a saturated solu-

tion in various solvents (see Table II). The recrystallized sample was 

then placed in a pyrex optical cell 2.5 em long with strain-free windows, 

and evacuated for several hours to remove atmospheric H
2
o and o

2 
and the 

residual solvent. After evacuation, the sample cell was sealed under va-

cuum. A sample prepared this way was very homogeneous and had a sharp 

isotropic-nematic transition. The transition temperature was constant to 

within O.l°K for more than one month. 

There was apparently a small amount of impurities in our samples as 

evidenced by the lower transition temperatures than those reported for· 

pure samples in the literatures. The differences were typically less than 

5°K, suggesting an impurity concentration less than 1%. It appears that 

* with such small impurity concentrations (TK - T ) remains nearly un-

changed. The temperature-dependent pretransitional properties as a func­

* tion ~f (T - T ) should also remain unchanged an6 the material parameters 

deduced from our experiments should be insensitive to impurity contamina-

. 7 t1on. 

During our optical measurements, the sample cell was placed in an 

oven with thermal control. The sample temperature was stablized to with-

in 0.1°K and its uniformity throughout the cell was better than 0.2°K. 

B. Experimental Techniques 

We obtained the orientations! relaxation time T from the measure-

14 
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mcnts of the transient optical Kerr effect, using a 1 nsec long pulse 

from a weakly mode-locked ruby laser (see Appendix II). It was necessary 

to use a pulse that was this short, because the orientational relaxation· 

time T can be as short as a few nsec for these homologous compounds. A 

single pulse of - 20 KW was switched out of the mode-locked train using a 

Pockels shutter driven by a laser-triggered spark gap (see Appendix II). 

This pulse was linearly polarized by P- 1 (see Fig. la), and passed 

through the sample. The resulting molecular ordering was probed by a 

10 mW CW He-Ne laser. It passed through a crossed polarizer (P - 2) and 

analyzer (P- 3), whose axes were oriented at 45° to that of the ruby po-

larizer (P ~ 1). Ruby-induced molecular ordering in the sample resulted 

in a birefringence, causing some of the He-Ne light to pass through the 

analyzer (P- 3). The time-dependence of this transmission was measured 

by photomultiplier D - 2. In order to prevent the intense ruby light 

from reaching D - 2, a diffraction grating, spatial filter, and interfer-

ence filter were used. This allowed the detection of birefringence in the 

sample as small as 1 part in 10
6 . In order to avoid any possible thermal 

lensing effect in the sample caused by· absorption of He-Ne laser light, 

an electrically pulsed Pockels cell blocked the He-Ne beam until just be-

fore the ruby pulse. 

We obtained the nonlinear refractive index or optical Kerr constant 

from measurements of intensity-dependent ellipse rotation, 4 using a single-

mode Q-switched ruby laser (see Fig. lb). It had a pulsewidth of 12 

nsec and a peak power of - 100 KW. This was monitored with detector D - 1. 

-+ 
The light entered the Fresnel rhomb R - 1 with its E field oriented at an 

angle of 22.5° .to the fast axis, so that it emerged elliptically polarized. 

It was then focused at the center of the sample ceil, so that the length 



of the focal region was appreciably smaller than the cell length. The 

rhomb R2 was ~djusted ~o give a phase shift opposite to that of Rl. With 

the laser beam strongly attenuated at F - 1 to make ellipse rotation neg-

ligible, the analyzer P - 2 was crossed with the polarizer P - 1. Then 

' ' 

the laser power was increased by removing filters from the stack F - 1. 

The intensity dependent rotation of the elliptical polarization was then 

measured by the signal at photodiode D - 2. 

C. Data Analysis 

In our optical Kerr measurements, the signal detected was the He-Ne 

laser light transmitted through the sample between crossed polarizers.­

The signal s°K was therefore proportional to sin2 (w'ontt/2c) where t is 

the sample length. The linear birefringence on
2 

was induced by a laser 

pul~e according 'to Eq. (20). In our case, on
2

2 < 1, and hence we have 

SOK(t)a:[B jlE(t') 12e-(t- t')/Ldt']2 

-"" 
(22) 

where IE(~) 12 
is the exciting laser pulse. The above equation shows that 

if the laser pulse~idth is .smaller than or comparable with T, then at 

sufficiently large t, the signal s°K(t) should decay exponentially as 

exp(-2t/T). This was indeed the case in our measurements. From the ex-

ponential tail, we could deduce the relaxation time T. In principle'. 

since the exciting pulse IE(t) 1
2 

is known from the oscilloscope trace, 

we should be able to deduce not only T but also the optical Kerr constant 

B f h . 1 s°K(t). rom t e s1gna However, in the present case, the probing 

He-Ne laser beam was too weak to yield good signal-to-noise ratio for an 

accurate determination of B. We therefore used intensity dependent el-

lipse rotation measurements instead to de.termine B. 
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For an infinite plane wave, the intensity-dependent ellipse rotation 

8 across the cell is given ~y 1 , 4 • 6 

8 = (w/2c)on L (23) 
c 

For a focused beam, however, 8 is a function of radius r. In our experi-

ment, the laser pulse oscillated in a single transverse mode, and had a 

Gaussian profile. We knew this because self focusing experiments done 

with this same laser consistently showed the formation of only a single 

focal spot. Our laser pulse had an extremely smooth, nearly Gaussian 

time dependence as well, so near the focus at z = 0, its field was: 

(24) 

where w2 (z) = w2 [1 + (2cz/wnW
2

) 2], W is the minimum radius of the foc~s, 
0 0 0 

a is the power attenuation coefficient due to scattering and linear loss, 

and y is a constant. The sample cell extends from z = - 1/2 to z = 1/2. 

Follm-1ing the analysis of Owyoung
6 

using the paraxial approximation, we 

can describe each cylindrically symmetric set of rays in the focused beam 

by a parameter K defined by 

2 2 r = KW (z). (25) 

For each set of rays, the ellipse rotation can be evaluated using Eqs. 

(20) and (24) to give: 

1/2 
= f (w/2c) on (K, z, t)dz 

-t/2 c 
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2 2 
1 2 1T wnW -2K 

= i<l&
0
l Cos 2•) c 

0 
BLg(t)e . (26) 

where 

(27) 

rn 2 2 
g (t) = ~ e-l/r Y T [1 + erf(yt- --1--)]e-t/t. 

2yt . 2yt 

If the attenuation length (1/a) is much larger than the longitudinal fo-

2 cal dimension, wnW /c, then L can be approximated by 
0 

2 -at/2 -1 . 2 
L = - e [tan (ciL/2wnW ) ] 

1T 0 
(28) 

which reduces to exp(-ai/2) when the sample length t >> wnW2/c. If in 
0 

2 .. 
addition, t 4.1/a, then L = 1. In these experiments, we had t ~ S(wnl~, /c); 

. 0 

and t ~ (1/a) resulting in L .~ 0.45. 

We now have to integrate over all the rays in the beam to find the 

total power of the elliptically polarized light transmitted through the 

analyzer. In our case, eK << 1, and ·hence the measured signal is 

. (29) 

where 
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PK(t)dK = (nc/4n)IEI
2
(r,z = 1/2,t)2nrdr 

= (ncW
2

/4)1& l2
exp(- 2K- at- y

2
t

2
)dK 

0 0 . 

• 

and where P is the incoming peak power, P 
0 0 

We then 

have 

.(30) 

2 2 2 where r(t) = g (t)exp(- y t ). 

I · d SER f h 1 d d cs· n our experl.lllent, we measure or t e · samp e an ·.use 
2 

as a 
max 

reference whose Kerr constant is known. From Eq. (30), we find 

(31) 

As seen from Eq. (30), SER. is proportional to P3. However, because of 
max o 

scattering and imperfect alignment~ SER also has a residual term linear 
max 

ER in P . Therefore, we measured S as a function of P and ektracted the 
o m~ o 

term proportional to P3 from the measurements. 
o· 

We have measured -r, a, and B as functions of temperature in the iso-

tropic phase for the seven homologous compounds of 

p,p'-di-n-alkoxy-azoxybenzenes. We have also found nand 6x(= ox11/Qxx) 

for these compounds using the wedge method of index refraction measure-

S 9 ments and the order parameters from magnetic resonance measurements.· 

* Then, from Eqs. (6) and (19), we deduce the paramete:ts v, T, and a for 
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each compound. 

4. EXPERIMENTAL RESULTS 

In Figs. 2 and 3, we show, as examples, the results of our measure-

ments of T and B respectively as functions of temperature for two p,p'-

di-n-alkoxy-azoxzybenzene compounds. Similar results were obtained for 

the other five compounds in the homologous series. In all cases, the da-

ta can be described very,well by Eqs. (6) and (19). Strictly speaking, 

che viscoscity coefficient v in Eq. (6) is not temperature-independent. 

One often expresses v(T) in the form 

v(T) = v exp (- W/T) 
0 

(32) 

where W is a constant. However, in our cases, because the investigation 

was limited to a narrow temperature range, _we can approximate v(T) by 

v(TK). The error introduced by this approximation is less than 4%. 

Thus, by fitting the experimental data with the theoretical curves of 

* 2 .Eqs. (6) and (19), we can deduce T , v/a and (t.x) /a for each compound. 

8 From the independently measured values of. t.x, we then obtain v and a 

separately. As discussed in Sec. 2, if we believe in the Landau's ex-

pansion at the isotropic-nematic transition, we can also deduce the para-

meters band d for these ~ompounds using Eq. (21). Here, TK's were mea­

sured, and the QK's were obtained from the linear birefringence measure-

S 9 
ments normalized against the NHR results of Pines et al. We have list-

* * ed in Table III the values of (T - T )T, (T- T )Band other parameters 

deduced from our measurements for.the seven compounds of the homologous 

series. We have then plotted, as functions of the number of carbon atoms 

. * * in the alkyl chain at either end of the molecule, (T - T )T and (T - T )B 

20 
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$' 8 a 

* in Fig. 4, T , TK, rind AH in Fig. 5, v and Ax in Fig. 6, and a, b, and d 

in Fig. 7. 

In our relaxation measurements, shot noise in the photonmultiplier 

was the main source of experimental uncertainty. Typical error of about 

± 10% is represented by the error bars in Fig. 2 where each data point 

was the result of average over more than 4 laser shots. This uncertainty 

can be improved by using a probe beam of stronger intensity. As the re-

laxation time' approaches the response time of the detection system (~-7 

nsec in our case), the uncertainty.would of course become larger unless 

the signal ~s properly deconvoluted. 

The ellipse-rotation measurements had an accuracy better than 2% so 

far as the signal SER /P3 was concerned. However, in deducing the opti­
max o 

cal Kerr constant from Eq. (31), the uncertainty in .the relaxation time' 

came in through g(t). Together \-lith the uncertainty (- ± 5%) in deter-

mining L, this led to an overall uncertainty of - ± 15% in the value~ of 

B shown in Fig. 2. 

5. DISCUSSION 

Figures 4 ..c 7 show how the increase of alkyl chain length by the ad-

dition of CH2 groups modifies the physical behavior.of the homolo-· 

gous compounds. Here, we give a brief qualitative discussion of the re-

sults. 

Figure 4 shows that the seven homologous compounds all have a large 

Kerr constant and a long relaxation time, which are characteristics of 

other liquid crystalline materials. 1 * For the same AT = T -· T , Bl\T drops 

appreciably as N increases mainly due to a drop in Ax shown in Fig. 6. 

On the other ha'nd, <L'.T has a zig-zag behavior with increase of N. It is 

the result of the zig-zag behavior ofv also shown in Fig. 6. 
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In Fig. 5, we notice that a regular alteration of the isotropic-ne­

* - inatic transition temperatures TK and T and the latent heat t.H occurs be-

tween homologues containing odd and even numbers of carbon atoms in the 

alkyl chain. For TK and t.H,.this is a conunon behavior for many homolo­

gous series of liquid crystalline compounds and is known to be the result 

of the cog-wheel arrangement of the carbon atoms along the alkyl chain. 

. * That the fictitious second-order transition temperature T ~lso has sue~ 

a behavior is a manifestation of the weak first-order transition charac­

* teristics of these compounds. Because of that, TK and T never differ by 

* more than 5°K. We also notice in Fig. 5 that TK - T becomes appreciably 

smaller for N 6 and 7. This seems to suggest that the longer chains on 

the molecules make the transition closer to second order presumably due 

to the stronger waggling motion of the end segment and the falling off 

of the terminal interaction. 

The viscosity coefficient v shown in Fig. 6 also alters r'egularly be-

tween homologues containing odd and even numbers of carbon atoms in the 

alkyl chain. This is caused by the strong temperature dependence of v 

as suggested in Eq. (32). In the present case, we can approximate v(T) 

by v(TK). Then, according to Eq. (32), we expect to find smaller v for 

compounds ,.,ith large TK and hence the qualitative behavior of v in Fig. 

6. However, we should not expect the constants v and W in Eq. (32) to 
0 

be the same for all the compounds in the homologous series. If they were, 

-1 
we would find log v(TK) versus TK to be a straight line from which we 

could deduce v and W. As shown in Fig. 8, this is certainly not the 
0 

case for the PM homologues. 

The optical anisotropy in Fig. 6 shows a fairly smooth decrease 

with increase of the chain length. In fact, on the microscopic scale, 
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the molecular polarizability anisotropy Aa actually increases with the in­

crease of chain length as one would expect intuitively.
8 

The fact that 

Ax behaves differently from Aa is because of the molar volume effect. The 

medium with longer chain molecules has a lower molecular density. Its ef-

feet on Ax turns out to be larger than the incremental effect of Aa on Ax 

due to addition of methylene group on the chain. 

Figure 7 shows that the variations of the Landau parameters a, b, 

and d with chain length do not have any regular pattern. The physical 

meanings of a, b, and d often depend on the model describing the intermo-

lecular interaction. 
10 

In the mean-field theory of Maier and Saupe, we 

should expect a to be a constant independent of the compounds. The values 

of a for the seven homologous compounds in Fig. 7 however vary over a fac-

tor of 2. This suggests that the mean field theory for isotropic~nematic 

transition is actually a poor approximation. The values of b and d in 

Fig. i were deduced by assuming the Landau expansion of free energy is 

valid at the isotropic-nematic transition. To check the validity of the 

Landau expansion, we insert the values of a, b, and d in Eq. (2) with 

Q- 0.4 and T = TK. We find that the b and d terms in Eq. (2) are often 

larger than the a term indicating a divergence or poor convergence of the 

power series expansion. Thus, at least the truncated Landau expansion in 

the form of Eq. (2) is not valid at T = TK. The values of b and d given 

in Fig. 7 are therefore not very meaningful. For T > TK and Q < 0.01, 

however, Eq. (2) is valid. With the values of b and d given in Fig. 7, 

and for Q < 0.01, the b and d terms in Eq. (2) become negligible. This 

. -3 
was true in our experiment where Q was always less than 10 • 

In tlte literatur~, the Landau expansion has also been used to derive 

the heat content AH of a first-order transition 
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t.H 3. =-a 
4 

(33) 

If we neglect the ab/aT and ad/aT terms, then we have 

6H (34) 

7 
The above equation was used by Stinson et al. Using the values of a, TK, 

and QK listed in Tables I and III for the homologous compounds, we find 

the values of 6H shown in Fig. 5 as 6Hth' Compared with the directly mea­

sured values 6H , the agreement is fairly good for all compounds except 
exp 

N = 6 and 7 •. The discrepancy could be due to neglect of band d terms in 

Eq. (33) or due to failure of the Landau expansion. It may also be the 

result of residual short-range smectic order .at TK s~nce the N = 6 and 

N = 7 homologues are known to have a smectic phase at lower temperatures. 

The rapid rise of 6Hth towards N = 6 and 7 comes from the corresponding 

* rise of a which in turn is the result of quick drop of B(T - T ) towards 

N = 6 and 7. 

6. ·CONCLUSION 

Using ellipse rotation and transient optical Kerr effect, we have 

measured the third-order nonlinear susceptibility (or the optical Kerr 

constant B) and the corresponding relaxation time T for seven nematic 

compounds of the p,p'-di-n-alkoxy-azoxybenzene homologous series as func-

tions of temperature in the isotropic phase. The results showing criti-

cal divergence of B and critical slowing down of T are in good agreement 

with predictions from the Landau-de Gennes' model. Similar in character-

istics to other liquid crystallin~ materials, all these compounds have a 

large Kerr constant and a long relaxation time strongly dependent on tern-

24 



y' 

pera~ure. Together with the existing data·on optical anisotropy and the 

order parameter at the nematic-isotropic transition, we have deduced var-

ious characteristic parameters of the· nematic compounds. These include 

* the fictitious second-order transition temperature T , the orientational 

viscosity v, the Landau expansion coefficients a, b, and d, the heat con-

tent t.H, etc. The results show how these characteristic parameters vary 

among the homologous series as the alkyl chain length of the molecules in-

creases through addition of methylene groups to the chain. Part of the 

results can be understood from the molecular structural point of view. 

The variation of the Landau parameter a with compounds indicates that the 

mean field theory of Maier-Saupe is not a good approximation to describe 

the isotropic-nematic transition. Our' values of a, b, and d also s'uggest 

that the Landau series expansion of the free energy is a poor approxima-

tion at the transition. The heat contents t.H derived from the expression 

t.H == 3 a TKQ~/4 deviates appreciably fromthe experimental values for the 

higher members of the homologous series. 
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FIGURE CAPTIONS 

Fig. l(a) Experimental arrangement for obs~rving molecular orient~tional 

relaxation times in nematic liquid crystals. BS, beam split-

ter; P-1, P-2, P-3 linear polarizers; D-1, ITT F4018 fast pho-

todiode; D-2, RCA photomultiplier 6342A; F-1, neutral-density 

stacks. 

(b) Experimental arrangement for observing ellipse-rotation effect. 

P-1, P-2, Glan polarizers; R-1, R~2, Fresnel rhombs; L-1, L-2, 

10-cm lenses, F-1, F-2, neutral-density stacks; D-1, D-2, ITT 

fast photodiodes. 

Fig. 2 Experimental results on optical Kerr constants versus temperature 

for CNH2N + 1o-c6H4-N2o-c6H4-0CNH2N + l with N = 1 and. 7. The so­

lid curves are calculated from Eq. (6). 

Fig. 3 Experimental results on orientational relaxation times versus tern-

perature for CNH2N + 1o-c6H4-N20-c6u4-0CNHZN + l with N = 1 and 7. 

The solid curves are calculated from Eq. (19). 

* * Fig. 4 Experimental values of (T - T )B and (T - T )T for the first se-

ven p,p'-di-n-alkoxy-azoxybenzene homologues. 

* Fig. 5 Experimental values of TK, T , and t.H for the first seven · exp 

p~p'-di-n-alkoxy-azoxybenzene homologues. The values of t.Hth were 

deduced from Eq. (34) using experimental values of a, TK, and QK. 

Fig. 6. Values of v and t.x for the first seven p,p'-di-n~alkoxy-azoxyben-

zene homologues. 

Fig. 7 Values of the Landau expansion coefficients a, b, and d (see Eq. 

(2)) de~uced from the experiment for the first seven p,p'-di-n-

alkoxy-azoxyhenzene homologues. 
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Fig. 8 
-1 

Plot of log v versus TK showirig that the experimental data do 

not fall 6n a straight line. 



Table I. 

Table II. 

0., 0"'. i,) 7 8 

TABLE CAPTIONS 

Molecular st'ructures and other-characteristic parameters of 

the p,p'-di-n-alkoxy-azoxybenzene homologues. 

Solvents used for recrystallization of the p,p'-di-n-alkoxy­

azoxybenzene homologous compounds. 

Table III. Various characteristic parameters of the p,p'-di-n-alkoxy-

azoxybenzene homologues deduced from the experiment. 
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TABLE I 

Structure: C"f1- (CH2)N_1-0- (C 6H4)-N2o.;. (C6H4)-0- (CH2)N_1- (CH3) · 

N 1 2 3 4 5 

TK(oC) 132.7 163.1 119.95 . 129.9 118.6 

QK .400 .51~ .395 .475 .358 

-3 IJX (XlO . ) 108.9 97.1 87.2 79.0 74.9 

/JH (106 etg1cm3) 25.4 52.5 22.8 31.4 19.9 
exp. 

6 

123.9 

.437 

64.5 

26.2 

7 

119.3 

.431 

60.9 

23.5 

,. 

w 
0 
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TABLE II. 

N 1 2 3 4 5 6 7 

Solvent 1-pent~nol n-hexane 1-pentanol acetone 

w 
~ 

0 

a 

c 
...&.. 

-......r 

c 
~-l!,: 

,.,. 
"'"' 
.oo 

.!;.. 
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TABLE III 

N 1 2 3 4 5 6 7 

* (TK - T ) (°K) 3.0 3.8 2.75 4.9 4.4 0.9 0.7 

' 
-9 Tt!T(lO sec°K) 90 80 180 155 240 150 140 

-5 Bt!T(10 esu) 10.5 9.2 9.0 8.9 6.4 3.9 2.2 

v(10-3poise) 62.6 52.1 95.9 68.9 135.4 105.1 151.3 

5 3 a(10 ergs/em °K) 6.69 6.52 5.33 4;45 5.57 7.00 10.81 

7 3 b(10 ergs/em ) 21.0 19.4 15.0 17.9 24.1 4.4 6.0 

7 3 d(10 ergs/em ) 41.1 27.3 29.7 29.1 49.4 6.9 10.1 

6 3 
6Hth(10 ergs/em ) . 33.9 56.9 24.6 30.3 20.9 39.8 59.0 
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II~. REFRACTIVE INDICES AND OPTICAL 

ANISOTROPY OF HOMOLOGOUS LIQUID CRYSTALS 

1. INTRODUCTION 

Among the many interesting properties of liquid crystals, optical 

birefringence is probably the most important. It is the basis of liquid 

crystal display as well as other .device applications. Physically, the 

strong optical birefringence arises from alignment of molecules with. 

large molecular anisotropy.
1 

The molecular anisotropy reflects not only 

the geometric shape of the molecules but also anisotropy of their elec-

tronic orbitals. With incre~sing molecular alignment in the nematic 
l 

phase, the optical birefringence increases accordingly. It can there-

fore be used as a measure of the nematic order. 

As emphasized by 2 de Gennes, any tensorial property of the nema-

tics can be used to define a nematic order parameter. Thus, we can wr~te 

the refractive indices parallel and perpendicular to the direction of mo-

lecular alignment as 

~I = n + ~ Q lin 
3 n 

(1) 

nl = n-..!. Q lin 
· 3 n 

where n is the average refractive index, Q the order parameter, and lin 
n . 

the birefringence corresponding to full molecular alignment 

From Eq. (1), the optical birefri~gence is given by 

<Sn = = Q 6n. 
n 

(Q = 1). 
n 

(2) 



The order parameter Q defined in Eq. (1) is in general not identical . n 

to the order parameters defined thro~gh other tensoiial properties such as 

electric and magnetic susceptibilities, although all order parameters 

should range from 0 for random molecular orientation to 1 for perfect a-

lignment. In ~articular, because of local-field correction due to inter-

molecular interaction, Qn should be different from the microscopic order 

parameter defined as 2 

S = <(3 cos 2e - 1)/2> (3) 

where 8 is the angle between the long molecular axis and the average di-

rection of molecular alignment. However, with a given model for local-

field correction, there should be a definite relation between Qn and S. 

For example, the Vuks' model gives3 

on 2 
(4n /3)N(n + 2) oa/ (~I + n1 ) (4) 

(t.a/~) S 1) {5) 

where oa = ~I - a1 = St.a, N is the number of molecules per unit volume, 

the superbars indicate average over molecular orientations, a
11 

and a1 are 

the average polarizabilities parallel and perpendicular to the direction 

of alignment respectively, and t.a is the polarizability anisotropy at 

S = 1. From Eqs. (2) and (4), we find in®ediately 

s = 
(2n + Q tm/3) 

·n ----;-.,:-:-- Q • 
(2n + t.n/3) n 

(6) 
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Usually, we have l'.n """' 0.4 and n"""' 1.6. Then, Eq. (6) shows that for in-

termediate values of Q or S, the two order parameters can differ by a few 

percent and Q is not strictly proportional to S. . n 

In addition, Q is different from the order paramter Q defined by: 
n X 

Q l'.x 
X 

(7) 

where x
11 

and x1 crre the average macroscopic polarizabilities parallel and 

perpendicular to the direction of alignment respectively, and l'.x is the 

polarizability anisotropy for perfect alignment (Q = 1). We can evalu­. X 

ate Q using 
X 

From equations (6), (7), and (8), we find 

(
2;- + Q l'.n/ 3) 

QX = . 2n + ~n/3 Qn = S. 

(8) 

(9) 

In Chapter II, the theory was developed in terms of the order parameter 

Q . 
X 

Here in Chapter III, we will drop the subscripts and define Q = Q , 
n 

since we have S = Q . 
X 

Several authors have suggested that one can express the temperature 

I 4 5 
dependence of the order parameter S in the form ' 

+ where T and y are constant coefficients. Then, by least-square fitting 
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the results of (b.a./a)S ve·r.sus T to the form A(l - T/T+) Y, one can deduce 

both the absolute values of S and b.a/-;;. Such an approach, however, has 

implicitly assumed that S = 1 at T = 0°K and A = b.o./"0,. These assumptions· 

are not justifiable. In fact, as we shall see.later from our work, Scan 

indeed be approximated by S (1 - T/T+)y but the constant S is different 
0 0 

from 1. 

4 
Experimentally, en can be measured with very high accuracy. If we 

neglect the temperature dependence of b.n, then cn(T) gives directly the 

variation of nematic order with temperature. On the other hand, if a 

particular local field model is chosen and ~~ (T) and n1 (T) are measured, 

we should be able to find the temperature dependence of Q and.S without 

making other assumptions. The absolute values of Q and S, however, have 

to come from other measurements. 

There already exist in the literature a number of reports on the mea-

surements of refractive indices and optical birefringence of liquid crys-

5 tals and their temperature dependence. From these measurements, the or-

der parameters were deduced arid compared with those obtained from other 

measurements. One would expect that these measurements carried out on a 

homologous series of liquid crystals could yield valuable information a-

b6ut the effects of molecular structure on r~fractive indices, optical 

anisotropy, and molecular ordering. However, no such measurements have 

yet been reported. 

In this chapter, we present the results of refractive index measure-

ments on the homologous series of p,p'-di-n-alkoxy-azoxybenzenes. We 

first describe in Sec~ 2 the experimental arrangement, sample preparation, 

and experimental results. We then deduce· the order parameters as func-

tions of temperature for the homologous nematics and compare them with 
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the microscopic order parameters deduced from nuclear magnetic resonance 

(NMR) measureinents.
6 

In Sec. 3, we discuss the results and show how the 

increase of alkoxy chain length on the molecules affects the avera~e mo-

lecular polarizability and the polarizability anisotropy. 

2. EXPERIMENT 

We used the wedge method to measure the refractive indices and linear 

birefringence of the nematics.
4

'
7 

As shown in Fig. 1, the wedge was made 

of two glass plates with a 0.015 in. tungsten wire as the spacer to give 

an apex angle B of 0.0210 radian. The glass plates were coated with a 

surfactant (Dow Corning XZ 2-2024) and rubbed along the wedge axis. The 

' wedge was then mounted in a hot stage, using a small phosphor bronze 

spring to h~ld the glass plates together and to insure that the apex angle 

a remained constant during each experimental run. It was put under a mi-

croscope and illuminated by a He-Ne laser beam. The incoming beam was 

parti.ally reflected by the wed_ge, at an angle 8 = 28. By measuring 8 · o o' 

the apex angle 8 was deduced with an accuracy of better than ±0.2%. It 

was essential to remeasure B for each experimental run, because 8 varied 

by ±2% from one run to another. This precaution was not· taken in the o­

riginal use of the wedge method. 4 ' 7 

The hot stage was heated into the nematic temperature range, and the 

sample was added without disturbing the apex angle 8. Then the top of the 

hot stage was installed, and the sample was allowed to reach thermal equi-

librium. The hot stage temperature was maintained stable to- 0.1° C 

using a proportional thermal controller. Thin glass windows on the top 

and the bottom of the stage were used to prevent cooling of the wedge by 

convection. As a result, a .temperature uniformity of - 0.1° C was a-

chievcd at an operating temperature of - 130° C. 
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The sample was studied between crossed polarizers. !he polarizer 

axes were oriented at 45° to the nematic director; which was parallel to 

the wedge axis. As seen in Fig. 1, the incoming laser beam produced two 

reflected beams at angles el and e2 respectively from the sample. They 

were polarizeq parallel and perpendicular to the wedge axis respectively. 
1 

The refractive indices ~I and n1 could then be deduced from the Snell's 

law n
11 

,l = sine
1

,
2

/sin28 if e1 and e
2 

were measured. At the same time, 

we could use the microscope to photograph the interference fringes in the 

beam transmitted through the sample. From the observed fringe spacing d, 

we could deduce the linear birefringence 

on = A./8d (ll) 

where A. is the He-Ne laser wavelength. 

In our experiment, the samples of azoxybenzene derivatives 

7) were 

purchased from Kodak Co. and recrystallized before use. The nematic-iso-

tropic transition temperatures TK remained constant during the measurement 

and were measured to an accuracy of ± 0.05°K. The accuracy of the refrac-

tive index measurements was better than ± 0.3%. The spacing of the inter-

ference fringes was determined by averaging over 20 ± 0.1 fringes.- This 

led to a on accurate to < 0.5%. 

The results of our measurements of n
11 

and n1 versus temperature for 

the seven homologous nematic liquid crystals are presented in Fig. 2. 

The directly measured linear birefringence data on versus T are shown in 

Fig. 3. In all cases, n
11 

- n1 from the refractive index measurements and 

on from the linear birefringence measuren\ents agree well within the ex-
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pcrimental accuracy. Our results on t~e N = 1 and N = 2 eompounds agree 

8 . 
very well with those reported earlier. 

As we mentioned in the last section, one can define a macroscopic or-

der param~ter Q = on/b.n. With a given model of local field correction, Q 

is then related to the microscopic order parameter S. Here, we adopted 

the Vuks' local-field model. 
3 

Knowing on(T), n
11 

(T) '· and n1 (T), we could 

find from Eqs. (5) and (6) the relative values of S and Q versus T, real-

izing that ~a/a should be essentially independent of temperature. Then, 

for each sample, we normalized our.S value at a temperature sufficiently 

far below TK (where TK is_the nematic-isotropic transition temperature) 

against the absolute S value obtained by Pines et al. from measuring the 

13 . 6 
chemical shifts of the C NMR spectra. The results of S and Q versus T 

thus obtained are shown in Fig. 4. As an example, we compare our S(T) re-

sults for PAA with those of ·Pines et al. obtained from NMR in Fig. S(a). 

We also show in Fig. 5(b) Q(T) and on(T)/~n(T ) for PAA, where T is ar-
o 0 

bitrarily chosen to be 31°K below TK. 

In the process of deducing S, we also obtained values of ~a/Ci for the 

seven homologous compounds. They are listed in Tab:e I and plotted in 

Fig. 6 together with the order parameters S(TK) deduced from extrapolation 

of the curves in Fig. 4. 

3. DISCUSSION 

The highly accurate measurements of refractive indices and linear 

birefringence enables us to obtain the temperature variation of the orqer 

parameters with very good accuracy. The relative accuracy of S and Q 

shown in Fig. 4 is certainly within 1%. The absolute values of S and Q 

depend on cali6ration of S at one temperature against measurements of 

Pines et al. which were accurate to within ± 3%. 
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In deducing the values of S and Q, we have used the Vuks' local-field 

model. We ciln check the validity of this model by _comparing our S versus 

6 
T curves with those of Pines et al. The NMR experiment of Pines et al. 

13 measures the chemical shifts of C spectra from which the microscopic or-

der parameter can be deduced. As shown in Fig. S(a) for PAA, our results 

are in encellent agreement with theirs. Aside from the point at TK, the 

highest discrepancy is about 1% and is certainly within the experimental 

uncertainty. The same is true for all the other homologous compounds we 

have studied. This shows that the Vuks' model is adequate for the present 

application of local-field correction. 

Figure 4 shows a clear difference between the macroscopic order pa-

rametcr Q and the microscopic order parameter S. The difference is due 

to local-field correction which is governed by Eq. (6) in the Vuks' model. 

In all cases, Q is larger than S by 0.5-2%, as it should be. 

One may think that the temperature dependence of lm in Eq. (2) should 

be negligible so that the linear birefringence on versus T measures di-

rectly Q versus T. Actually, this is not true as can be seen in Fig. S(b) 

comparing Q with on/~n(T ) for PAA where T = Tk - 30.8°C. The discrep-
o 0 

an.cy be tween Q and on/ ~n (T ) is however less than 3%. This is also true 
0 

for all the homologous compounds. The variation of ~n over a temperature 

range of 40°C is about 4%. It is presumably due to thermal expansion of 

the medium. The latter can be estimated from the expression 

2 2 = (3/4n)(n - 1)/Cn + 2) (12) 

since a should be independent of temperature. As an example, we show Na 

.versus T for PAA in Fig. 7. From the results, we cnn deduce the thermal 
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expansion coefficient dV/Vdt. Wehave listed the values of dV/Vdt for 

the seven homologous compounds in Table I and plotted them in Fig. 8. 

The first two agree well with those reported in the literature. 
9 

For all th,e seven homologous compounds, we can fit our data of S 

versus T by an. equation of the form 

S = S (1 - T/T+) y (13) 
0 

+ where S , y, and T are constants to be determined. We,have·listed the' 
0 

+ values of S
0

, y, and T - TK for a:U the compounds· in Table II. Contrary· 

4 5 to what has been suggested, ' we find in no case. does S
0 

= 1. As· 

mentioned in Sec. I, this means that from the refractive index measure-

ments only, it is not possible.to .obtain the absolute values of the order 

parameter S and the polarizab~lity anisotropy J;;a(a. We note; however, 

that the ex~onent y for all compounds except N = 3 falls in a narrow 

range between 0.181 and 0.192. The physical meaning of such a coinci.:. 

dence is not clear to us. 

The values of T+ - TK show a zigzag variation as N varies from 1 

to 7 .. This actually reflects the well known zigzag behavior of S (TK) 

among the homologous compounds resulting from the cogwheel configuration 

of the alkyl chains. From either Eq. (13) or simple extrapolation of the 

curves in Fig. 4 to TK, we can obtain S(TK) for all compounds. They 

are plotted in Fig. 6 shm.ring explicitly the zigzag behavior. We com-

pare our values of S(TK) with those of Pines et a1
6 

in Table I. The 

discrepancy of ~ 10% is mainly due to ~naccuracy in our extrapolation 

procedure and pa~tly due to the }arger unccrtai!)ty in the measurements of 

Pines et al at TK. 
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Figure 6 also shows that !:la./a, the anisotropy of molecular polariz-

.abj.lity normalized against the average polarizability, decreases almost 

linearly with the number of carbon atoms in the alkyl chain or with the 

increase of chain length. This suggests that the polarizability 

anisotropy ~a mainly comes from the core (azoxybenzene) contribution. 

The covalent bond electrons in the alkyl chain, on the other hand, 

contribute more ~o the average polarizability than to the anisotropy. 

As a result, tQe addition of the CH
2 

groups to the'alkyl chain increases 

a. much more than ~a., and so ~a/0. decreases with N. We can .find Ci and 

~a explicitly if N is known. It turns out that the molar volumes of 

the seven homologous compounds studied here have actually been measured 

11 =z by Linsert. Therefore, from Eq. (12) and our results on n and 

~a{ii, we can deduce the values of a and !:la s~parately. They are listed 

in Table I and plotted in Fig. 9. As N increases from 1 to 7, ~'rises 

almost linearly by a factor of 1.8 while !:la shows a saturable increase 

of a factor of 1.18. The saturation of !:la at larger N is presumably be-

cause the waggling end segment of .the chain is more disordered than, 

the core. By assuming an order parameter SA which varies along the 

alkyl chain, Marcelja
10 

has calculated SA/S as a function of N. We can 

then write 

(14) 

where 11a
0 

comes from the core and !:laA from each CH
2 

group in the chain. 

Using Mar~elja's values of SA/S, we can fit the data of !:la versus N 

with Eq .. (14) in Fig. 9, but the result suggests that Narcelja's values 
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of SA/S do not decrease fast enough with N. The least-square fit gives 

-24. . -24 
~a0 = 25.6xl0 and ~aA = 2.06x10 • 

4. CONCLUSION 

Highly accurate measurements of refractive indices and optical 

anisotropy together with a local-field model enables us to deduce the 

temperature dependence of both microscopic and macroscopic order para-

meters with very good accuracy. We have made these· measurements on 

seven homologous compounds of CNH2N +lO - c6H4 - N20 - c6H4 - OCNHZN +l 

with N = 1, -- -,7. Using the Vuks' model for local-field correction 

and calibrating the microscopic parameter at one temperature against 

that obtained by Pines et al from NMR measurements, we have deduced as 

functions of temperature absolute values of both microscopic and macro-

scopic order parameters for these compounds. They agree very well 

with the results of Pines et al on the temperature dependence of the 

microscopic order parameters. This shows that the Vuks' model is ade-

quate in the present application. Our results also indicate that the 

use of the· linear birefringence on(T) as a direct measure of the tern-

perature dependence of the order parameter could lead to a few percent 

errol;'. 

We have shown that for all the homologous compounds, the microscopic 

order parameterS as a function of temperature can.be described by a 

simple equationS= S (1- T/T+)y but S is not equal to 1 as has been 
0 ' 0 

suggested by others. Our results on the homologous series also yield 

information about the effects of mole~ulnr structure on the optical 

properties. We have found that with increasing N from 1 to 7 in the 

~n2N +l alkyl chain the average polariznbility increases by a factor 

of 1.8 while the polarizability anisotropy only increases by a factor of 



1.18. Using Marcelja's calculation, we have also·been able to deduce sep­
( 

arately the contributions to the po1arizab~lity anistropy from the core 

and from the CH
2 

groups in the chain. 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 

FIGURE CAPTIONS 

Schematic of the vedged sample. 

Refractive indices of the seven azoxybenzene derivatives 

(N = 1, 2, - - -, 7) as functions of temperature. TK is 

the isotropic-nematic transition temperature. For T < TK, 

the upper and lower branches of the curves refer to optical 

polarizations parallel and perpendicular to the molecular 

alignment respectively. 

Linear birefringence on of the seven azoxybenzene derivatives 

as functions of temperature. 

Microscopic order parameter S and macroscopic order parameter 

Q ver·sus temperature for the seven azoxybenzene derivatives. 

(a) Comparison of microscopic order parameters obtained in 

this work for p-azoxyanisole '(PAA) with those of Pines et al 

in Ref. 6. (b) Comparison of Q versus T with on versus T 

for PAA. 

Variations of 6a{a and S(TK) with the number of carbon atoms 

I 

in the alkyl chain of the p, p -di-n-alkoxy-azoxybenzene 

homologous series.· 

Variation of 471:\'a/3 with temperature for p-azoxyanisole. 

Thermal expansion coefficient dV/Vdt, averaged over the nema-

tic temperature range of the seven azoxybenzene derivatives. 

Variations of a and ~a with the number of carbon atoms in the 

alkyl chain ·of the p,p' ,-di-n-alkoxy-azoxybenzene derivatives. 

The solid line is a theoretical fit using Eq. (11). 
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Table I. 

Table II. 

0 0 7 0 1 8 I' 

TABLE CAPTIONS 

Values of flo. /a, Tl<, S (TK) , dV /VdT, a, and flo. for the axozyben­

zene derivatives with N = 1, 2, -- -~ 7. 

Values of S + 
o' y, and T - T K 

obtained by least-square fitting 

of our data on S versus T to the form S = S (1 - T/T+)y for 
.o 

the azoxybenzene derivatives with N = 1, 2, - - - ' 7. 
,. 
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TABLE J: 

N 1 2 3 

~a/Ci .830 . 797 .746 

TK(oK) 406.2 440.3 392.8 

S(TK~a .40 .517 .395 

S(TK)b .37 .487 .396 

dV /VdT(°C-1) a 7.8x10 -4 · 9 .4x10 -4 8.0x10 -4 

-
dV/VdT(°C-l)c 8.2x10 -4 9-. 6xl0-4 

a(xlo- 24) . 31.9 36.5 39.8 

~a(xlo-24 ) 26.5 29.1 29.7 

a This work 

b 
Pines et a1 (Ref. 6) 

c Ref. 9 

4 5 

.704 .636 

406.2 392.2 

.4 75 .358 

.436 .410 

. -4 8. 9x10 8.2x10 -4 

43.7 49.5 

30.8 31.5 

6 

'.603 
• 

397.7 

.437 

.485 

7.1x10 -4 

--

51.0 

30.8 

7 

·.545 

393.6 

.431 

.432 

5.4xl0 

-· 
57.4 

31.3 

-4 

' . 

VI 
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TABLE II 

N 1 2 3 4 

s 1.13 ± .03 
0 

1.27 ± 03 1.11 ± .03 1.32 ± .02 

y .189 ± .008 .182 ± .008 .155 ± • 01 .192 ± .008 

T+ - T (°K) 
K 

1.8 ± .3 3. 3 ± .5 0.5 ± .2 2.0 ± .2 

5 6 7 

1. 24; ± .02 1. 34 ± .02 1.4 ± .04 

.181 ± .007. .189 ± .006 .188 ± .01 

0.4 ± .2 1.1 ± .2 0.8 ± .2 
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IV. SELF-FOCUSING: FROM TRANSIENT TO 

QUASI-STEADY-STATE 

1. INTRODUCTION 

Self-focusing of light is one of the most complex and interesting 

phenomena in nonlinear optics! It is of central importance in the design 

of high-power laser amplifiers because of its role in possible laser-in-

duced damages. It is of fundamental interest as well because of its in-

terplay with nany other nonlinear optical processes. 

tfuile many physical aspects of self-focusing are now well understood, 

a number of important questions still remain, namely, the detailed dyna-

mics of focusing, the limiting focusing diameter, polarization properties, 

etc. In particular, it is not clear how the self-focusing behavior 

changes in accordance with the variation in th~ laser pulsewidth t , rela­
p 

tive to the response time T of the induced refractive index in the medium. 

lfuen t >> T, in the so-called quasi-steady-state linit, the moving 
p 
2 

focus model describes the self-focusing behavior very well. This model 

2 was first suggested by Lugovoi and co-\vorkers, ~1ho realized that a self-

focused beam leads to oae or more sharp focal spots which move along the 

beam axis as the beam power varies during a laser pulse. The model actu-

ally follows closely the earlier theoretical calculation of steady-state 

self-focusing. Experiments performed with well-controlled, single trans-

verse mode lasers bave confirmed the predictions of the caltulations. 

The motion of the focal spot has been observed by tif!le of flight measur.e-

4 ,5 b 6 ments, and has een photograph~d directly with a streak camera. It 

explains the observed backward-forward asymmetry in stimulated Raman scat­

tering 
7 

'
8 

and the ,ti.me dependence of the stimulated Raman and Brillouin 
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8 9 
pulses under various self-focusing conditions. ' In addition, it ex-

plains quantitatively the spectral broadening of the self-focused beam 

iesulting from self-phase modulation. 10 •11 M~asurements of the self-fo­

cusing dynamics in the prefocal region12 also agree well with the theore-

.. . 13 14 
tical calculat1.ons. ' 

When 'T >> t , transient response of the medium dominates the self­
p 

focusing behavior. Focusing becomes much more gradual and no sharp focal 

spot is formed. ·Transient. self-focusing was first discussed by Akhmanov 

t 1 
15 

e a . It was shown that as the laser pulse propagates on in the non-

linear medium, the beam radius would first deform into a horn shape (see 

Sec. II B) and then retains the shape over long distances. This is known 

as dynamic trapping. . 16-18 
Numerical calculations yield this same p1.cture, 

although they suggested that the neck of the horn might continue to shrink 

. d. h 1 d f . 1 . . 19 l.n ra 1.us as t e pu se propagates on an may even orm s1.ngu ar1.t1.es. 

This dynamic trapping model of transient self-focusing has been used to 

semi-quantitatively account for the observed assymmetric semi-periodic 

spectral broadening of the laser light.
8

•
20 Experiments using an isotro-

pic liquid crystalline material with a long relaxation time T as the non-

linear medium have been performed to study this extreme transient self-

f 
. 21 OCUSl.ng and have confirmed the theoretical predictions. It has 

been shown that the pulse does deform into a horn shape. The diameter 

of the neck of the horn first decreases almost exponentially with increas-

i . d. d 18 d h ng 1.nput power, as pre 1.cte , an t en approaches a constant when some 

limiting nonlinear process sets in. 

As is described above, the dynamic trapping model for transient self-

focusing (t <<. T), and the moving focus model for quasi-steady-state p 

self-focusing, (t >> T) appear to be very different physically. 
p It is 
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• 
therefore interesting to know how self-focusing would. vary as tp/-r is 

varied from one limit to the other. This has not been studied either ex-

perimentally or theoretically. Exper·imentally, difficulty comes in the 

choice of a suitable nonlinear medium with T variable over a wide rartge 

or a laser with a variable t .• While the former seems easier, in order 
p 

to quantitatively measure the time dependence of the focusing, a laser 

pulse with t of the order of 10 nsec or longer must be used, as limited 
p 

by the response time of ordinary detection systems. These constraints 

rule out the use of conventional Kerr liquids, for which T is in the 1-

100 psec range. 

We have found recently that a nematic liquid crystal in the isotro-

pic phase can have a T variable from - 1 nsec to > 100 nsec depending on 

22 23 the temperature.. ' Such a medium also has a large nonlinearity in 

which self-focusing of a Q-switched laser pulse readily occurs. We there-

fore have on hand a perfect medium we can use to study the entire range 

of self-focusing from the quasi-steady-state to the transient limit. In 

this paper, we discuss in quantitative detail our recent measurements of 

self-focusing in a liquid crystalline medium with t /T varied from << 1 
p 

to >> 1. 

Section 2 gives a brief review of the theory and physical descrip-

tion of self~focusing under different conditions. Section 3 summarizes 

our experimental techniques, data analysis and results. Section 4 shows 

how our experimental results agree with a qualitative ~nited physical 

description of self-focusing in all cases. tJe also identify the mechan-

ism responsible for the limiting focal diameter in our sample. 
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2. THEORY 

A. General Formalism 

Consider a medium with a refractive index n = n + on( IE 12>; where 
0 

on is the part induced by the optical field E. This induced on leads to 

self-focusing which is governed by the wave equation1 

..,2 E. . 1 a2 
v - - 2 -. -

2 
[ (n + on)E] 

c at 0 
o. (1) 

For a quasi-monochromatic light beam we can write 

E = A(r,z,s)exp[ikz - iwt + iks(r,z,~)] (2) 

where s = t - zn /c is the reduced time, and A and s are respectively 
0 . 

the amplitude and the eikonal (or phase function) of the wave. We can 

convert Eq. (1) into two coupled equations 

(3a) 

(3b) 

In order to solve these equations, we need to know the amplitude and 

phase profile of the input laser pulse. We also need to know the func-

tiona! dependence of on upon the field. For Kerr liquids, the dominant 

mechanism contributing to on is molecular reorientation. 15 •22- 24 Ito-

beys a relaxation equation 

(4) 

70 



which yields 

0 if). 
~ 7 0 I 9 0 

on(t) = : 2 ~tjE(t')j 2 e- (t- t')/T dt, 
-oo 

where n
2 

is a constant coefficient of the medium. 

steady-state limit (t 
p 

>> T)' 

on(t) 
2 

= n
2

jE(t)j, 

and, in the extreme transient limit (t << ,), 
p 

-- :2 ft on( t) • 
-oo 

IE(t') 1
2 

dt'. 

Then, in 

(5) 

the quasi-

(6) 

(7) 

Self-focusing can now be described by the solution of the coupled 

equations in Eq. (3) together with Eq. (5). Unfortunately, an analytical 

solution is not generally possible, so these equations have been solved 

numeriC:ally. In the quasi-steady-state limit, the calculation predicts 

the appearance of a sharp focal spot at the self-focusing distance14 

zf(l,;) 
K 

IP·<r;> - 0.858 ;p-
cr 

(8) 

2 (1.22A ) c 
p 0 0 

cr 128n
2 

(9) 

where P is the input laser power, A and c are the ~avelength and the 
0 0 

2 
speed of.. sound in vacuum, K = 0.369 ka ;p-, k = wn /c, and a is the in-

cr o 

put beam radius. The axial intensity of the self-focused beam is given 

approximately by 
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where a is a parameter ~hich depends upon P/P . cr 

. (10) 

For the transient case, we can discuss self-focusing u~ing the par-

axial approximation. The beam is assuraed to have a Gaussian transverse 

profile and the wavefronts are assumed to be paraboloids
1 

2 A (t;;,r,z) = 
2 A (z = 0, ~:;) 
0 . 

2 
f (z,l:;) 

(11) 

. 1 2 
s(l:;,r,z) = ~(~:;,z) + 2 S(z,~)r 

where f(z,r,;) = r (z,r,;)/r (z = O,r,;) is the reduced dimensionless radius. 
0 0 

From Eqs. (3), .(S), and (11), we obtain
15 

1 ()f (r,;) 
f az 

S(~:;) 

2l rs 
2 T )~ n a o 

0 

(12a) 

(12b) 

(12c) 

In Eq. (12a), the first term on the right comes from linear diffraction, 

while the second term is due to self-focusing. In the transient limit, 

the integral in the second term builds u~ gradually with time. During 

the very first part of the pulse, it is so small that the pulse propaga-

tion is dominated by linear diffraction. In later parts of the pulse, 

2 2 . 
the integral becomes larger and a f/az becomes negative. This causes 

af(r,;)/f(r,;)az to become negative, and the beam radius shrinks as the beam 

72 



propagates on. Towards the end of the pulse, the integral approaches a 

limiting value, while the linear diffraction term becomes stronger as the 

propagating.beam shrinks in radius. After a certain propagation distance, 

af/fdz becomes less and less negative and the radius f approaches a mini-

mum value. Thus, the longitudinal spatial profile of the pulse gets de-

formed into a horn shape as shown in Fig. lc. The horn-shaped pulse then 

travels on without appreciable change over approximately a diffraction 

length zd = ka2 . From Eqs. (11) and (12b), we see that the eikonal should 

be independent of r in the neck of the horn, where f = constant. This 

has in fact been observed experimentally. 20 Also, in the transient limit 

(t << T), Eq. (12) predicts that self-focusing will remain unchanged if 
p 

n2/T remains constant. 

The paraxial approximation of Eqs. (11) and (12) does not success-

fully explain the detailed transient self-focusing behavior. To obtain 

more exact predictions, Eqs. (3) and (5) have been solved numerically for 

. . d" . 17,20,21 N . l l l . 16-18 h h t certa1rt 1nput con 1t1ons. umer1ca ca cu at1ons s ow t a 

aberrations in self-focusing are significant. They also predict that the 

pulse is deformed intc an overall horn shape but with weak oscillation in 

the beam radius along the neck. Aside from the oscillation, the neck ra­

dius rmin, should remain nearly constant as the pulse propagates over a 
0 

min 
distance z << zd, but r is supposed to be a strong function of P/P 

o cr 

and t /T. 
p 

B. Physical Description 

We have so far described self-focusing in the quasi-steady~state li-

mit and in the transient limit in .rather different physical terms. How-

ever, in varying from one limit to the other, we should expect the self-

focusing behavior to change continuously. We therefore need a unified 
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physical description to describe self-focusing throughout the entire 

range .. 

In our unified descripti6n, we concentrate .on how the beam radius of 

different parts of the laser pulse varies as a function of distance as 

the pulse propagates in the medium. In the quasi-steady-state limit, 

self-focusing and subsequent diffraction are both abrupt. Thus, each 

small section of the incoming laser pulse self-focuses into a sharp focal 

spot at the self-·focusing distance zf given by Eq. (5). We can then 

sketch in Fig. (la) the evolution of the beam radius and hence the longi-

tudinal pulse profile along the cell. The pulse enters the sample from 

the left. The radius of each consecutive section of the pulse (A - A, 

B - B, etc.) follows a different trajectory and reaches a sharp minimum 

at zf(P) according to its instantaneous power P(~). For £ > (zf) . , m1n 

there should be two focal spots simultaneously present on the beam axis. 

In practice, the second focal spot is usually prevented from forming by 

depletion of incoming laser power by backward stimulated Raman and Bril-

8 louin scattering initiated earlier by the first focal spot. We expect 

the longitudinal dimension of the focal spot to be about h~ = T. 

We can similarly sketch the evolution of the beam radius and longi-

tudinal pulse profile for the transient limit. Note however that self-

focusing is now much more gradual and diffraction extremely slow because 

of the transient response of the medium. According to the description in 

Sec. II A, the front part of the pulse hardly self-focuses while the lag-

ging part of the pulse self-focuses gradually to a limiting diameter. 

Then as shown in Fig. lc, the incoming pulse first gets deformed into a 

horn shape and .then propagates on without much further change. 

Now, for the intermediate range of self-focusing, we should expect 

74 



0 I'"'R 0 u \ t 

the self-focusing and diffraction trajectory to be intermediate between 

the two limitin~ cases. Both self-focusing and diffraction are less 

abrupt than the quasi-steady-state case but also less gradual then the 

transient limiting case. The middle part of the pulse sees the largest 

~n and self-focuses most strongly, while both the front and the lagging 

parts of the pulse do not self-focus very much. Following the above des-

cription for the beam trajectory of different parts bf the laser pulse, 

we can then sketch again the evolution of the pulse profile for the in-

termediate case as shown in Fig. lb. The sketches in Fig. 1 show that 

the evolution of the pulse profile will indeed change continuously as 

self-focusing is varied from the quasi-steady-state to the transient li-

mit. 

C. Effect of Other Nonlinear Processes on the Limiting Diameter 

As the input laser power is increased, the theories discussed in Sec-

tion 2 A would predict that the minimum. diameter of the self-focused beam 

should continually become smaller. Experiments however find a limiting 

diameter which appears to be a characteristic of the nonlinear medium.
1 

Numerous explanations have been proposed for this limiting diame-

14,25-32 
ter. They generally assume either saturation of 6n or depletion 

1 
of the laser beam. T.~··1 h b kd • • • 29 h" h wltl e t e pre~ rea· own 1on1zat1on w 1c creates 

free electrons to reduce ~n may be the domination mechanism for limiting 

the focal diameter in self-focusing of picosecond pulses, stimulated Ra-

man and Brillouin scattering appears to b9 the most possible mechanism 

for the cases of longer pulses. A large fraction of the incoming la-

scr power can be depleted by stimulated Raman and Brillouin scattering 

during s0lf-fo~using so that the self-focusing strength is limited. The 

limiting focal diameter is presumably the result of balancing between in-
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crease of stimulated scattering gain due to self-focusing and decrease of 

self-focusing strength due to depletion of laser power by stimulated scat­

tering. Rehn and Maier3'2 have considered the possibility of forward stim-

ulated Raman scattering as the mechanism for the liciting diameter. Kelley 

andGustafson31 have considered backward stimulated scattering. However, 

in either case, no serious calculation in connection with the real physi-

cal problems ·has been carried out. 

3 ~ EXPERIMENT 

Our experiment was designed to check the predictions of the unified 

physical ·description of self-focusing discussed in the previous section. 

We wanted to obtain the results quantitatively so that the data can be 

used to compare with available or possible numerical calculation~. 

We used the respons~ time T of the medium as a varying parameter to 

vary self-focusing from the quasi-steady-stat~ limit to the transient li-

mit. In order to compare our.results with the sketches in Fig. 1, we 

should have measured the beam radius r (z,~) defined, for example, as 
0 

r (z,~) 
0 

!,:: 

[ p ( d I 1T I ax ( z, ~) J 2 (13) 

for a given input laser pulse of power P(t). (For a G~ussian beam, 

r (z,~) defined in Eq. (3) is the beam radius at the 1/e points.) How-
o . 

ever, this is not practically feasible. Instead, we varied the input 

peak power P and measured r (z = 1,~) at the end of the sample. Exami-
o 0 

nation of the self-focusing equation in Sec. II A shows that the evolu-

tion of r
0

(z = 1,~) with increasi~g peak in~ut power should appear quali-

tatively the same as the evolution of r (z,t) along z with constant P . 
0 0 

A. The Nonlinear Medium 
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We used the liquid crystalline material p-ethoxy-ben~ylidene-p-

butylaniline (EBBA) in its isotropic liquid phase as our self-focusing 

medium. This material is known to have a large nonlinear refractive in­

dex and a long relaxation time.
22 

In addition, both n
2 

and T have a 

strong pretransitional temperature dependence in the range above the ne­

matic-isotropic transition temperature TK. They can be written as
22 

6.35 -9 x 10 esu OK 
n2 * (T - T ) 

(14) 
2800° K/T 7.0 X 

..;.11 - OK e 10 nsec 
T = 

* (T - T ) 

* where. T = T - 1. 0° K is a ficticious second-order· transition tempera-
K 

ture. Over the temperature range we used, n
2 

varieq by a factor of 20, 

while T varied by a factor of 50 (see Table I). 

We used in our seif-focusing experiment EBBA purchased from Vari-

light Corporation without further purification. The sample was placed in 

a 10-cm fused-quartz optical cell, and evacuated for several hours to re-

move any H
2

0 or 0
2

. After evacuation, the cell ~vas sealed under vacuum. 

The sample then had a sharp isotropic-nematic transition at TK = 78.0° C. 

This TK was constant to within 0.1° C throughout the experiment, indica­

ting that no degradation of the sample had occured. In our experiment, 

the sample cell.was held inside an oven which had a temperature stability 

of better than 0.1° C, and a uniformity of better than 0.2° C throughout 

the cell. 

B. Expetimentnl Technique 

These e~p~riments were performed with a ruby laser, Q-switched by 

cryptocynnine in methanol, which gave a smooth output pulse having a dur-
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ati.on approximately 15 nsec full width at half maximum. Oscillation on a 

single transverse·mode was insured by placing an q.s mm diameter pinhole 

in the laser cavity. The laser power was varied Jsing neutral density 

filters outside the cavity. After collimation by 'lensea Ll and L2 (see 

Fig. 2) the bcam'entered the sample with a 1/e intensity radius of 130 ~m. 

The time dependence of the input power was monitored by D2 (ITT-F4018 hi­

planar vacuum photodiode) and by Scope A (Tek. 519). 

After the beam excited the sample cell, measurements were made on it 

to observe the effects of self-focusing. First, a magnified image of the 

exit plane of the sample was formed using imaging lenses, and the actual 

measurements were performed on the magnified image. An image of any 

plane inside the sample would be distorted by gradi~nts in ~n inside the 

sample. This is the reason we made all measurements at (z =constant). 

To obtain the most complete information, we made three different 

measurements simultaneously, each using a separate magnified image of the 

exit plane of the sample. The first image was formed on a ground glass 

plane by light passing through lenses L3 and L4. This image had a magni~ 

fication of 85 x and· a reso·lution corresponding to 5 ~m in the exit plane 

of the sample. This image was photographed with the streak ~amera (TRH 

model lD Image Converter Camera, with model 7B streaking plug-in) at a 

streak rate of 1 ns/nun. The camera magnification was 0.5 x, The camera 

was triggered by an electrical pulse from D- 1 (ITT-F4000 photodiode). 

Because of the triggering delay of the streak camera electronics, a fix~d 

optical delay line (27.5 meters) was used.before the streak camera. The 

reference monitor pulse from the streaking plug-in was displayed on scope 

A to monitor the exact time delay before initiation of the streak for 

each Ll$Cr shot. This was necessary, as the jitter in the delay time was 
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of the order of 10 nsec. 

The second image was formed on the plane of the pinhole Pl with light 

reflected by beamsplitter B4 (reflectivity= SO%). This image, formed by 

lenses 13 and 15, had a magnification of 71 x and a resolution of better 

than 5 llm in the exit plane of the sample. The image was centered on the 

0.5 mm diameter pinhole, so that light which passed through the pinhole 

originated in a 7 llm diameter region centered on the beam axis in the exit 

plane of the sample. This light was detected by D4 (ITT-F4018 photodiode) 

and displayed on Scope B (Tek 7904, with 7B92 time base and 7Al9 vertical 

amplifier). This oscilloscope was triggered externally by the trigger 

output pulse from Scope A. In this way, the absolute time delay between 

signals on Scope A and Scope B could be compared. 

The third image (magnification also equal to 71 x) was formed on the 

film plane of.a camera to monitor the time-integrated laser intensity in 

the exit plane of the sample. The light for this image was reflected oy 

B4 and B5 (reflectivity= 30%). 

Photodiode D3 (ITT-~~114A) monitored the presence of any backward 

stimulated Brillouin light. Aperture Al blocked specular reflections 

from the sample cell windows because the input ruby beam entered the cell 

at a slight angle to the window normal. A coaxial delay cable delayed 

the signal from D3 so it appeared after the signal from 04 on Scope B. 

C. Data Analysis 

To calibrate the absolute power in our laser beam, we used the known 

self-focusing properties of cs2, for which p 
cr 8kH. A 19 em long CS

2 

cell was inserted in place of the·EBBA cell, and the radius at the exit 

plane of the sam~le wa~ monitored using the techniques discussed above. 

Then using Eqs. (8), (9), and (10), the absolute value of P(r;) was deter-
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mined. 

To calibrate the axial intensity monitor~d by D4, pinhole Pl was re-

~oved, and the signals from D4 and D2 were ~easured with laser pulses at 

least ten times below the self-focusing threshold. At the same time, pho-

todiode D3 was calibrated by removing aperture Al and allowing the specu-

lar reflections from the sample windows to enter D3. 

Knowing the calibrations, we could determine the absolute stimulated 

Brillouin power generated in the backward direction for each laser shot. 

We could also determine the absolute axial intensity at the exit plane of 

the sample I (~). 
ax 

Then we could deduce the characteristic radius at the exit plane 

r {~) using 
0 

2 
r (z-;) 

0 
P(z-;)/-rri (~'). 

e ax 

where the beam power at the exit plane is 

p (~) 
e 

(15) 

(16) 

Here Eq. (16) takes account of the depletion of the input power P(~) by 

the power fed into the Brillouin scattered beam PSBS{z::) if any. Eq. (15) 
. ' '. 

will provi.dc a useful characteristic radius unless the stimulated Brillouin 

scattering is so strong that it substantially changes the transverse pro-

file of the beam. In our experir.1ent, such substantial changes in the beam 

profile occured only at the very highest input powers used. 

If the tra.nsverse profile of the beam is Gaussian, then from Eq. 1 (15), 

we have 
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I(r,z;) (17) 

In our analysis, we assumed the profile was Gaussian, and used Eq. (17) 

to compare our measurements of I (z;) to the streak photographs and the 
ax 

time-irttegrated photographs. We found good agreement, except for those 

cases having very strong stimulated Brillouin scattering. This was not 

surprising. It is known that the number of focal spots observed at the 

exit plane of a self-focusing sample is very sensitive to t~1e spatial 
. , 4 33 

mode structure of the laser beam. ' Because we consistently observed 

only one focal spot, we knew our beam must have a near Gaussian single 

transverse mode. Transient self-focusing experi~ents have shown that the 

20 34 focal spot~ have a near Gaussian profile around their center. ' Cal-

culatio~s for both quasi-steady-state3 and transient21 self-focusing show 

that the off-axis parts of the beam should have more power than would be 

expected for a Gaussian profile. Thus Eq. (17) may overestimate the power 

near the axis, and underestimate the power far from the axis. Of course, 

it will be exactly correct for the power right on the axis. 

D. Results 

We made a series of measurements with different input laser powers 

for five values of t /T listed in Table I. In Fig. 3, we present a typi­
p 

cal set of results showing self-focusing for three clearly different cases: 

(I) near quasi-steady-state limit, t /T = 11.3; (II) the intermediate 
. p 

case, t h = 5.2; and (III) near transien.t limit, t /T 0.21. Figures 
p . . p 

3(a) and 3(b) show respectively the input laser pulses P(z;) and the axial 

intensity pulses I (~),measured by the fast detectors D2 and D4 in Fig. ax 

2. Each pulse is plotted with its leading edge at the right. tJsing 

Eq. (15) we could deduce the temporal variation of the beam radius r (z;) 
0 
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at the end of the cell as shown in Fig. 3(d), and compared it directly 

with the observed streak camera picture in Fig. 3(e). We found the agree-

ment in all cases was ex~ellent. Note however that in the near qu~si-

steady-state case, only the leading part of the pulse can be seeri becau~e 

backward stimulated Brillouin scattering actually depletes the lagging 

part of the pulse and prevents it from ~elf-focusing. 

We present more extensive results showing I (~)·for a wide range of 
ax 

input laser powers in Fig. 4. For these same input powers, we show r (t;) 
0 

in Fig. 5 as determined from Eq. (15). Of all these shots, the peak of 

the axial intensity was substantially depleted by Brillouin scattering in 

only two shots, (c) (v) and (d) (v). ·this depletion caused Eq. (15) to give· 

a minimum r (t;) which was about 30% larger than the minimum r (~) which 
0 0 

was deduced from the streak photograph. For these two shots only, the 

r ((.;) shown in Fig. 5 is deduced from the streak photograph rather than 
0 

from Eq. (15). In Fig. 6 we show the correspondinb streak photographs. 

4. DISCUSSION 

A. Agreement with Theoretical Models 

The radial profiles of the self-focused laser pulse in Fig. 3(c) can 

now be compared with those in Fig. 1. They clearly have the same quali-

tative features, which shows that our unified physical description in Fig. 

1 is a valid description. In the transient limit the pulse had a horn 

shape with weak oscillations along the neck region, as predicted by the 

17,18 
theory. As t /Twas increased by decreasing T, the axial intensity 

p 

pulse decreased in length, and the radius started to diverge at the end 

of the pulse. In the quasi-steady-state limit (t IT >> 1) the radius . p 

shmved a localized focal spot, and the axial intensity pulse length was 

of the order of T, in agreement with theoretical pr-edictions. 11 
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We can see the effect of varying input power in Fig. 5. The deforma-

tion of the longitudinal pulse profile is strikingly dependent on t IT at 
p 

all power levels investigated. As an example, let us examine the pulse 

deformation right at the self-focusing threshold. These low input power 

pulses are shown in Fig. S(i). In the quasi-steady-state limit (see Fig. 

Sa(i)), the tail of the pulse was focused no more strongly than was the 

leading edge of the pulse. The peak of the pulse was focused most strong-

ly, and r (z;) was·nearly symmetrical about z; = 0. As t /T decreased (see. 
0 p . 

Fig. Sb(i) and 5c(i)), the tail of the pulse was affected more ~nd more 

by the onset of self-focusing~ In the transient limit (see Fig. Sd(i)), 

the tail of the pulse was focused more·strongly than any preceding part 

of the pulse. This behavior is in good agreement with the predictions of 

Fig. 1. 

Another qualitative aspect of self-focusing one can deduce from Fig. 

1 is that near the self-focusing threshold,· the peak of the axial inten-

sity pulse should be delayed from the peak of the input laser pulse if 

the transient effect is appreciable. For the transient cases, the self-

focusing threshold is higher and the delay is longer. As the input power 

increases and the beam self-focuses more strongly, the peak of the axial 

' intensity pulse will first move backward in time until the self-focused 

beam reaches its limiting diameter, and then it will n1ove forward toward 

the peak of the input pulse. These features are what we actually observed 

in our experiment as sho~~ in Fig. 7. For comparison, we include in Fig. 

7 a theoretical curve (a) calculated usirig the quasi-~teady~state formula 

Eq. (8) with the actual time dependence of the laser pulses we used in 

these measurements. The results in Fig. 7 indicate that even with 

t /T = 11.3, the transient effect on self-focusing is still quite appre­p 
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ciable. For the more transient cases, the delay of the axial intensity 

pulse approached ·~ - 0.3 t • 
0 p 

This is in good agreement with the delay 

d d . . 1 . 1 1 . 17 '18 pre icte 1n numer1ca ca cu at1ons. 

In Fig. 8, we show the observed minimum radius of the self-focused 

beam at the end of the cell R . ~ r i /r . as a function of the m1n . o,m n o,1nput · 

normalized input peak power P/P for the various cases. The theoretical 
cr 

curve (a) for the quasi-steady-state limit is also plotted for compari-

14 son. Curve (b) shows again that with t /T = 11.3, self-focusing is 
p 

still somewhat transien~. For the more transient cases, the minimum ra-

dius R . of the self-focused beam shrank more gradually with increasing · m1n 

input power. Towards the transient limit, curves (e) and (f), R • de­m1n 
. 18 19 

pended only on the quantity(Pt /P T), as predicted by theory. ' . 
p cr 

Points of equal R . on curves (e) and (f) occur at powers P/P differ-
m1n cr 

ing by a factor equal to the ratio of T for the two curves. Curves (g) 

and (h) in Fig. 8 show the theoretical predictions for t /T = 0.47 and 
p 

t /T = 0.21, based upon interpolation of the numerical results of Shimi­
p 

21 
zu. Presumably because of the onset of stimulated Brillouin scattering, 

our results deviate from ttie theoretical predictions as the limiting di-

ameter is reached. 

In Fig. 9, we show R . as a function 
m1n 

response time T = 2 sec. \-lith t 1-r: = 7.5 
p 

of P /P for cs
2

, vlhich has a 
cr 

3 x 10 , this is the true quasi-

steady-state limiting case. As expected, the solid theoreticai curve 

for the quasi-steady-state limit agrees well with our experimental r~sults 

down to the limiting value. 

B. Limiting Mechanisms 

In all cases, tl1e R . in Fig. 8 approached a limiting value at high 
nnn 

P. As discussed in Settion II, numerous ~echanisms have been proposed 
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for this behavior. Here, let us estimate the effects of some of these 

mechanisms. 

The limiting focal diameter could be due to saturation of ~n .Fesult-

ing from high degrees of molecular alignment in a Kerr liquid. In our 

experiments, however, we estimated the maximum ~n using Eqs. (5) and (15) 

and the measured axial intensities in Fig. 4. We found ~n ~ .007. 
max 

For fully aligned EBBA with an order parameter of unity, ~n should be a-

ro.und 0. 35. So, the maximum ordering in our sample is only 0. 02. This 

is ·more than an order of magnitude less than the ordering present in the 

nematic phase, and is theretore far from saturation. From the known re­

sults on the optical field-·induced refractive index in EBBA, 
22 

there 

' 28 
should also be no steric or compressional effects which could introduce 

saturation in ~n at our level of laser intensities. 

Another J?Ossible mechanism of limiting the focal diameter is the 

. f f 1 . b kd . . . 29 
generat1on o ree e ectrons 1n pre- rea own 10n1zat1on. This would 

require an electron density of n ~ mc 2 I /e2 P so that the plasma fre-, ax cr 

quency is wp "' w(n0n2 1EI 2r The total required number of free electrons 

for an appreciable reduction of ~n would then be N ~ 5 x 1013 P/P 
cr 

From 

F . 8 h -·lo15 
1g. , we see t at N = However, our input pulse contained at most 

5 x 10
15 

photons, and the quantum yield of photons into free electrons 

was certainly significantly less than 1. It could not create a sufficient 

electron density to reduce ~n appreciably unless virtually the whole beam 

\i'ere depleted. This means that any effect of pre-breakdm..m ionization 

would be from depletion of laser power rather than from its effect upon 

An. In our experiment, t.re did not see any evidence of depletion of the 

laser beam below the stimulated Brillouin scattering threshold. As a re-

sult the limiting value of R . could not be due to laser depletion from 
mln 
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pre-breakdown ionization, or multiphoton absorption. 

We have monitored in our experiment stimulated Raman and Brillouin 

scattering under all conditions. No stimulated Raman scattering was ob-

served until the input power is substantially higher than the level at 

which the limiting diameter is reached.. On the other hand, backward stim-

ulated Brillouin scattering was always observed before the limiting diame-

ter was reached. In Fig. 8, the stimulated Brillouin scattering threshold 

is marked by an arrow for each set of data.· We see that in each case, 

the limiting value of R . is reac~ed at power slightly above the stimu­
ml.n 

lated Brillouin threshold. we· can therefore conclude that in our experi-

ment stimulated Brillouin scattering must be the mechanism responsible 

for the limiting diameter. 

31 Kelley and Gustafson have pointed out that stimulated Brillouin 

scattering could not be the limiting mechanism in cs2 or toluene because 

its response time was so much longer than the response time of 6n. In 

our experiment, the situation is different. We can estimate the acoustic 

response time in EBBA based upon measurements made on other organic li-

quids. F 1 . 1 h . . 0 3 35 d or examp e, 1n to uene t e response t1me lS • nsec an in a 

36 mixture of cholesteric liquid crystals, it is 0.6 nsec. We infer that 

in EBBA, this response time should be less than 1 nsec. In our experi-

ment, this means that the orientation relaxation time y was always great-

er than the Brillouin response time .. As a result, the Brillouin gain can 

more or less follow the variations of the self-focused laser beam inten-

sity. Since the steady-state gain is higher for Brillouin scattering 

than for Raman scattering, we would expect Brillouin scattering to b~ 

dominant in ouf experiment. 

In Fig. 8, we see that stimulated Brillouin scattering set in more 
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abruptly in the steady-state case, and thus stopped the shrinking beam 

radius more readily. For laser pulses well above the Brillouin threshold, 

we observed Brillouin depletion in excess of half of the beam power. 

Since the gain is highest on the beam axis, the.most intense axial part 

of the beam was preferentially depleted, and ~n dropped along the beam 

axis. The light somewhat off the beam axis was much less depleted. So, 

~n was higher off of the beam axis than it is on the axis. This should 

lead to a defocusing of the axial rays. A dynamic equilibrium was expect-

ed to set up: any tendency of the beam to further self-focus would result 

in an increased stimulated Brillouin scattering and the resulting addition-

al depletion of laser power would oppose the tendency of the beam to fur-

ther self-focus. 

In Fig. 10., we show the variation of the peak Brillouin output power 

as a function of input power for the cases studied. Again, we see that 

the growth of the Brillouin power is clearly the most abrupt in the most 

steady-state case as expected. 

5. CONCLUSION 

Using the temperature dependence of the relaxation time T in an iso-

tropic liquid crystalline material, we have studied the variation of self-

focusing from the quasi-steady-state to the transient limits. In all 

cases, our quantitative neasurements of the time variation of the laser 

pulse radius strongly support the unified qualitative description of self-

focusing in Fig. 1. We see that there is no abrupt change in the charac-

ter of the self-focusing as t /T is varied, but rather there is a smooth 
p 

variation from one limit to the other. Our measurements are in good qual-

itative agreement with available theoretical predictions .. Unfortunately, 

because numerical calculations of self-focusing for our cases do not ex-
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ist at present, we have not yet been able to make quantitative comparison 

between theory and experiment over the entire range. 
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FIGURE CAPTIONS 

Fig. 1. Schematic drawing showing how an imput pulse gets deformed 

through self-focusing (a) in the quasi-steady-state limit, 

(b) in an intermediate case, and (c) in the. transient limit. 

Here the pulse is shown as viewed from the side in a series of 

snapshots. 

Fig. 2. Experimental arrangement for observing self-focusing. Bl, B2, 

B3, B4, B5, beamsplitters.; Ll, L2, L3, L4, L5, lenses; Dl, D2, 

D3, D4, biplanar vacuum photodiodes; Al, aperature; Pl, pinhole. 

Fig. 3. Typical sets of results showing (a) input laser pulses, (b) on-

axis intensity pulses, (c) radial profiles of the self-focused 

pulses, (d) intensity contours of the self~focused pulses, and 

(e) streak photographs. In each case the horizontal axis is 

the .local time ~· The intensity ccintour map shows the intensity 

as a function of transverse coordinate and time. Contours shown 

are I = 0.30 I and I = 0.03 I 
max max For t IT 

p 
11. 3, the input 

peak pO\ver is P 7.9 kW, PIP = 5.5, and the on-axis peak in­
cr 

tensity is I 
max 0. 77 Gt:Jicm

2
• For t IT = 5.2: P = 5.2 klv, 

p 

PIP 
cr 

5. 6, and I = 0. 7 5 G\-J I en?. 
max For t IT 

p 
0.21: P = 4.4 kW, 

PIP cr 
? 

61, and I 7' 0.54 G~;;fcm-. 
max 

Fig. 4. Axial intensity pulses. 

(a) t /T = 11.3: (o) input puls~, (i) p = 3.66 kW, I = 38 
p 0 ax 

MHicm 
2 

(ii) p 4.42 kW, I 75.5 H\vlcm 2 (iii) p 5.17 = = 
0 ax 0 

kW, I 431 N'.vlcm 
2 

(iv) p 7.86 klv, 768 Mivlcm 
2 = = I = ax 0 ax 

(v) r = 9.18 kH, r = 705 HHicm2 
o ax 
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(b) t h = 5.2: 
p 

(o) input pulse, (i) p 2.58 kW, I 28.8 MW/cm = = 
0 ax 

(ii) p = 3.58 89.7 (iii) 4.07 304 
0 

(iv) 5.17 753 (v) 6.15 864 

(c) t /T p 
2.07: (i) 1.21 . 8.0 

(ii) 2.27 3.52 (iii) 3.65 481 

(iv) 4.33 560 (v) 6.80 348 

(d) t /T p 
0.21: (i) 0.99 6.4 

(ii) 1.93 102 (iii) 2.44 150 

(iv) 4.35 544 (v) 7.41 538 

Fig. 5. Pdlse radius at exit plane of cell, for the same pulses as in 

Fig. 4. 

Fig. 6. Streak photographs, for the same pulses as in Fig. 4. 

Fig. 7. Peak position of the on-axis intensity pulse of the self-focused 

beam as a function of normalized input peak power in different 

cases: (a) t /T + oo, (a theoretical 
p 

(c) t /T = 5.2, (d) t /T = 2.07, and 
p p 

curve), (b) t h 
p 

(e) t h = 0.47. 
p 

= 11.3, 

Curve (a) 

is calculated from Eq. (8), which gives zf = 10 em for P = 2.97 

p 
cr 

Fig. 8. Reduced minimum radius of the self-focused beam at the end of 

the cell as a function of normalized input·pea~ power in various 

cases: (a) t /T + oo (a theoretical curve from Ref. 13), (b) 
p 

t IT = 
p 

11.3, (c) t /T = 5.2, (d) t /T = 2.07, (e) t /T = 0.47, p p p 

(f) t h 
p 

= 0.21, (g) t /T = 0.47 (a theoretical curve from Ref. 
p . 

21), and (h) tIT= 0.21 (a theoretical curve from ref. 21). 
p 

Fig. 9. Reduced minimum radius of the self~focused beam at the end of 

the cell as a function of normalized.input peak power for cs2. 

Here the solid curve is calculated from Eqs. (8), (10), and (13) 
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U?ing z = 19 em. 

Fig. 10. Peak output power of the backward stimulated Brillouin pulse, 

as a function of the normalized input power in the variO\-IS 

cases studied. 
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TABLE CAPTIONS 

Table I Characteristic parameters. of EBBA (TK = 78°) used as a self­

focusing medium, with laser pulses having a full width at half 

maximum t = 15 nsec. 
p 

95 



T 

nsec 

79.7 72.5 

82.7 32.1 

96.0 7.25 

112.0 2.87 

130.8 1.33 

TABLE I 

t h: p 

0.21 

0.47 

2.07 

5.2 

11.3 

n2 

-11 (10 esu) 

237 

111 

33.4 

18.2 

11.8 

p 
cr 

(kW) 

0.071 

0.151 

0.503 

0.926 

1.420 
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APPENDIX I: DISPERSION OF OPTICAL-FIELD-INDUCED 

REFRACTIVE INDICES 

In the optical Kerr effect, the field-induced refractive indices gen-

erally have a very weak dependence on the frequencies of the probe laser 

and the strong laser. For example, in an isotropic liquid crystalline rna-

terial we showed in Chapter II Eq. (6) that the optical Kerr constant was 

* B = 2(w/nc) ~x(w) 6x(w')/9a(T- T ), (1) 

where w is the strong laser and w' is the probe laser. In Eq. (1), we see 

that B is proportional to ~x(w) and ~x(w') which are very weak functions 

of frequency in any transparent region of the spectrum. 

However, the optical Kerr constant will become strongly frequency de-

pendent if w - w' == 0 or if !ll - w' =: ± w' where w is any material reson-
, 0 0 . . 

1-5 ance frequency (e.g. a Raman frequency). This is due to dispersion in 

the tensor elements of X()) Recent experiments have used this dispersion 

of optical-field-induced refractive indices to obtain accurate measurements 

of material resonant frequencies, linewidths, and transition probabilities 

4 5 8 
in liquids and vapors. ' ' These measurements can give information simi-

! 
6-9 lar to that obtained by the coherent anti-Stokes Raman effect without 

any sensitivity to phase matching conditions. 

Recent papers have discussed the theory of this dispersion, near Raman 

resonances (w ~ w' == w )
4

•5 . Here we will examine more closely the case 
• 0 

w - w' =: 0. We will derive this theory from a consideration of the Gibbs 

free energy density F, ·using a general expression for the electromagnetic 

energy density,
10 

rather than the expression used in Chapter II. We will 



allow, the optical field to be composed of a nUI!Iber of spectral components 

w , w , ... , with amplitudes E.(w ), where the subscripts i or j refer 
n m 1. n 

to polarization states. 

1 
F = F

0 
+ z a(T 

Under these conditions, we obtain: 

r*) L Q •• Q •• -2: L x .. (w) 
ij l.J J 1 ij nm l.J m 

[ 
i(w -* m x E. (w ) E. (w ) e 

J m J n 

-+ 
w )t - i(k 

n m 
-+ 

- k ) 
n 

'-+ ] . r 

+ c.c. ' 

(2) 

where we have included the cross terms between different frequency campo-

nents in the electr?magnetic contribution to the free energy density. In 

Chapter II, we did not include these oscillatory terms, becau'se they aver-

aged to zero for the cases we were considering, and did not affect the 

Q ..• In Eq. (2) we omit other terms which are higher order in Q .. , as 
l.J l.J 

these do not affect the field induced refract~ve indices. 

As before, the equation of motion for the tensorial order parameter 

is vaQ .. /at=- 3F/3Q .. , which gives: 
. l.J J ]. . 

f.. (t) 
l.J 

1 
12 

aQ.. * 
v ~ + a(T - T )Q 

at ij 

( 
* i(w 

~x(w) E.(w )E.(w )e· m 
m J m 1. n 

We can solve Eq. (3) immediately, obtaining 

f .. ( t) 
l.J 

-+ 
- w )t - i(k 

n m 

Q .• (t) 
l.J 

- ( t - t ')/T 
e dt', 

-+ . r 

-+ 
. r ) 

+ c.c. 

+ c.c.)] 
(3) 

(4) 
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U-· {"-r~ .. v l 

where the relaxation time is 

u / 9 

v 

* a(T - T ) 

• )i v·j 

~ ' 

(5) 

If the frequency amplitudes E.(w) are constant for times much long-
1. n 

er than t, then Eq. (4) gives 

1 * L t~x(w )(E.(w )E~(w )e- m 0 

[ 

i(k - k ) 

12Ta(T - T ) nm m J m 1 0 

-+ . r 

f
oei(wm- w )t' - (t - t')/T 

X O dt I + c. c.) 
--00 . 

f
oei(wm- w )t' - (t- t')/T 

x 
0 dt' + 

-oo 

c.J] 
-+ 

[ 

. ( w ) t - i (k 

1 
(

E.(w )E~(w )e
1 

wm- 0 m 
' m 1. n ------:-*- L..t~x (w ) 1 + . ( ) 

12a (T - T ) om m l.T wm- wn 

k ) 
n 

l.J knm m 

-+ 
r 
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-+ 
r 

+ c.c)-} o .. L:t~x(w) · 

( 

* i(w - w )t - i(k k ) -+ )] 
El (w )El (w )e m m m n r . 

~ m K n 
x -=-=--:-.--=---=-=--:----=----=-1 -+-i:--T--:-(w_m ___ w_n-,-) -----"------ + c. c. . 

· i(w - w )t - i(k - k ) 
"" m n m n = L.. Q •• (w ,w )e 
om l.J m n 

where 

-+ 
r 

+ c.c.' 

Q •. (w,w)= 
I.J m n t 

* 1 * ] A ( .. ) E . ( w ) E . ( w ) - -3 0 . . L Ek ( w ) Ek ( w ) ux wm J m 1. n l.J k m n 

12a(T - T*) 1 + iT(wm - wn) . 

(6) 

(7) 
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It is clear from the general expression in Eq. (6) that the orcier parame-

ter Q .. is only affected by those beat frequencies for which (w - w )T ~ 1. 
~ m n 

The optical frequency polarization is determined bx the applied.fields 

and by the order parameter which results from those fields. For the case 

11 of a time-independent order parameter, de Gennes has shown that 

P. (w') 
1 

x .. (w')E.(w') + -
3

2 2.: l'lx(w')Q .. E.(w'), 
11 1 1] J 

j 
(8) 

where l'lx(w') is the polarizability anisotropy of a fully ordered liquid 

crystal (e.g. Q = + 1, Q = Q 
XX ' 'YY zz 

1 - 2). The polarization in Eq. (8) 

contains both a linear part P~l)(w') 
1 

and a nonlinear part P~ 3 )(w'), which 
1 

are 

and 

z L: 
3 

j 

x .. (w')E.(w') 
11 1 

l'lx(w')Q .. E.(w'). 
' 1] J 

(9) 

(10) 

In our case, we know from Eq. (6) that Q .. is time-dependent. Be-
1] 

cause of this, we must use a more generalized form of Eq. (10), which is 

w ) 
n 

L: [ -
3

2 
(Q .. (w ,w) + Q~.(w ,w >} x 

·n 1J m n 1J n m Jx,mn · 

-+ 
(11) 

+ k 
m - k >J 

n + c.c. 

where the sum over £, n, and m is restricted by the condition 

• 
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We ¥ill be mainly interested in certain special cases where the non-

linear polarization given by Eq. (11) assumes a particularly simple form. 

F 1 . . '11 f. d h p(3) b . or examp e, 1n certa1n cases we w1 1n t at can e wr1tten as 

p~3 ){w 1 ) ="ox .. (w 1 )E.(w'), 
1 ~ ~ J . 

J 

(12) 

where the quantity ox .. (w') is independent of the amplitude of E (w 1
). · If 

1] 

Eq. (12) is satisfied, then the field at w' can be regarded as a probe of 

the ox(w 1
) induced by the other applied fields. 

We will also find that under certain circumstances, the quantity 

ex .. (w 1
) will be diagonalizable, giving 

1] 

· p <. 3) (w 1 ) = >: ( 1 ) E ( 1 ) ux. w . w , 1 1 1 
{13) 

where ox.(ul 1
) = ox .. (w'). \\Then this happens w.e can interpret the p(J)(w') 

l 11 

in terms of a field induced change in the linear optical constants. The 

111 

linear·refractive index n.(w') and the linear absorption coefficient K.(w') 
1 l 

have a simple relationship to the linear polarizability x. (w 1
) 

1 

n. (w 1
) 

1 

K. (w 1
) 

l 

Re 11 + 4nx. (w') 
1 

Im 11 + 4nx. (w 1
) , 

1 

(14) 

where we assume that x .. (w 1
) = o .. x.(w 1

) is diagonalized. The 1/e power 
ll lJ 1 

absorption length is ~.(w 1 ) = c/2wK.(w 1
). If Eq. (13) is satisfied we 

1 1 

can define 



on.(w') = (2n/n.(w'))Re ox.(w 1
) 

~ ~ ~ 

oK.(w') 
~ 

(2n/n. (w'))L>n ex. (w')' 
~ ~ 

(15) 

where we assume Re x.(w') >> Im x.(w'), as in a transparent medium. Here 
~ ~ 

positive OK corresponds to a field-induced loss, while negative OK corres-

ponds to a field-induced gain. 

Now we would like to examine the circumstances under which the non-

linear polarization as giveri by Eq. (11) satisfies Eqs. (12) and (13). 

We will restrict our attention to the nonlinear polarization at a fre-

quency w', where we require the amplitude of the field at frequency w' 

to be much less than that of any fields of other frequencies. We will e-

valuate Eq. (11) assuming that only one other frequency w is present, with 

IE(w)l
2 

>> IECw') 1
2

. Also, we will be interested in lw- w' l!w ~ 10-
3

, so 

we have ~X= ~x(w) = ~x(w'). In these limits, Eq. (11) gives 

P~ (w') 
1 

~ {[ }(QiJ.(w,w) + Q~.(w,w)}E.(w') + 
J 1J J 

-+ } r + c.c. 

-
3
2 + 1 ~ ~ ) E. (w 1

) E. (w) E ~ (w) + 
- 1T W 1 J J 

( 1 ) 1 * 1 + 
1 

_ . 
6 

E.(w )E.(w)E.(w) + 
1T W J J 1 · 
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(l - ~ 1 - ~ T ~w) E . ( w I ) E . ( w) E ~ ( w >}] + 
J 1 J 

c. c., 

(16) 

where ~w- (w- w'). Examination of Eq. (16) shows that it will automa-
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2 2 
tically satisfy Eq. (12), because we have chosen IE(w) I >> IE(w') I . We 

find that ox becomes 

ox (w') = 
XX 

2 
(8x) * ((~ + ~ ~ ) IE (w', 12 ( 2 1 )I ( ) 12] 

3 3 1 8 + - -3 + 1 - l.'T8w Ey w 18a(T - T ) - l.T w x 

2 
rx (w') = -----'('---"tJ.x>-<--)_*_((1 1 1 }( * * \ u + -

6 
-
1
--.-8- E (w)E (w) + E (w)E (w)J + 

xy 18a(T - T ) - l.T w X y X y 

ox (w') yy 

( 2 ~ 8 )(E* (w)E (w) - E (w)E* (w))) 6 1 - l.T W X y X y 
. (17) 

2 
(tJ.x) * [(~3 +~3 1 ~ 8 )IE (w)l2 + (- _32 + 1 ~ 8 )IE (w)12]. 

18a(T - T ) - l.T w y - l.T w x 

We will examine the diagonalizability of ox irt terms of the most gen-

eral elliptical polarized basis states for ~he probe field. We will take 

el (cos 8)x (sin 
ia: 

= + Ele )))-

e2 (- sin 
-ia: 

(cos El)y, = Ele )x + 

where we will choose 8 and a: such that !X is diagonalized. Performing 

the diagonalization, we find immediately that the conditions on 8 and a: 

are: 



Clearly these conditions can both be met only if 

I ox 1-xy 

If Eq. (19) is satisfied, then we will find that 

ia: 
e [

ox .]1/2 
=+ ~ - 0 

xyx 

tan e 
[ 

0 0 I 2 1 + XXX - XYY] 
2/ox ox xy yx 

But now Eq. (20b) can only be satisfied if 

0 = Im 
[ 

0 . 0 ] XXX - xyv 

2/ox ox xy yx 

(19) 

(20a) 

(20b) 

(21) 

+-+ 
We see that Eqs. (19) and (21) must both be satisfied if ox is diagona1iz-

able, and then Eqs. (20a) and (20b) can be used to actually diagonalize 

rx .. Using Eq. (17) for 6x, we find that Eq. (19) becomes 

· ( T tlw ) ( * * ) ( * 0 = 2 E (w)E (w) + E (w)E (w) E (w)E (w) -
1 + (Ttlw) X y y X X y 

E.* (w) E (w)) , 
y X 

(22) 
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and Eq. (21) becomes 

- E* (w)E (w)). (~3) 
y X 

Equations (22) and (23) cannot in general both be satisfied, which 

means that !X cannot in general be diagonalized. However, there are four 

lim~ting cases in which both Eqs. (22) and (23) can be satisfied: 

(a) First, if (w' - w) = 0, then Eqs. (22) and (23) are automatical-

+-+ 
ly satisfied, and ox can be diagonalized according to Eq. (20). 

(b) Second, if IT(w' - w) I >> 1, we will also have Eqs. (22) and 

(23) aut~matically satisfied, and tX tvill be diagonalizable. 

(c) Third, if ITAwl ~ 1, (IEx(w) 1
2 

- IEY(w) 1
2

} = 0, and 

(E*(w)E (w) + E*(w)E (w)} 
X y · y X 

0, then the strong beam E( ) will be circular-

ly polarized. He see that 6x can be diagonalized for such a strong beam 

for all values of frequency detuning (w' - w). 

(d) Fourth, if IT(w' - w) ~ 1, and (E*(w)E (w) 
X y 

then the strong beam E(w) will be linearly polarized 7 

(22) and (23) that 

quency (w' - w). ,. 

+-+ 
ox will be diagonalizable over the 

- E*(w)E (w)) = 0, 
y X 

He see from Eqs. 

whole range of fre-

We see that Eqs. (22) and (23) cannot be satisfied for' an elliptically 

polarized strong beam if IT(w' - w) I ~ 1. 
+-+ 

This means that ox is not di-

agonalizable for such a strong beam. 

We have seen that if the strong beam is circularly or linearly po-

+-+ 
larized, ox will be diagonalizable. So for these special cases, the ~f-

fects of the nonliriear polarization can be expressed in terms of on.(w') 
I l_ 

and ok.(w') using Eq. (15). Now we cah evaluate these quantiti~s. We 
1. 

-+ -+ 
will assume a specific optical field geometry with k II + z and k' II - ~. 

115 



We are purposely taking the propagation of two beams to be in different 

directions, so that they will remain distinguishable as w' -+ w. We have 

chosen a specific angle of 180° between k and kT to avoid cumbersome ex-

pressions. 3 It is clear from Eq. (16) that P (w') has only a weak depen-

dence on this angle, so little loss of generality results from this as-

sumption. 

-+ 
For the specific case of a linearly polarized strong field w, E(w) 

i E (w), we obtain 
X 

p(3)(w') 
(ll;)5) 2 e iw' t + ik'z 

-
* X 18a(T - T ) 

p(3)(w') 
(ll_x)2eiw't + ik'z 

* y 18a(T - T ) 

Then Eq. (15) gives 

<Sn (2n/n) 
(llx)2 

* X 18a(T - T ) 

<~x)2 
on - (2n/n) 

* y 18a(T - T ) 

(2rr/n) 
<~x) 2 

* 18a(T - T ) 

(2rr/n) 
(t~x)2 

* 18a(T - T ) 

2 [ 4 4 ( Ex(w')jE(w) I } +} 1 ~T~W)] 
(24) 

Ey(~') IE(w) 1
2 

[ -1 + ( 1 ~ Tllw) l· 

IE (w) 1
2 

( ". + ". 
3 3 1 + ~T.W) 2 ) 

2 I 2 . 

+ ~T.W) 2 ) 
I E ( w) I \ - - + !!_ 

3 3 1 

(25) 

I E(w) 1
2 

(} 
1 

''" ) 
+ (Tllw) 2 

IE(w) 1
2 C ''" ) 

+ (Tllw)
2 

We see that each of these quantities has a substantial variation with fre-

quency at ~w = w - w' ~ 0. 

-+ 
For a circularly polarized strong beam, E(w) = E(w)~+' where ~± 

(:X ±i)') I /2, \ve obtain 
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17 9 6 

p(3)(w') 
+ 

p(3)(w') 

(L'Ix)2eiw't + ik'z [ ( 1 1 1 ) 2] 
~~_:_--*=---- E + (w') 3 + 3 -1--i-T_L'I_w IE (w) I 

18a(T - T ) 

(L'I ) 2 iw' t + ik' z [ ( ] 
X e * E_(w') ~ + 2 1- ~TL'Iw)IE(w) 12 . 
18a(T - T ) 

Then Eq. (15) gives 

6n+(w') 
21f . (L'Ix)2 

IE (w) 1
2 

[ .!. + .!. ( ~TL'Iw) 2 )] =-
n * 3 3 1 18a(T - T ) + 

6n_ (w') 
21T (L'Ix) 2 

IE (w) 1
2 

[ ~ + 2 ( 
1 ~TL'Iw) 2 )] n * 18a(T - T ) + 

6K+ (w ') 
21T (L'Ix) 2 

IE(w) 12 [.!. TL'IW ] = 
n * 3 1 + (TL'Iw)

2 
18a(T - T ) 

6K (w') 
21T (L'Ix) 2 

IE (w) 1
2 

( 2 
1 

TL'Iw ] =-
n * + (Ti'lt;J) 2 

18a(T - T ) 
~ 

(26) 

:(27) 

.The linear and circular birefringences of Eqs. (25) and (27) can; in 

fact, both be observed with a linearly polarized probing beam. The circu-

larly polarized strong beam will rotate the plane of polarization of the 

probe beam. On the other hand, the linear bir~fringenc~ from a linearly 

polarized strong beam will make the probe beam become elliptically polar-

ized. We will now calculate the signal which would be observed in an ex-

periment for these two cases. The sample will be placed between crossed 

polarizers in the probing beam. In addition to calculating the signal 

for the two limiting cases of linear and circularly polarized strong beams. 

we·will also calculate it for strong beams of general ellipticity. We 

will define a phase shift ~. such that ~ = 0 corresponds to linearly po-

larized light, while ~ TI/2 corresponds to e+ circularly polarized light. 

Intermediate values of ~will correspond to intermediate ellipticities. 
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We will have the probe beam polarization along one of the axes of the 

strong beam ellipse, so that the probe beam will be along one of the prin-

ciple axes of 8x . .• 
. l.J 

~ iw't + ik 1 z 
For a probe beam E(w 1

) = x E(w 1 )e , the 

strong beam ~ill be E(w) and Eq. (16) 

gives 

p(3)(wl) 
X 

p(3)(w') 
y 

This equation gives P())(w') at a specific point in the medium, in 

terms of the fields at that point. We can use the EM wave equation to 

determine theE field radiated by this P( 3)(w 1
). We start from the gener-

al wave equation 

2 
~-+~,Ed~ 
V x V x E (w , z)-

2 
--

2 
E ( 1 ) 

c Clt w ,z 
4n .i__ PNL 

2 d 2 (WI , z) 
c t 

(29) 

where E is the linear optical frequency dielectric constant and where we 

now allow the fields to vary in amplitude along the z axis. Assuming 

h E ( I) • f • h 1 1 • 1 • • 13 t at w satJ.s J.es t at s ow y vary1ng enve ope approxJ.matJ.on 

2 2 -~ -+ 
ja E/<lz I « kjClE/<lzj, and using V • E = 0, we obtain 

a 
2 ik I - E ( w I z) 

a z ' 
2 4n (3) 1 

(w
1

) -z PNL (w ,z) (30) 
c 

-+ 
This equation can easily be integrated to find E(w 1 ,z) for a given 
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P (3)( 1 ) 
NL w.,z. As an example, we will consider the solution for a particu-

larly simple geometry, with a sample of length t, and !ECw,z) 1
2 = IE(w) 1

2 

independent of z. The signal is the part of the probe beam transmit.ted 

by the crossed polarizet, so the signal intensity is proportional to 

IE (w' ,z = t) 1
2 

y 

where we assume IE (w',z 
y 

£.)I « IE (w') I and where 
X 

(3) 
xeffective 

We then have 

(3) 2 
lxeffectivel 

( Ax) 
2 

[ ( 1 1 ) L\_ 1 + - + * COS ~ 6 1 - iTf::.W 
18a(T - T ) 

= (t:.x) cos2 ¢. 1 ( 2 )2[ ~ 
18a(T - T*) 

(31) 

i sin 4>(26 1 -
1 

) I iT!::.~ 

(32) 

+ sin
2 •(;~ 1 + ~T8w) 2) (33) 

+cos 0 sin •(-
1 ~ 

1 
+':~Ow) 2)] 

which we have plotted in Fig. 1 for three different strong beam polariza-

tions. 

As discussed in Chapter II, the nonlinear polarization can be des-

. b d 11 f . d . 14 cr1 e more genera y rom symmetry cons1 erat1ons. For w =I= w' and 

-+ 
E(w) = x E(w), 
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p(3)(w') 
y 

6( (3) ( ' = = X1122 w 

6[ 
(3) ( ' 

xll22 w 

' ) (3) ( ' w + w - w + x1212 w 

(3) ( ' 
+ X1221 w 

w' + w - w) 

-+ 
For a circularly polarized strong field E(w) = e+E(w), 

(34) 

p~3)(w') 6[ (3) ( ' X1122 w w' + w - w) (3) ' 
+ x1212(w w' + w-w)J IE(w)i

2
E+(w 1

) 

(35) 

p(3)(wl) 6[ {3) ( I 
X1122 w = w1 + w - w) (3) ( 1 

+ X1221 w = wl . ) 2 + w -w) jE(w) I E_(w 1
). 

By comparing Eqs. (18), (20), (28), and (29), we find 

(3) ( ' 
X1212 w 

y(3) ('·II ''1221 .•, 

(3) ( 1 

x1122 w 

= w1 + w - w) 

w' + w - w) 

w' + w - w) 

1 (t~x) 2 
=-

6 * 18a(T - T ) 

1 (t~x) 2 

=6 * 18a(T - T ) 

1 (t~x) 2 

6 * 18a(T - T ) 

[ 1 
2 

- ~ Tllw 1 3 1 

[ 1 + 1 - ~ Tllw) 

[-l+ 1 ] 
3 1 - iTllw · 

(36) 

So we have determined the frequency dependence of all three of the inde-

d 1 f h (3) ( t I ) pen ent e ements o t e tensor xijk£ w = w + w - w . 
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Fig. 1. 

FIGURE CAPTIONS 

(3) 12 
lxeffective for transmission of probe beam through crossed po-

larizers as a function of frequency detuning for different strong 

beam polarizations: (a) linearly polarized (~ = 0), (b) ellip­

tically polarized with ellipticity e: =~2(/2 ~ (~ = Tr/4), (c) 

circularly polarized (~ = n/2). 
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APPENDIX II: OPERATION OF THE MODE-LOCKED RUBY LASER 

Mode-locked lasers are very useful sources of short, intense laser 

. 1-5 
pulses. They can produce pulses with a duration as short as 1 psec. 

Several review articles discuss the general principles of mode-locking as 

1-5 
well as the specific laser systems. Here, I will concentrate on the 

specific system used in my experiments. 

In a laser cavity, oscillation can occur upon discrete longitudinal 

modes, all separated in frequency by ov = c/LL, where L is the length of 

the laser cavity. The number of modes N which actually oscillate is 

N ~ 6v/ov, where 6v is the gain band width of the laser medium. Simple 

. 1-5 
analys1s ShOWS that the duration of the pulses Ot is limited to 

at > l/6v. Frequently, researchers try to obtain pulses which are as 

short as poss~ble. In order to do this, they must use a medium with a 

large 6v. For example, in the orange region of the visible spectrum, 

pulses shorter than 0.5 psec have been reported with organic dye lasers.
5

'
6 

If the mode-locked laser is properly adjusted, it will produce a 

train of short pulses, separated in time by 21/c, one cavity round-trip 

time. To obtain only one train of pulses, the laser must be operated 

close to its lasing threshold. Also, there must be no stray reflections 

which might alter the phases of the laser modes in the cavity. So all 

optical elements which the laser beam encounters must be tilted to pre-

vent the reflections from traveling back along the laser axis. This ap-

plies to components outside of the laser cavity as well as to those in-

side the cavity. In addition, losses must be avoided in the laser ca-

vity. To obtain the shortest pulses, all optical elements must be tilt-

e~ at Brewster's'angTe~ 
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In our experiment, we did not want pulses shorter than- about 1 nsec. 

This was because our ti.me resolution in detecting the optical Kerr signal 

was limited to several nanoseconds (see Chapter II). If we used pulses 

much shorter t:han 1 nsec, we encountered damage problems because of the 

high peak power of the laser: To obtain 1 nsec long pulses, we used one 

optical element in the laser cavity at an angle not equal to Brewster's 

angle. This produced a loss of ~botit 4% from each surface. Since the 

longitudinal modes of the laser cavity are standing waves, they each have 

nodes and maxima at different_places in the cavity from other modes. A 

4% loss at one point in the cavity will thereby affect some modes more 

than others. Suppose the loss is at a distance 1' ~rom one of the mir-

rors. It will produce a maximum loss for modes with v 
n 

nov= (m + t><c/21') 

where v is 'the mode frequency arid n and' m are integers. Modes with such 
n 

maximum loss will be spaced in frequency by ov d 
mo 

c/21(1/1')/(1- (1/1')). 

This will tend to iimit the mode-locked pulses to 'a length ot > 1/ov d~ 
· mo 

if the loss at distance 1' is large enotigh to ~ppreciably affect the amp-

litudes of the various modes. 

In our laser, the dye cell was the optical element which was not at 

Brewster's angle. It was tilted at an angle of about 1. 7° to the laser 

beam. An aperature A~l (see Fig. 1) of 2mm diameter prevented the reflec-

tions from the dye cell from entering the ruby rod. The cavity length 1 

was about 85 em, and distance bet~een the dye cell and the front mirror 

M-2 was about 75 em, giving ov · d :::§: 10 c/21. This would tend to limit the 
mo 

la~er pulse length to ot > 0.57 nsec sine~ the cavity round~trip time was 

21/c = 5.7 nsec. In practice, we observed pulses with a duration of about 

1 nsec. 

Aside from the tilt of the dye cell, the laser cavity was the same 
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as would be used for the generation of ultrashort pulses. The ruby rod 

was Brewster-cut, and the mirrors were both flat, with reflectivities of 

99% (M-1) and 50% (M-2). To use the laser, the cavity was first aligned 

using reflections of the He-Ne beam from M-1 and M-2. This was done with 

only methanol in the dye cell, to check the ·free-running lasing threshold. 

This threshold was a sensitive indication of how well the cavity was a­

ligned. Then the cryptocyanine was added to the methanol1 and the output 

laser pulse shape was observed using detector D (ITT - FW 114A photodiode) 

and the scope (Tektronix 519). If the dye concentration were too low, the 

laser intensity would not drop to zero between the pulses in the train, or 

more than one train of pulses would be present. On the other hand, if the 

dye were too concentrated, the pulse train became shorter and consisted of 

about 4 pulses rather than 10 or more. Once the laser was aligned and the 

dye concentration was optimized, it would give good trains of 1 nsec pulses 

for several days without adjustment. It did need to be always operated 

close to its lasing threshold·. Also, it was sensitive to changes in the 

room temperature, which could easity degrade the alignment of the mirrors 

M-1 and H-2. 

In our experiment, we wanted to use a single 1 nsec pulse rather than 

a series of such pulses. So we used a Pockels cell to switch out a single 

pulse. Outside the laser cavity, the light passed through a crossed po­

larizer (P-1) and analyzer (P-2). Between them was a Pockels cell (Laser­

metrics EOM 704). These optical components were all slightly tilted, so 

back-reflected laser light was blocked by A-2~ This was essential to a­

void feedback into the laser cavity which would give multiple trains of 

pulses. Initially, there was no voltage on the Pockels cell, so that the 

laser light polarization remained constant passing through the cell. Then 
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it was rejected by the second Glan-Thompson (P-2), and was focused by the 

lens into ~he spark gap. 

The spark gap was used to generate a laser-triggered high voltage 

pulse to drive the Pockels cell. Such a laser-triggered spark gap is cur-

7-10 rently the best source of fast~rising high voltage pulses. General 

properties of these devices have been covered in a review article by 

Guenther and Bettis.
7 

One electrode of the spark gap is connected to a 

high voltage power supply. When the laser pulse hits the electrodes, it 

ionizes some of the electrode surface, due to thermionic emission and ava-

lanche breakdown. The resulting electrons are accelerated by the strong 

electric field between the electrodes, resulting in avalanche ionization 

of the gas. A highly conducting plasma fills the gap between the two elec-

tr6d~s, connecting them electrically. 

If the spark gap is.optimized, it will switch on electrically a very 

short time after the arrival of the laser pulse. The delay time will be 

reduced if the laser pulse provides a larger number of initial electrons. 

This will happen if the laser is focused to a small spot on the surface of 

one electrode, rather than being focused at a point above the electrode 

surface. Also, more initial ele.ctrons will of course be ,created by higher 

power laser pulses. The delay time has been found to vary as exp(- P/P ) 
0 

'h h 1 . . d 9,10 w en t e aser power 1s var1e . This exponential dependence results 

from the exponential growth of the number of free electrons as the plasma 

expands to fill the space between the electrodes. Delay times less than 

1 nsec have been reported for laser pulse ~nergies of 10 mJ. 

The delay time is al~o strongly affected by the voltage V between the 

two electrodes. The fastest delay times require that V be > 0.9 Vb where 

Vb is the static breakdown threshold. In fact, experiments show th~t the 
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delay time increases by about a factor of 10 if V is reduced from 0.9 Vb 

to 0.6 Vb.
8

•
10 

9 
Our laser-triggered spark gap is of the design of Alcock et al. · E-

lectrically, it hls a 50 Q coaxial geometry. The two'electrodes are stain-

less steel disks. The front electrode (E-1) has a 2 mm diameter hole in 

it, through which the laser light is focused onto the surface·of the second 

electrode (E-2). The space between the electrodes is filled with Argon 

gas, which is known to produce low jitter in the spark gap delay times.
8 

The rear electrode is held in a threaded sleave so that the distance be-

tween the two electrodes can be varied. The sleave is sealed with an o-

ring so that the Argon won't leak out.-

In our spark gap, the leakage rate of the Argon was quite low. We 

used a pressure of 100 lb./in2
,' which we monitored Hith a pressure gauge 

permanently installed on the spark gap. The change in pressure was negli-

gible over periods of up to 1 month if the spark gap were properly assem-

bled. We used a bias voltage of 6 kV, and an electrode spacing of about 

2 mm. The li:;~t ~-.T.:ls focused just at the surfac<=> of the electrode E2 using 

the 2 em lens. This focusing adjustment Has quite critical to obtain low 

delay time and low jitter. Since we had about 200 ~J per mode-locked 

pulse, the energy density in the focus reached 200 

2 200 J/cm , and the power density reached about 200 

3 2 ~J/(n x (10- em) ) ~ 

GW/cm
2

. This resulted 

in good low jitter triggering of the spark gap. After a few weeks of use, 

the electrode surface of E-1 would become pitted, resulting in less repro-

ducible operation. When this happened, we would replace this electrode. 

When the spark gap started to conduct, a square voltage pulse would 

travel along the coaxial line to the Pockels cell. This coaxial line was 

terminated at the Pockels cell, to avoid reflections. The length of the 
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voltage pulse was determined by the length of the delay line ~ between the 

1 MQ resistor and the spark gap. The pulse arriving at the Pockels cell 

had a voltage V/2 and a duration 2~. We normally used ~ = 2.5 nsec and 

V/2 = v
112 

where v
112 

= 3kV was the half-wave voltage of our Pocke.ls cell. 

Because of the long charging time (RC >> 1 ~sec) of the spark gap, it would 

fire only once per mode-locked train. 

By adjusting the length of the cable between the spark gap and the 

Po~kels cell, the Pockels cell would switch the ~olarization of only one 

singl~ mode-locked pulse. This single pulse would pass through P2, and go 

on to the rest of the experiment. The neutral density filters F were ad­

justed so that the spark gap triggered just before the peak of the mode­

locked train. Then one of the largest mode-locked pulse~ would be switcl1ed 

out by the Poc~els cell. In actual use, we found this system to be a re­

liable source of singl~ 1 nsec long -ruby laser pulses. 
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FIGURE CAPTIONS 

Fig. 1. Ruby laser with pulse switching Pockels cell. M-1, 99% dielec­

tric mirror; M-2, 50% dielectric mirror; A-1, A-2 aperatures; 

P~l, P-2, Glan polarizers; D, ITT fast photodiode; B, beam split­

ter; W, spark gap window; E-1, E-2, spark gap electrodes; G, 

pressure 'gauge; F, neutral density filters . 
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