Lawrence Berkeley National Laboratory
LBL Dissertations

Title
NONLINEAR OPTICAL EFFECTS IN LIQUID CRYSTALS

Permalink

bttgs:ggescholarshiQ.orgéucgitem462t3242g

Author
Hanson, Eric Gregory.

Publication Date
1976-12-01

Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/62t3z42q
https://escholarship.org
http://www.cdlib.org/

-

G')

LBL-6022

©
.

NONLINEAR OPTICAL EFFECTS IN LIQUID CRYSTALS

Prepared for the U. S. Energy Research and

Eric Gregory Hanson
(Ph. D. thesis)

December 1976

Development Administration under Contract W-7405-ENG -48

-

\

For Reference

Not to be taken from this room

—~

/

\—3

2209-149T1



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



v‘

"‘\)x

& .

OO uvwuo47 078729

NONLINEAR OPTICAL EFFECTS IN LIQUID CRYSTALS
Eric Gregory Hanson

ABSTRACT

We show that various characteristic paraﬁeters 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 thevtemperatufe‘dependence 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 phaée, but in the ﬁematic phase it
either diverges or converges slowly. In addition, these results suggeét
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 phasé, 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-
duced from our results both the microscopic and the macroscopic order pa-
rameters. The former agree well with those determined by Pines et al.
from NMR measurements. We show that increasing alkyl chain length in-

creases the average molecular polarizability much faster than the polar-



izability anisotropy. Our results clearly show that. the alkyl chains do
contribute to the polarizability anisotropy, but the dominant contribu-

tion is from the molecular core.

L il

" We also show that it is'possible to use a single liquid cfyétalline
material in its isotropic phase to study the entire range of self—focﬁs-
ing behavior from transient to quasi-steady-state. We have performed
such a study using a single inpﬁt 1éser 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 éf self-focusing and with known
theoretical predictions. Stimulated Brillouin scattering in the backward
direction is identified as the mechanism responsible for thé limiting di-

ameter of the self-focused beam in our experiment.

by
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I. INTRODUCTION

Nematic liQuid crystals are fascinating ma;eriais wifh distinétive
properties unlike those of other forms of condensed matter;1 These.ma-
terials are cpmposed of long, rigid, organic molecplés.. Each moieculé
has a highly énisotropic polérizability, causing the orientation.of
neighboring molecules to be strbngly coupled together by dispersion or
Van der WAais forces. As a result of ghis coupling, these materials éo— |
sess an unusual phase,‘the nematicfphase, whigh occurs in a temperature
r#nge'between the solid and the liquid phases. In the nématic;phasé, the
molecuies move around freely but always remain roughly parallél to each "
other. The material is birefringent because of the anisotropic pdlafi—
zability of the individual molecules.

'~ As the material is heated, it makes an abrupt phéSe'tranéitién inﬁ6
the isotropic liquid phase. This transition is intéréstihg‘becaﬁsé'éf
its simplicity. Only one degree of freedom changes du:ing‘this trén;i—
tion, that of oriéntational ordering.2 In order to learn aBodf this
phase transition, we perturbed the isotropic liquid to cause é small a;l
mount of orientational ordering. The perturbation was from the oéticéi
frequency electric field produced by a,éulsed iaser, whiéhvcoupled td.tﬁe
induced dipolelmoments on the molecules and produced the'ordéfing. VWe
probed the respbnse of the material by measuring the.resulting biréfrin;
gence, or in other words, by measuring ﬁhe optical Kerr'constént B3.

We also measured ;he decay of the bifefringeanc; aftervfhe strong laser
pulse was over. From this we could deduce the orientational reiaxaﬁion

time 1. In Chapter II, we discuss the results of these measurements for

seven closely related nematic compounds. We find that the opfical Kerr



constants and the relaxation times are strongly temperature-dependent,
in agreement with the Landau-deGennes model. As with Othér liquid crys-~
tailine materials, these compounds have a large B and a long T, because

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

-

that we can deduce characteristic parameters of the nematic-isotropic
phase transitions in these materials, and we'see how these parameters
vary with increasing molecular lenggh. Using these parémeters, we eéti—
mate the latent heat of the nemétic-isotropic phése transitioﬁ AH, and
-coﬁbare this to the calorimetrically determined AH:Q We find good agree-
ment for the lower members of the séries, but substantial deviation for
the highest two members.

'In the nematic phase, the large optical'birefringeQCé'is the basis‘
. of many applications such as liquid crystal displays. The magnitudé 6f
this birefringence is determined by the moLecuiar optical anisotropy and
the degree of'orientatiénai ofdering, both of which are stfongly affected
by the molecular structure.s' Recent work using nuclear magnetic reso-
nance techniques has investigated some effects of changing molecﬁlar
structure upon the orientational ordef paramter.6 These measurements
showed the effects of increasing 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 bire- .
fringence as a function of chain.length.

In Chapter III, we show that the optical refractive indice; and bi- "
refringence can be measured’ to an accuracy of 0.5% as a function of tem-
pérature. We preseht 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
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Pines et al.6 We find that the macroscopié polarizability anisptropy de-
creases strongly with increésing chain length due to the molecular volume
effect. The microscopic polarizabilipy anisotropy of thé individual mol-
ecules actually increases slightly with increasing chain length.. This
shows that the end chains do contribute to the anisot;opy, bﬁ§ their con-
tribution is always much less than that of thé molecular core. |

The field-induced refra;tive index of a liq;id_crystal can lead to
self;focﬁsing éf an optical beam.7 Previous quantit;tive experiments on
self—focusing have investigated only two limitihg cases: thé case of ex-
treme transient self—-focusing8 and £he casé of quasi-steady-state self-
focusing;g In the‘nematiérliquid-crystal it is possible to inyestigate'
both of these.limiting cases as well as the intermediate range bétween
them simply by varying the sample temperature. In ChaptervIV,'we des-
cribe the resulfs_df ﬁeasurements using a Q-switched 1gser pulsg with a
conventional detection system, where we vary ﬁhe relaxation time of the
liquid crystal over the entire range with only one sample. We sﬁow that
our résults can be explained in terms of a simple unified physicél model.
In - the quasi-steady-state limit, the fdcuging behavior approaches that

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

. the behavior agrees with that prediéted 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.
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. 1I. OPTICAL-FIELD~INDUCED REFRACTIVE INDICES AND
ORIENTATIONAL RELAXATION TIMES IN A HOMOLOGOUS

SERIES OF ISOTROPIC NEMATIC SUBSTANCES

1. INTRODUCTION

Receotly,‘it has been demonstrated by noniinear opticai measurements
that liquid crystalline materials(ih their isotropic phase can have a
large optical Kerr constant with a long relaxation time.1 Such charac-
teristics result from the pretransitional Behovior of the materials. The
nonlinear optical measurements'actoally provide a stringent test on the
Landau-de Gennes phase transition model fo; liquid cyrstals. - From these.
measurements together with measurements on the order parameter and apiso-
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. Tokunderstand'
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 exis;s in the litérature. |

" In this chapter, we report the results of our recent nonlinear re-
fractive index measurements on the homologous oompounds of p,p'—di—n;
alkoxy-azoxybenzenes. The molecular structures of these compounds.are -
shown in Table .I. Also listed iﬁ the Table are the isotropic-nematic

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



téfs QK at TK’ the refractive index anisotropies Ay (defined for the case
of pgrfect molecular alignment) we recently measufed, and the latent heats
AH obtained from Ref. 2. Froﬁ tﬁe nonlinear optical méasureméntskand the_
values of TK’ QK’ and AX, we then deduce the various characteristic param-
eters we mentioned earlier for these hoﬁologoﬁs compounds. The work here "
constitutes one of the very few examples where nonlinear optical measure-
ments'canvyield quantitative pesults not oﬁly on nonlinear obtical coef-
ficients but also on other characteristic paramefers of a condensed mat-
ter.

In Sec; 2, we give a brief réview.on the theory of optical field-
induced refractive indices. We describe in Sec. 3 , the experimental
arrangement and the data aﬁalysis pfocedure. Then, in Séc. 4, we pre-
sent the experimental results and the material paramefers deduéed-fréy
our results. Finally, Sec. 5 discusses the implications of our resﬁlts
from the molecular strucﬁural view point. N
2. THEORETICAL BACKGROUND |

Liquid crystalline materials are compoéed of highly anisotropic mol-
ecules. Consequently, the'induced>Aipoles bn the ﬁolecules are.also high-
ly anisotropic. 1In the presence of intense optical field, thevmolecules
" tend to be aligned by the.field via induced -dipole interaction with the
field. The resultant molecﬁlar ordering is then reflecﬁed by the induced
optical anisotropy in the medium. -

If Q is a macroscopic tensorial order parameter which describes the "

degree of molecular alignment, then the optical susceptibilit .. (or any
v y x13

tensorial property of the medium) can be written as3

(1)
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where ;.= % zixi and Ay is' the anisotropy in xij with perfect molecular
1 : o ﬁ

alignment such that EQxx = -ny = sz 1. In the absence of field, in

an isotropic medium, Qij”is zero, but becomes finite in the presédpe of

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

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

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

- I n_ 1 '
F=TF, +3a(T - T)Q;.Q, ”bQuQJkai *299% 5% %

@ELWE, @) - DEJ@DE WD) 2)

where F -is independent of Q and where we assume (1/|w - ©']) is much
shorter than the response time of Q (see Appendix:I). The field-induced
molecular ordering then ébeys the dynamic equation?anij/Bt = - aF/BjS.
Normally, Q is small in the isotropic phase, and hénce the Q3‘ande4
rterms and fhe Xij(w')E:(w')Ej(w') term in Eq. (2) are often negligible.

- The dynamic equation assumes the form

2, . .
v ST talr-T )Q; 5 = £55(0)
NOE AX(E (0,00E, (o, 0 - lE(w,t)IZGij) +c. g.: e

_ | .
under the condition that [w -w'| > 1/t = a(T - T )/v.
Consider first the steady—state solution of Eq. (3). If the optical

field propagating along 2 is linearly polarized, e.g., E = Ef, we find

immediately
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The correéponding induced linear birefringence at w' is

il

, an(m')

(21r/n)%Ax (m‘)(Qxx - ny)v

- (5)

(2n/n) ax(w) Ax(e') |EG)|?/9a(T - T')

where n is the linear refractive index and we assume |w - w'| >> 1/t.

.-

. ' 2
From the usual definition of the optical Kerr constant B =;w'6n2/nc]E(m)| s

we have
*
B = Zﬂw/nc) Ax (w) Ax(w')/9a(T - T ). : (6)
If the intense optical field is elliptically polarized, e.g.,

E(w) = &FE_+ & E with & = (% * 19)//2, we find from Eqs. (1) and (3) the

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

+ + i - - - i +
AL AR Ty ™ Xy s K "Xgy) — 1y *Xgy)
B .
o 4 _ _
e ™ Xy T 100Gy F X500 X FXgy — 100 = Xgy)
| - A7)
o 1,42, 1. 2 *
- (hy) 2 -§|E+[ +3|E_| 2E E,
="‘X" .. -——X—————-—* . .
ij :
18a(T - T ) %
1,042, 1. ,2
2E_E+ —§| E+l + 3‘] E_I

We can write



WE;WE, W = F|EW | + x5, W) (% + }ax_‘w'_(w)lz '_

Xij j
(8)

&, = [(Ax)z/ISa(T Y (+ %lEt(w) 12+ %IE;;W)IZ)

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

compohents of the incoming elliptically polarized light are
én, (w) = (2w/n)6x+(m). ‘ (9)

The corresponding circular birefringence is

én - 6n

ng - +

(10) .

@n/m) [0 %/9a(r - TH [le, - B’ - Je_ - Ew 1.

We shall see later that the above-mentioned induced linear and.cifcular
birefringences can be deduced from measurements”of phase shifts.of linear
and phe elliptical.polarizations respectiveiy. As séen in the aﬁéve ex-
pressions, all these field-induced refractive indices and birefringences
diverge as T approacheslT*.' This criticaliy divergent behavior is of
course characteristic of a prétransitional phenomenon, In liquid crystal-

. : . *
line materials, the first-order transition temperature T, (> T ) always

K
. *
sets in before T reaches T .

In nonlinear optics, the field induced refractive indices can be
. . 4,5
described more generally from symmetry considerations. For an isotro-

Lk

pic medium, the third-order nonlinear polarization takes the form
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PP - Z D[ 3) B+ 6 - WE, (@)E, (E" (W)

X1122(0" = 1 7%
x® W = e - W, E, WE W) (1)
1212 j i 3 v
+ x(3) (w'" = v' +w - w)E (w')é (m)E*(m)]
1221 T3 J i
where X(3)'S are cbmponents of the third-order nonlinear susceptibility

ﬁensor_and wheré D is a deggnerécy factor4, which accdunts for the equiva-
lent permutétions of the frequency indices. For these field induced re-
fractive indices, D = 6 if w # w',.while D=31if 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 fréquency de-
pendence (see Aﬁpendix I). The tensor elements of x(3) are not frequency-

independent, but as w approaéhes w', they vary smoothly (see Appendix 1).

In general, for ﬁ(w) = £ E(w), we can solve Eq. (11) to give

(3)

W) = @r/mp P W) e, )
_ (3 , (3)
= (2“/“)6[X1122 *Xy012 * 1221]lE( )17
(12)
'y - 3, , '
Gnyy(w ) (21r/n)Py (w )/Ey(m )

(3) 2
(2w /n) 6 1122|E(w) |
- Comparing Eq. (12) with Eqs. (&), (5), and (6), we find, assuming

Ax(w) = & (w") and |w - w'| >> 1/7,

’



Couwod7u7877
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. : A , |
(3) (‘w - w’[ >> 1/1) = - %—%{__SAK)_____] - = l._l.EE.B

x M
1122 PR LA
| ’ 2
3 'l : 3 ' | L .
tgnp(le - o'l > 10+ X](.2;1(|“’ -w'| > 10 =2 [;:E}li_?‘—)']
w R

'This gives, for |w - w'| >> 1/1,

(3)

(3)
= X327

©(3)
X1212

(lm - m'l >> 1/1) = (Im - m'I >> 1/1) +-x1221(|w‘- Q'r >> 1/1).

(13b)

" For w = w', and for E = é+E+(w) + & E (w), we have in circular co-

ordinates,
én, = (2n/n)?§2)‘(w)/Ei(w)' |
<2ﬁ'/n>3[<><§§z<é’ R R [N,
e+
* oo = w0l @]
§n_ = (2ﬂ/n)©(§g;'l[|é;‘_+ T I L E'(-w‘) I'zl "-. 5

Comparing Eq. (14) with the previous expressions, we find,
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(3) (
X1221'%

w')

&[0’ /9a(t - T )] -5

1s)
L af (3) 3) . -
i} 3(’( 11220 = 0" Fxyp3p = w") -

Also, from the symmetry of Eq. (11), Xii%z(“ =w') = xigiz(m = mf).

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

s . . . ; 6
third-order nonlinear polarization can be written as

P ") = BB B WEj ) + § B 0B WE W) + 2 B w)E WE] W
(3), . B +2a * 8 * B + 20 £
P-i (w) = ——g——~'Ei(w)Ej(w)Ej(w) + 4 Ej(w)Ej(w)Ei(m) + ——g-——-Ej(w)Ei(m)Ej(w)
| (16)

where again we assume |w - w']| >> 1/t. 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

2 % B
2{(&)°/9a(T - T )] = - 3= °

w
[

(17)

o3
il

(w/nc)B.

We now consider the transient case where molecular ordering Qi' is

induced by an intense light pulse. From Eq. (3), we find immediately1
Q, (t) =ft[f SenyppyenE T EDT s
1] J. 1] | o |

where the orientational relaxation time is defined as

Lo
. .
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T=v/a(lT - T ). (19)
Consequently, we have

t : '
sn, (&) = (nc/w)B %_fmlaﬁt')e“t BRAATTS |

t E Y
.Gnc(t) = (nc/m)B.%;Zr(lé+ --§|2 - Ié_ . EIZ)(t')e_(t -t )/Tdtf.

Thus, knéwing the.time variation of 5n2(t) or Gnc(t), we should be able

to deduce the values of B and T. Equétion (19) shows that T wdﬁld diverge

as T approaches T*. ‘This éritical élowing~down beﬁavibr'is agaip charac-

‘teristic of a pretransitiénal phenomenon. | |
Suppose we have ébtained B and 1 as functions of temperatﬁrg T. Then

from Egs. (15) and (19), we can deduce the parameterg T*, (Ax)z[a,iaﬁd

v/a. 1If, in addition, Ay is separately measured, then a‘and‘henge y are

also known. FNow, the Landau-de Gennes model with the free-energy expxes—:"

sion qf Eq. (2) prediéts7‘a first-order phase transition at 7

TK = T* + 50b2/243ad and an order parameter QK = 20b/27d'atfthe tranéif

tion. Knowing TK’

* ,
T , a, and QK’ we can then deduce b and d.

o
n

*
183€TK - T )/50K

o1

[a
]

* 2
83. (TK - T )-/BQK.

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

gives a valid description of the isotropicénematic transition.
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" 3. EXPERIMENTAL ARRANGEMENT AND bATA ANALYSIS
A. Sahple Preparation. ,

Our experimental work was on seven homologous compounds of
2n+107Cely Np0-CgH "0y With

N—1,2;¥——,7). The samples were purchased from Eastmén Kodak Co. Purifi-

ﬁ,p'—di?n—alkoxy—azoxybenzenés. (CNH

cation of the samples was done by recrystalization from ; saturated solu-
tion in various éolvents (see Téble II). The recrystallized sample was
then placed in a pyrex.optical cell 2.5 cm iong wifh stfain—free windows,
and evacuated for several hours to_remove atmospheric HZO.and 0, and the
.residual'solvent. After evacuation, the sample cell was éealed under va-
cuum. A sample prepared this way was vefy'hoﬁogeneous ana héd a.sharp
isotropic—nematic transition. The transition temperature was constant to
within 0.1°K for more than one month.

There wag_apparently a small amount of imﬁurities in ouf samples as
evidenced by the lower transifion temperatures than thbse reported for-
‘pure éémples in the literatures. The differences were .typically less than
5°K, suggesting an impurity concentration 1e§s than 12. It appears that

with such small impurity concentrations (T

%
K" T ) remains nearly un-

changed. The temperature-dependent pretransitional properties as a func-
tion of (T - T*) should also remain unchanged and the material parameters
déducéd from our experiments should be insensitive to impurity contamina-
tion.

During our optical measurements, the sampie céll was placéd in an
oven with thermal control. The sample temperature.was stablizea to with-
in 0.1°K and its uniformity throughout the ceil was better than 0.2°K.

B. Experimental Techniques

We obtained the orientational relaxation time t from the measure-
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_ments of the transient opticél Kerr effeét, using a 1 nsec long pﬁlse
from a weakly mode—ldéked ruby lasér (see Appendix II). 1t was necessary
to use a pulse that was this short, because the orientational relaxation’
time T can be as short‘as a few nséc for these homologous compounds. A -
single'pulse of ~ 20 XW was switched out of the modé-locked train using a
Pockels shutter driven by a laser-triggered spark gap (see Appendix ll).
This pulse was linearly polafized.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 §£iénted at 45° ‘to that of the ruby po-
larizer (P - l). Ruby-induced molecular ordering in the sample resulted
in a birefringence,vcausing 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. 1In order.to prevent the lntense ruby light
from reaching D - 2, a diffraction grating, spatial filtef, and interfer-
ence filter.were used. This allowed the detection Qf birefringence in the
sample as small as 1 part in 106. 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 Hé—Ne‘beam until jﬁst be-
fore the ruby pulse.

We obtained the nonlinear refractive index or optical Kerr constant
from,meésurements of inte‘nsity-—dependent.ellipse'_rotation',4 using a single-
mode Q-switched ruby laser (see Fig. 15). .It had a pulse&idth of ~ 12
nsec and a ﬁeak power of ~ 100 kw. This was monitored with detector D - 1.
The light entered the Fresnel rhomb R - 1 with its E field oriénted 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 cell, so that the length



of the focal region was appreciably smallef than the cell length; The
rhomb R2 was adjusted to give a phase shift opposite to that of R1. Witb
the laser beam strongly attenuated at F - 1 to make ellibse rotétion neg-
ligible, the analyzer P - 2 was crossed with the polarizer P - 1. Then
the laser poﬁer ﬁas increased by remdving filter;vfroﬁ the stack F - 1.
The inténsity dependent rotation of the elliptical polarization was then
measured by the signal at photodiode D - 2.. | |
C. Data Analysis )
" In our optical Kerr measurements, tﬁe sigﬁal detected was the Hé¥Nef
laser 1ighﬁ transmitted through the sample between crossed polarizers.
The signal SOK was therefore proportional to sinz(m'éngl/ZES Qhere % is

the sample length. The linear birefringence 6n2

was induced by a laser

pulse according to Eq. (20). In our case, én_2 <€ 1, and hence we have

L

. t : '
SOK(t)a[Bf[E(t')IZe—(t - t/1g00]2 (22)

where [E(F)lz is the exciting laser pﬁlse. The above equation éhows that
if the laser pulsewidth is;smaller'than of.comparable with T, then at
sufficiently large t, the signal SOK(t)_shéuid_decéy exponentially as
'exp(—Zt/T). This wés indeed the case in our measurements. from the ex-
ponential tail, we could deduce the relaxatian time t. In principle,
since the exciting pulse lE(t)I2 is known from the oscilloscope tracé,

we should be able to deduce not only T but also the optical Kerr constant
B from the signal SOK(t). However, in the present case,.the probing
He-Ne laser beam‘w;s too weak to yield good signal—to—ﬁoise_ratio for an

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

lipse rotation measurements instead to determine B.

16



For an infinite plane wave, the intensity-dependent ellipse rotation

8 across the cell is given By1’4’6

6 = (m/Zc)Gnck. v(23)

For a focused beam, however, 8 is a function 6f radius r. In our experi-
ment, the laser pulse oscillated in é single transverse ﬁode, and had a
GauSsian profile. We knew this‘becadse self focusing experiments done
with this éame laser consistently shbwed the formétion of only a single
focal spot. Our laser pulse'had an extremely smootﬁ,'nearly Gauséian
time dependence‘as well, so near the focus at z = 0, its field was:

2r 2.2

|E|2(r,z,t) = |& |2 Zo exp [— 5 ’ - a(z + %) - Yt ] (24)
°" wWi(2) Wi(z) x

where_w2(z) = Wi[l + (2cz/wnW§)2], Wo is the minimum radius of the focus,

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

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

- 6 )
Following the analysis of Owyoung using the paraxial approximation, we
can describe each cylindrically symmetric set of rays in -the focused beam

by a parameter K defined by

r2 = sz(z). (25)

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

(20) and (24) to give:

./'2/2
6, (t) = (w/2c¢)én (K,z,t)dz
K L 0/2 c

17
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nzwﬁwz ' ’
1, 2 T wnW, 2K
= 4(l&o| Cos 2¢) < BLg(t?e o (26)
‘where
2
L= 28 o2 [N 2 ) e
TN _2’/2
le,s B|* - le_ - | - |E|% cos 26 - (27)
/r -1/r erz : 1 -t/
g(t) = prril [1 + erf(yt - ZYT)]e o

If the attenuation length (1/o) is much larger than the longitudinal'fo—

cal dimension, wnWi/c, then L can be approximated by

L = 2_e-a£/2

= [tan-l(c2/2QnW§)] | . - (28)

which reduces to exp(-al/2) when the sample length 2 >> wnWi/c. If in
addition, 2 <1/a, then L = 1. 1In these experiments, we had 2.5 S(wnWE/d);
and £ = (1/a) ?esulting 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. 1In our case, 0, << 1, and hence the measured signal is

K
sER(e) =./; (sin 2¢)26§(t)PK(t.)dK o (29)

where



P (0)dK = (nc/4m) [E|%(r,2 = 2/2,6) 2nrdr

(ncW§/4)|&o|2exp(— 2K - af -'thz)dK.-
. o

P ) N

=2 exp(- 2K - af = thz)dK

]

2

and where Po is the incoming peak power, Po = (ncWi/S)I&OIZ. We then

have

4 2
4n 0 Pg sin? (44)B2L2r () e ** (30)

3¢

SER(t) _

where T(t) = g2(t)exp(~ yt2).

In our experiment, we measured Sizx for the-sample and used C82 as a

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

v 1
Siixeag/L?rmaxpz z
B/B = - -, - (31)
cs, (SER eaQ/LZF P3)
max max o/cs

As seen from Eq. (30), Siii is proportionél to Pg. vHowever, because of
scattering and imperfect alignment,‘Siix also has a residualtterm linear
Jin Po' Therefore, we measured Siix as a function of Po and extracted the
term'proportional té Pz'from the measurements.

We have measured 1, 0, and B as functions of temperature in fhe‘iso—
tropic phase for the seven homologous cémpoundsfof
p,p'—-di-n-alkoxy-azoxybenzenes. We have also found n and Ax (= dxll/Qxx)
for these compounds using the wedge ﬁethod of index refraction measure-
ments8 an&vthe_ordér éarameterSvfrom magnetic resonance measurements.9

. * .
Then, from Eqs. (6) and (19), we deduce the parameters v, T , and a for
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each compound.
_4._ EXPERIMENTAL RESULTS 

.In Figs. 2 and 3, we show, as exanpleé,_the resultsrof our measure-
-ments of T and B respeétively as functions of tehperature for two p,p;—
di-n-~alkoxy-azoxzybenzene compounds. Similar results were obtained for
the other five compounds in the homoldgoﬁs series. In all cases, the da-
ta can be described very well by_Eqs? (6) and (19). Strictly speaking, .
the viscoscity coefficient v in Eq. (6) is not temperature-independent.

One often expresses v(T) in the form
v(T) = v, eXp (- W/T) ' - (32)

where W is a constant. However, in_ouf cases, because the investigation
wés limited_to a narrow temperature fange,_we éaﬁ 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 cufves of
‘Eqs.‘(6) and (19), we can deduce T*, v/a and (Ax)z/a for each compound.
From the independently measured values of\Ax,S we then obtain v and a
separatelyL As discussed in Sec. 2, if we believe in the Lan&au'é ex-
pansion.at the isotropic-nematic transition, we can‘also deduce the para-
" meters b and d for these gompounds using Eq. (21). Here, TK's were mea-
sured, and the'QK's were obtained f;pm the linear'bi;efringence measufé—
ments8 norﬁalized agéinst the NMR results of Pines et al.9 We have list-
ed in Table 111 the values of (T - T*)T, (T —AT*)B and other péramete;s
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



in Fig. 4, T*, TK’ and AH in- Fig. 5, v aﬁd Ay in Fig. 6, and a, b, and d
in Fig. 7.

| In our relaxation measUrements,rshot noise in. the photonmultiplier -
was the main.source of experimental uncertainty. Typical error of about
+10% is reprgsented by‘the error bars in Fig. 2 where each data point
was the reéult of average over more than 4 laser shots. This uncertainty
can be improved by using a probe béam of stroﬁger intensity. As the re-
laXation time T épproaches the response time of the detection system (<7
nsec in our case), the uncertainty:would of éourse become larger.unless
the signal is properly deconvoluted.

The ellipse~rotation measurements had an acturacy.bet;er than 2% so:
far as the signal SE?X/Pg was concerned. However, in .deducing the opti-
cal Kerr constant from Eq: (31), the uncertainty in the relaxation time Tt
came in through g(t). Together with the uncertainty (~ *.5%) ‘in deter-
‘mining L, this led to an overall uncértainty of ~ %+ 15% in the values of
B shown in‘Fig. 2..

5. DISCUSSION

Figures 4 - 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,vwg give a brief qualitative discussion of the re-
sults.

Figure 4 shows that ;he~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 JJT*g BAT drops
appreéiably as.N increases mainly due to a drop in Ay shown in Fig. 6.
On the other hand, tAT has a zig-zag behavior with ihcrease of N. ‘It is

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

. matic transition temperatures T, and T and the latent heat AH occurs be-

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

alkyl chain. For T, and AH, this is a common behavior for many homolo-

K
gous series of iiquid crystalline compounds and is kndﬁﬁ‘tO‘bé the result
" of the cog—wheel'arréngement of the carbon atoms along thé élkyl chain.
That the fictitious second-order transition temperature T* also has such

a behavior is a manifestation of the weak first-order tranéition charac-
feristics 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*Vbécomes appreciably
smaller fdr N =6 ana 7. This seemé to suggest that the longer chains-éﬁ
the molecules make the transition closer to second order presum;bly aué

to the stronger waggling motion of the end segment and the falling'off
of.fhe terminal interaction.

The. viscosity coefficient v shown‘in Fig. 6 also alters régulariy 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, wevcan'approximate v(T)
by v(TK). Then, according to Eq. (32), we expect to find émaller v for
“compounds with la;ge TK and‘hence the qualitative behavior gf v ih'Fig.

6. However, we should not expect Fhe constants vo-and_W in Eq. (32) to
be the samé for all the compounds in the homologous series. If they were,
we would find log v(TK) versus T;l to be a Straight line from which we
could deduce v, and W. As shown in Fig. 8, this is certainly not the
case for the PAA homoiogues.

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

with increase of the chain length. 1In fact, on the micrdscopic scale,



the moiecular 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-:

fect on Ax turns out to Ee larger than the increment;l effect of Aa oﬁ Ay
due to additioﬁ of methylene group on the chain.

figure 7 shows that.the variations of the Landau parameters a,. b,
and d with chain lengtﬁ-do not have any fegulaf pattern. The éhyéical
meanings of a, b, and d often depend on the médel deséribing the inﬁe;mof
lecular interaction. In the mean—fiéld theofy of Maier and_Sgupe,lO>we
should expect a ﬁo be a constént indépendent of tﬁeléompbuﬁds. "fhe'values

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

tor of 2. This éuggests that the mean field theéry for isotropic-nematic

transition is actuallyva poor’appfoximatioq. The valuequf b anq;d in
Fig. 7 were déduced by aséumiﬁg thé Lagdau ekpansion of free_energy_if_
valid at the isotropic-nematic transition. To check fhe vali&ity of tbé
Landau expansion, we insert the véluégfof a, b, aﬁd d in Eq. (2) with

Q~0.4and T=T

X" 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

powver 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
5 ,

was true in our experiment where Q was always less than 10
In the literature, the Landau expansion has also been used to derive

the heat content AH of a first-order transition

s
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K 32 \3T

, ST, /.0 \ 9T ,
aH = 2aT 2y ——15(93) Q2 + =X (3.‘1) sz. (33)
TK . . | K L .

If we neglect the 3b/3T and 3d/3T terms, then we have

=~
~

AH = %-a T,Q.. (34)

The above equétion was used by'Stinson et al.7 Using the values of a, TK’
and QK listed in Tables I and III for the homologous compounds, we find

the values of AH shown in Fig. 5 as AHt Compared with the directly mea-

'
sured values AHexé’ the agreement is fairly good for all compodnds except
N = 6 and 7. . The discrepancy could be due to neglect of b and 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 T, since the N = 6 and

K
N =7 homologues are known to have a smeétic phase at lower temperatures.
The rapid rise of Ach towards N = 6 and 7 comes from the coiféspénding
rise of a which.in turn_is the fesult of quick drop of B(T - T*) towards
N =6 and 7.
6. - CONCLUSION

Using ellipse rotation and transient obtical Kerr efféct, we have
measured the third-order nonlinear susceptibility (or the optical Kerr
constant B) and the corresponding reiaxatiﬁn time 1 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 1 are in good agreement
with pfedictions from the Landau-de Gennes' model. Similar in character-

istics to other liquid crystalline materials, all these compounds have a

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



perature. Together with the existing data on optical anisotropy and the
order parameter at the nematic—isotrobic fransition, we have deduced var-
ious cﬁaracteristic parameters of the nematic compOUnds; These include
the fictitious second-order transitionvtemperature T*, the orienﬁational
viscosity v, the Landau expansion coefficients a, b, and d, thevheat con-
tent AH, etc. The results show how these characteristic pafametefé'vary‘
among the homologous series as the alkyl chain length'of the’molecules in-
creaseé thréugh addition of methylene groups to the chain. P;rt of the
,results can be understood frqm the molecular structural pointrof view{
The variation of the Landau parameter a witﬁ compo@hds indiéatéérthgt the
mean field theory of Maier-Saupe isAnot a good approximation to:degcribe
the isotropic-nematic transition. . Our’ values of a, b, and d aléd‘éhggest
that the Landau series expansion of the free energy iéba péof approxima-
tion at the transition. The heat contents AH derived from the éxpressiéﬁ
AH = 3 a TKQ§/4 deviates appreciably from'the ékperimenﬁél values for'tﬁe

higher members of the homologous series.
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FIGURE CAPTIONS

Fig. 1(a) Experimental arrangement for observing molecular orientational

Fig..

Fig.

Fig.

Fig.

Fig.

Fig.

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, RLZ, Fresnel rhombs; L-1, L-2,
10-cm lenses, F-1, F-2, neutral-density stacks; D-l, D-2, ITT
fast ﬁhotodiodes.
Experimental results on optical Kerr constants versus temperaﬁu;e
for‘CNH2N + 10_C6H4—N20_C6H4-0CNH2N +1 w1th N =1 and 7. The so-
1id curves are calculated from Eq. (6).
Experimental results on orientational relaxatioﬁ times versus tem-
NHZN + lO—C6H4—N2O_C6H4—OCNH2N 1 with N = 1 and 7.

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

perature for C

* %
Experimental values of (T -~ T )B and (T - T )t for the first se-
ven p,p'-di-n-alkoxy-azoxybenzene homologues.

Experimental values of T

*
K’ T , and AHexp for the first seven

psp'-di-n-alkoxy-azoxybenzene homologues. The values of Ach were
deduced from Eq. (34) using experimental values of a, TK’ and QK'

Values of v and Ax for the first seven p,p’'-di-n-alkoxy-azoxyben-

‘zene homologues.

Values of the Landau expansion coefficients a, b, and d (see Eq.
(2)) deduced from the experiment for the first seven p,p'-di-n-

alkoxy-azoxybenzene homologues.
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Fig. 8 Plot of log v versus T;l showing that the experimental data do

,not'fall on a straight line.
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Table I.

Table 1I.

Table III.

0

Ui 04707883
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TABLE CAPTIONS

Molecuiar sfructures and other ‘characteristic parameters of
tﬁe p,p'—di—n—alkoxy—azoxybenzene homologues.

Solvents used for recrystallization of the p,p'~di-n-alkoxy-
azoxybenzene homologous compbunds.

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

- azoxybenzene homologues deduced from the experiment.



Structure: CHy=(CHy)y_;=0- (G (H,)-N,0-(C,H,)-0-(CH,)

N -1 2

T (°C) 132.7 163.1
Q .400 517
-3 '

Ay (X10 7) . 108.9 97.1
AH (106 er 7cm3) 25.4 52.5
exp - g : oo

TABLE I

119.95 .
.395
87.2

22.8

2°N-1

4 5

129.9 118.6

475 .358
79.0 74.9
31.4 19.9

-(CH3)'

123.9

437

64.5

26.2

119.3

431

60.9

23.5

ot



N

Solvent

1 2

Nt

l-pentanol

TABLE II.
3

n-hexane

4

l-pentanol

5 6 7

:

acetone

TE

o0
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TABLE III

SN 1 2 3 4 5 6 7
(TK-_T*)(°K)'_.»_: 3.0 3.8 2.75 4.9 bt 0.9 0.7
.TAT(IO—gsec°K) 90 80 180 155 240 . 150 140
BAT(10 Jesu) ~ 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
a(lOSef:gs/cm3°K) 6.69 6.52» | 5.33 4.45 5.57  7.00 10.81
b(10’ergs/cm>) 2.0 19.4 15.0 7.9 2.1 44 6.0
d(;o7ergs/¢m3) C 4Ll 27,3 297 291 494 6.9 10.1

Ach(106ergs/cm3)A 33.9  56.9  24.6  30.3  20.9  39.8  59.0



33

Scope
cgo-'
A S ,
| 50 % Beam - -Grating
| -Splitter _
| = be-F--l--LA- A -,
Ruby BS F-l P- i Sample P-3 e
s/
Laser P-2 )
' He-Ne Light '
Pockel's )
Shutter l: \ Ruby Light
N\
D-2~.7 pike Filter
'QS at 6328 R
He-Ne Scope
Laser: .
XBL 743~ 5720
Scope : :

|:|——7~'——nu—— N DD

E:geyr Pl R-l L Somple L2 R-2 F2 P-2 D-2
‘ XBL 743- 5713

Fig. 1
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Viscosity, v (centipoise)
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III. REFRACTIVE INDICES AND OPTICAL

ANISOTROPY OF HOMOLOGOUS LIQUID CRYSTALS

1. INTRODUCTION
Amoﬁg the many interesting properties of liquid crystals, optiéalv

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 fiom alignment of molecules'with\
large molecular anisotropy.l‘ The molecular anisotropy reflects not only
~ the geometric shape of the moleculés but also anisotropy of their elec-
tronic orbitals. With incréasing molecular alignmenp iﬁ the nemapic‘
phase, the optical birefringence increases accordingly. It can thereQ
f§re be used as a measure of the nematicvofder.

| As emphasized by de Gennes,2 any ;ensbrial property of‘tpevnema—
tics'can be used to define a nematic ordef parameter. Thus, we can write
the refractive indices parallel and perpendicular to the direction of mo-

lecular alignment as

w42
™ m 3 QnAn
1)
=75 -+
o= 3 QnAn

where W is the average refractive index, Qn the order parameter, and An
the birefringence corresponding to- full molecular alignment (Qn = 1).

From Eq. (1), the optical birefringence is given by

Sn = 0y - ql’é QnAn. (2)
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The order?paraﬁeter Qn defined in Eq. (1) is in general not identical
to the order parameﬁers defined through other tensorial properties such as
eiectric énd magnetic Susceptibilities; although all o;der parameters
should range from 0 for réndoﬁ molecular orientation to 1 for perfect a;
‘lignment. 1In particular, because of local-field correctionxdue“ta inter-
mblecular interaction, Qn should be differeng frog the microscopic order

parameter defined 352
2 . -
S = <(3 cos™® - 1)/2> (3)'

where 0 is the angle between the long molecular axis and the avérage 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

b0 = (/N + 2)éal( + ) O

- | 2

(Aa/a)S = (nll + nl)én/(n - 1) (3)
where Sa = a“ -0 = SAa, N is the number of molecules per unit volume,

the superbars indicate average over molecular orientations, oy and o are
the average polarizabilities parallel and perpendicular to the direction
of alignment respectively, and Aa is the polarizability anisotropy at

S = 1. From Eqs. (2) and (4), we find immediately

(2n + Q_4n/3)

S=tmi iy - (6)_=
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Usually, we have An ~ 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 Qn is not strictly proportional to S.

"In addition, Qn is different from the order paramter Qx defined by:

Sx = =X = QA - @D
where X and X, are the average macroscopic polarizabilities parallel and
perpendicular to the direction of alignment respectively, and Ax is the

polarizability anisotropy for perfect alignment (QX = 1). We can evalu-

ate QX using

, : | Q_An :
21 2 2, An f — n
8x = 4w (Wl -ny) = Q% <2n + 3 )v° (8)

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

2n + Q An/3 ‘
Qx - 2+ An/3 Qn =S (9)

In Chapter 1II, the theory was developed in terms of the order parameter

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

n’

since we have § = QX.

Several authors have suggested that one can express the temperature

dependence of the order parameter S in the'forml"5

s=@-1mmhY | (10)

+
where T ‘and y are constant coefficients. Then, by least-square fitting-
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the results of (Aq/a)S véfsus'T to fhe fo?m A(i - T/T+)Y; one éan deduce
both the absoluté values §f.S and Aq/a:' Such an approach, however, has
implicitly assumed thét.S =_l.at T = 0°K and A = Aa/a. Thesevassqmptiqns-
are not justifiable. in fact, a; we shall see.later from our work, S can-
indeed be approximated by So(l - T/T+)Y but tﬁe'constant So is different
from 1. .

Exéerimentally, §n can be measured with very high accuracy.4 If we
neglect the temperature'dépendencé of An, then én(T) giyes directly the
Variétion of nematic order with température.- On the other hand, if a
particular local field model is chosen and WI(T) and nl(f) are measured,
we should be able to find the tempefature.dependence of Q and S without
making other assumbtiohs. The absolutevvalues of Q and S,.howgVer, haQe
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-
tals and their temperature ciependence.5 From these meaéﬁrements,‘tﬁe or-~
der.paraméters were deduced add‘compared with those obtained from other
measurements. One would“egpect that theée measurements carried out on a
homolbgous series of liquid crystals could yield vaiuablevinformation a-
‘bout the effects of molecular structure on refractive 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 ho#ologous series of p,p'—di—n—alkoxy—gzoxybenzenes. 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



the microscopic order parameters deduced from nuclear magnetic resonance

(NMR) me35urements.6.‘1n Sec. 3, we discuss the results and show how the

increase of alkoxy chain.length on.the molecules affects the averége mo- -

lecular polarizability and the pqlarizabiiity anisotropy.
2. EXPERIMENT

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

birefringence of the nematics. ’

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 8 of 0.0210 radian._ The glass plates were coated with a
surfactant (Dow Corning XZ 2-2024) and ;ubbed along the wedge axis. The
wedge was then mounted in a. hot stage, using\a small phosphor bronzé
spring tc hold the glass plates together and to insure that the apex angle
B remained constant during each experimental run. It was put under a mi-
croscope and illuminated by a He-Ne 1a$er beaﬁ; The incoming beam was
partially reflgcted by the wedgé, at an aﬁgie eo = 28. By meésuringveb;
the épex angle B was deduced with an accuracy ofvbettervthan £0.2%. It
was essential to remeasuré B for each experimental run, because B varied
by *2% from one run to another. This precaution was not' taken invthé o-
riginal use of the wedge method.["7
The hot stage was heated intb'the nematic temperature rénge, and the
sample was'édded without disturbing the apex angle 8. Then the top of the
hot stage was installed, and the sample wés 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 boctpm'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-

chieved at an operating temperature of ~ 130° C.
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 The sample was sfudied between crossed polarizefs. The polarizer -
akes were oriented at ‘45° to the nematic'diredtor;.which was parallel to
thevwédge axis. As seen in Fig. 1, the incoming laser beam produced two
reflected beams at ahgles el and 62 respectively frém the sample. They
were po1arized parallel and perpendicular to the wgdge axis respectively.
The refractive indices oy and o could then’be deduged from the Sﬁell's
1aw.n“’i = sinelfz/sinZB if 61 and eé were measured. At ﬁhe same time,
wé 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
§n = A/Bd | (11)

where A is the He-Ne laser wavelength.

In our experiment, the samples of azoxybenzene derivatives

CNH 0 -~ C6H4 - NZO - CéHé -C

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

IN + 1 NHZN + 10 with N = 1, 2, —v— -, 7) were

tropic transition temperatures T

X remained constant during. the measurement

and were measured to an accuracy of * 0.05°K. The accuracy of the refréc— :
tive index measﬁrements was better than i‘O.BZ. The spacing of the inter?
ference fringes was determined by avéraging over 20 * 0.1 fringes.- This
led to a &n accurate to < 0.5%. |

The results of our measurements of n and n, versus temperature fqr
the seven homologous nematic liquid crystals are presenged in Fig. 2.
The directlf measured linear birefringence data 8n versus T are shown in
Fig. 3i In‘ali cqses, n” -0 from the refractive index measurements and

én from the linear birefringence measurénients agree well within the ex-
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periméhtal accuracy. Our fesults on the N=1 and N = 2 eogpounds.agree
very well with those reported earlief.g

As we meqtioned in the last section, one can define a macroscopic or-
der parameter Q = én/An. With a given model of local field correction,‘Q
is then rélated to the ﬁicroscopic order ﬁarameter S. Here, Qé adoptea
the Vuks' local-field mode1.3' Kﬁowing sn(T), n“‘(T),~ and nl(T), we could
find from Eds. (5) and (6) the relative values of S and Q.versﬁs T, real;
izing that Aa/E‘sﬁould be essentially independent of temperature. Then,
for each sample, we normalized our.S value at a temperaéﬁre sufficiently

far below TK (where T, is the nematic-isotropic transition temperature)

K
against the absolute S value'obtained by Pines et al. from measuring the
chemical shifts of the:13C NMR spéétra.él The'reéults of S.and é versus i
thus obtained are shown in Fig. 4. As an example, we compare oﬁr S(T) re-
sults for PAA with.thdsé'of:Pines et él. obtained from ﬁMR in Fig. S(a).
We also show in Fig. 5(b) Q(D) and'Gn(T)/An(To) for PAA, whére To is éf_
bitrarily chosen to be 316K‘below TK' | - |
In thevpfocéss of deducing'S, wé also obtaihéd'values of Aa/& for the
seven homologous compoﬂnds. They are listed in Table I and ﬁiotted in '
Fig. 6 together with the order parameters S(TK) deduced from extrapolatiop
of the curves in Fig. 4.
3. DISCUSSION
The highly accurate ﬁeésurements of refractive indicés and linear-
birefringence enables us to obtain the temperature variation of the order
parameters with very good accuraéy. AThe relative accuracy of S and Q
shown in Fig. 4 is certainly within 17. The absolute values of S and qQ

depend on calibration of S at one temperature'against measurements of

Pines et al. which weré'accufate to ﬁifﬁin + 3%.
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In de&uCing the valﬁes of S aﬁa Q, we have uéed the Vuks' local-field
model. We can check the validity of tbis model by comparing our S Qefsus
T curves with thése of Pines et al.6v.The NMR expefiment of Pines ef al.
measures the chemicalvshiftsAof 13C spectra from which the microsCopic or-
der péraheter can be deduced. As shown in Fig. 5(a5 for PAA, our results

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

K
highest discrepancy is about 1% and is certainly within the experimental
ﬁncertainty. 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-
rameter Q and the miéroscopic order parameter S. Theadifference is due
to local-field correction which is.governéd by Eq. (6) in the Vﬁks' 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 An in Eq. (2) should
be negligible so thét the linear birefriﬁgence dn versus.f measureé di—
rectly Q versus T. Actuaily, this is not true as can be seen in Fig, 5(b)‘
comparing Q with'én/An(To) for PAA where T0 = T, - 30.8°C. The discrgp—

k

ancy between Q and Gn/An(TO) is however less than 3%. This is also true
for all the homologous compounds. The variation of An 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

W& = (3/4m)(a? - 1)/? + 2) (2

since @ should be independent of temperature. As an example, we show N

versus T for PAA in Fig. 7. From the results, we can deduce the thermal
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expaﬁsién coefficient dV/Vdt. We have listed the values of dV/Vdt for
the seven homologous compouqu in Table I and p1otted them in Fig: 8.
The first two agree well with those reported in the literature.

For all the seven homologous compounds, we can fit our data qf S

versus T by an_equétion of the form -
s=s a-mmY .. sy

where So’ Ys gnd T+ are constahts to be determined. We. have listed theﬁ
values of SO,FY, and_T+v~ T for all the compounds-in Table II. Contrary"
to‘whatlbasybeen suggested,éfs we_ find in no case does So =1, As-
mentioned in Sec. I, ;hig meéps thaf from the refractive index measure-
ments only, it ig not poésiblesto.chain the abéolute values of the order
baramgtér S and ﬁbe‘polarizability anisotropy Aa/d. We note, however,
that ﬁhe'exgonent Y_fdr all compounds except N = 3 falls.in'a narroﬁ
range BetweegVO.IBl and.0.192. The physical meaning of such a coincié
dence is not clear to us.
The values of T+‘f TK shqw a zigzag variation as N varies from 1

to'7.-_This actually réflects the well,kno&n zigzag behévior'of.S(TK):-
among the homologous compoundsvreSulting from the éogwheel configuration
of the alkyl chains. From either Eq. (i3) of simple extrapolation of the
curves in Fig. 4 to TK’ we can ob;aihvS(TK) for all compounds. They

are plotted in Fig. 6 showing explicitly the zigzag behavior. We com-
pare our values of S(TK) with those of Pineé et al6 in Table I. The
discrepaﬁcy.qf-~ 10% is mainly dué:to‘inaccuragy in our extrapolation-
procedure and pagtly duevtq the‘}argqrgncertainty in the measuréments of

Pines et al at TK'
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Figure 6 also shows that Aa/a; the anisotropy of molecular polariz-
 ability ﬁormaliied against the average polériiabiiity,decreases almcst
linearly with fhé number of qarbén ;téms in'the alkyl chain or with tﬁe‘
incréase'of chain length. This suggests that the polarizability
anisbtropy Ac mainly comes from ;he core‘(azoxybenzene) contribution.
The covalent.bond eléctrohs in the alkyl chain, on the other hand,
‘contribute ﬁore ﬁo the average polarizability than to the anisotropy.

As a result, the addition of the CH, groups to the alkyl chain increases

2
® much more than Ao, and so Aa/a décreases with N. We can find @ and

Ao explicitly ifINIisvknown. Iﬁ turns out that the mdlar voldmes of
the.seven homologous compounds studied hgre have actually been measured
by Linsert.11 fherefore, from‘Eq. (12) and our results on o2 and

Ac/a, we can deduce the valﬁes gf'a and Ax separateiy. They are listed
in Table I and ﬁlotted in Fig. 9. As.N increasgs from 1 to 7, o rises
almost linearly by a factor of 1.8 while Aa Shqws a saturable increase
of a factor of 1.18. Thevsaturation‘of Ao atlarger N is presumably be-
cause‘the waggling end segment of the chain is more disordered than

the core. By assuming an order parameter S, which varies along the

A
alkyl chain, MarEeljalO has calculated SA/S as a function of N. We can

_then write
Ao = Aao + (SA/S)NAaA (14)

where Aao comes from the core and AaA from each CH2 group in the chain.

Using Maréelja's values of SA/S, we can fit the data of Aca versus N

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

24" nd Ba, = 2.06x107 2%,

Aao = 25.6x10 A

4. CONCLUSION

" Highly accurate measurements of refreetive indices and optical
anisotropy togethe; wiﬁh a local-field model enables us to deduce the
temperature dependence of both microscopic and macroscopic order para-
meters ﬁith very good accuracy. We have made these measurements on

NN +1 2 NTON +1

seven homologous compounds of c H 0 - C6H4 - N,0 —-C6H4_- oc
with N =1, - = -=,7. Using the Vuks' model for local-field correction

and'calibfatiné the microscopic pa;ameter'at‘one Eemperature against
that obtained by Pines et al from NMR measurements, we have deduced as
' funetions of temperature absolute valuee 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
mieroscopic qrder parameters. - This sﬁows that the Vuks' model is ade-
quate in the present application. Our results also indicate that the
use of the linear birefringence 6ﬁ(T) as a direct measure of the tem-
perature dependence of the order parameter could lead to a few percent

error.

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

order parameﬁer's-as a function of temperature can be described by a
simple equation S = So(l - T/T+)Y, but S, is not equal to 1 as has been
suggested by others. Our results on the homologous series also yield
information about the effects of moleeular structure on the optical
properties. We have fopn& that with inereasing N from 1 to 7 in the
CNHZN +1 alkyl chain the average polafizability increases by.a factor

of 1.8 while the polarizability anisotropy only increases by a factor of
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1.18. Using Maréélja'$ célculation, we havé also:been able to deduce sep~ 

o ‘ , _ P
arately the contributions to the polarizability anistropy from the core

- and from the CH2 groups in the chain.
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the isotropic-nematic transition temperature. For T < T

FIGURE CAPTIONS
Schematic of the wedged sample.
Refractive indices of the seven azoxybenzene derivatives

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

K’

the upper and lower branches of the curves‘refer to opticai
polarizations parallel.and perpendicular to the moiecularv‘
élignmen; respectively.v

Linear birefringence &n of thé seven azoxybenzene.défivatives
as functions of temperature. |

Microscopic order parameter S and macroscopic order parameter

Q versus temperature for the seven azoxybenzene derivatives.

(a) Compafison of hicroscopic ordef_parameters‘obtained in
this work for é—azoxyanisole'(PAA) with those of Pines et al
in Ref. 6. (b) Comparison of Q versus T.with én versus T
for PAA.

Variations of Aa/a and S(TK) with the numbeg of cafbon atoms
in the alkyl chain of the p, p'—di;n~alkoxy—azoxybenzene
homologous series. | “

Variation of 4n)3/3 with temperature for p-azoxyanisole.
Thermal expansion coefficient dv/vdt, averaged over-ﬁhe nema-

tic temperature range of the seven azoxybenzene derivatives.

 Variations of T and Aa 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 CAPTIONS

‘Values of Aa/T, TK’ S(TK)’ dv/vdT, &, and Aa for the axozyben-

zene derivatives with N =1, 2, - - ~, 7.
Values of Sd’ Y, and T+ - TKFObtained by least-square fitting
of our data on S versus T to the form S = So(l - T/T+)Y for

the azoxybenzene derivatives with N =1, 2, - - -, 7.



TABLE T

N 1 o2 3 4 5 6 7
Ao/ .830 97 L7146 . 704 .636 603 545
T(K) . 406.2 440.3 392.8 © 406.2 - 392.2 397.7 393.6
5(T,)° .40 517 .395 475 .358 437, 431
S(T,)" 37 487 396 436 410 485432
_ dV/VdT(°C—l)a 7.8x107% - 9.4x107% 8.0x10™" 8.9x10™" 8.2x10™ 7.1x10™" 5.4x10°
avvarecHe  s.ax107t 9.6x107 —

a(x10" 2% 131.9 .~ 36.5 139.8 43.7 49.5 51.0 57.4

B (x10™ 24 26.5 29.1 29.7  30.8 31.5 30.8 31.3
aThis work

bPines et al (Ref. 6)

“Ref. 9
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IV. SELF-FOCUSING: FROM TRANSIENT TO

QUASI-STEADY-STATE

;. INTRODUCTION

Self-focuéing‘of light is one of the most complék and interesting
Phenomena in nonlinear optics}' 1t is of central importance in the design.
of high—power laserbamplifiers becaﬁse of its role in possible laser-in-
duced damages. It is of fundamental interest as well because of its in-

terplay with many other nonlinear optical processes.

67

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

a numbér of impoftant questions still remain, namely, the detailed'dyﬁa—
mics of focusing, the limiting focusing diameter, polarization propértiés,
etc. In particular, it §s not clear how the self-focusing behavior
changes in.accordance with the'variation_ig‘tﬁé laser pulsewidth tp, rela-
tive to the r;spoﬁse time 1 of the induced refractive index in the medjum.
When tp >> 1, in the so-called quasi-steady-state linmit, thé‘moving
focus model2 describes the self-focusing behavior very well. This model
was first suggested by Lugovoi.and co-workers,zlwho realized that a self-
focused beam leads to ome or more sharp focél spots which move'alohg the
beam axis as the beam power varies during a laser pulse. The model actu-
ally follows closely thé earlierbtheoretical‘calculation of steady¥staﬁe‘
self-focusing. Experiments berformgd with well-controlled, single trans-
verse mode lasers haye confirmed the predictions of the calCulatiqns.
The motion of the focal spot has been observed by time of flight measure-

3

ments, and has been photographed directly with a streak camera.6 It

explains the observed backward-forward asymmetry in stimulated Raman scat-

b

tering °° and the time dependence of the stimulated Raman and Brillouin
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pulses under various self-focusing conditions.s’_9 In addition,_it ex-
plains quantitatively the spectral broadening of the self-focused beam

10,11

fesuiting from self-phase modulation. Méasuremeqts of the self-fo-

cusing»dynémics in the prefocal region12 also agree well with the theore-
ticaiéalculétions.lal4 |

-When Tv>>-tp, transient response of the medium dominates the self-
focusing'behavior. Focusing becomes much more gradual and no sharp focal
spot is formed. Transient self-focusing was first discussed by Akhmanov
et al.15 It was shown that és_the laser éulse propaga;es on in the non-
linear medium, fhe beam radius woﬁld first deform into a horn shape (see
Sec. II B) and then retains‘the shape over long Qistgnces. This is known
as dynémic trépping. Numericai calchlation§ yield this same picturg,16—18
although they suggested that the neck of the horn might continue to shrink
in radius as the pulse propagates on and.mayleven férm singularities.19
This dynamic trapping model of transient self-focusing has been used to
semi-quantitatively account for the observed assymmetric semi-~periodic

8,20 . . .
Experiments using an isotro-

spectral broadening of the laser light.
pic liquid crystalline material with a long relaxation time 1T as the non-
linear medium have been performed to study this extreme transient self-

. 21 . X e s
focusing 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-

. . 18 o '
ing input power, as predicted, and then approaches a constant when some
limiting nonlinear process sets in.

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

focusing (tp << 1), and the moving focus model for quasi-steady-state

self-focusing, (tp >> 1) appear to be very different physically. it is

Ay
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.therefore interesting to know how self-focusing would vary as tp/r is
varied from one iimiﬁ to the other. This has not béen_studied either ex-
periméntaily or theoretically. Experimentally, difficulty comeérin the
choice of a suitable‘nonlineér'medium with t Qariable 6§er a wide range
- or a'laseflwith é variable tp. While the former seems easier, in ordef
to quantitatively measure the time dependence of the focusing, a laser
pulsé,with tp of the order of 10 nsec or longer'musf be used, as limited
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 1 variable from ~ 1 nsec to > 100 nsec déepending on

the temperature,22523

Such a medium also has a large nonlinearity in
which self-focusing of a Q-switched laser pulse teadily occurs. We there-
fore have on hand a ﬁerfect medium Qe can usé to study the entire range
of self—focuéing from the quasi—steady—sﬁate to the transient limit. In
this paper, we‘discuss in.quantitative detail our recent.meésurements of
self-focusing in a liquid érystalline medium with tp/r varied from << 1
to >> 1.

Section 2 gives a brief review of the theory and physical descrip-
tion of self-focusing under different conditions. Section 3 summérizes‘
our expe%imental techniqués, data analysis and results. Section 4 shows
how our experimental results agrée with a.qualitative united physical

description of self-focusing in all cases. We 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 = no + dn(lElz),'where

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

self-focusing which is governed.by the wave equation

, 2 .
2 E-L 2 [(n +6n)E] = O. (1)
2 2 o
¢ 9t :

For a quasi-monochromatic light beam we can write
E = A(r,z,z)exp[ikz - iwt + iks(r,z,z)] (2)
where ¢ = t - znO/c is the reduced time, and A and s are respectively

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

convert Eq. (1) into two coupied-equations

dA 35\ /3A Af3%s , 1 3s)\ _ :
2 () +5(2325) 0
ar k
3s 3s 2 én 1 32A 1 %A
2x(5) + (%) Tra Rz tre) (30).

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-
tional dependence of 8n upon the field. For Kerr liquids, the dominant

15,22-24

mechanism contributing to on is molecular reorientation. It o-

beys a relaxation equation

3 2
[1 + T opSn = n2|E] , (4)
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which yields

n t 1
dn(t) = _}__:_)-_ f IE(t')Iz.e— (t -t )/'r dt, (5)

-Q0

where n, is a constant coefficient of the medium. Then, in the quasi-

steady-state limit (tp >> 1),
2 | |
Sn(t) = n2|E(t)] . A _ _ (6)

and, in the extreme transient limit (tp << 1),

n

, . ,
sn(t) = —= v/ﬁ [E(t')|" de'. (7)
Self—focuéing can now be described by the solutionvof the coupled
équations in Eq. (3) together with Eq. (5). Unfortunatély, an analytical
solution is not generally possible; so these equations have been solved
numerically. In the quasi-steady-state limit, the calcuiation predicts

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

-

k

zf(c) = , (8)
VP(;).— 0.858 VPcr
' 2 .
P = ff;fffel_fg : ()
cr 128n2 ?

where P is the input laser power, xo and c, are the wavelength and the .
speed of sound .in vacuum, K = 0.369 k32/Pcr,-k =\wno/c, and a is the in-
put beam radius. The axial intensity of the self-focused beam is given

approximately by



,Iax(z,c) =1

where o is a parameter whic
For the transient case
The b

axial approximation.

profile and the wavefronts

Az(c,r,Z)

S(C,r,Z)

where f(z,g) = ro(z,c)/ro(z =

From Egs. (3), (5), and (11

A2(z = 0,z7)
o _
———-—-———-—-——-——v—-e

: 21~ a/2 -
ax(O.C)ll - (z/zf(c)) . I © (10)

i

h depends upon P/Pcr'

,»we can discuss self-focusing using the par-

eam is assumed -to have a Gaussian transverse

are asshmed to be p'araboloids1

- (+%/a%E%(z,0))
fz(zsC) ‘ . ’
(11)

$(z,2) +g% B(z,0)r

0,z) is the reduced dimensionless radius.

), we obtain15

2
l.azf(C) = 1 - "2 !;vfé fgfzz_e(ﬂ -/t dn (12a)
£ 322 k2a4f4(c) noa2 "o f4(n)
1 9f _ :
E'SE'(C) = B(g) ‘(le)
| z A2( )'
3(z) _ _ 1 L2 .1_f Tot - D dn. (12¢)
9z k?‘azf?'(c) g T J, fz(n) :

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

while the second term is du
the integral in the second
the very first part of the
tion is dominated by linear
the integral becomes larger

3f(r)/£(r)dz to become nega

e to self-focusing. In the transient limit,

term builds up, gradually with time. During
pulse, it is so small that the pulse propaga-
diffraction. In later parts of the pulse,

. 9 - N
and azf/az becomes negative. This causes

tive, and the beam radius shrinks as the beam
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propagates on. waagds the end of the pulse, the integral approaches a
iimiﬁing'valﬁe, while the linear»diffraction term becomes étronger as the
propaéating’beam shrinks.in radius. Aftef.a certain propagation distance,
of /fdz bécoﬁes less and less'negative and the radius f approaches a mini-
mum value. Thus,.tﬁe longitudinal spatial profile of the pulse gets de-
formed.inté a horn shape as shown ianig. lé.r The born—shaped pulse then
travels on without appreciable change over approximately a diffraction
length 24 ; kaz. From Egs. ‘il) 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 observéd experiﬁentally.zo Also, in the transient limiﬁ
(tp << f), Eq. (12) predicts that self—foéusing will. remain unchanged if
nz/r rémains 'cénstant.

The paraxial approxiﬁation.of Eqs. (11) and (12) does ﬁot success—

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

more exact predictiohs, Egs. (3) and (5) have been solved numerically for

certain input conditions.l7’20’21

. . 16-18
Numerical calculations show that
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-
, min . :
dius roos should remain nearly constant as the pulse propagates over a
. ‘ min | ) : . , ‘
distance z << z,, but r, is supposed to be 'a strong function of P/PCr
and t_/T.
P
B. Physical Description
We have so far described self-focusing in the quasi-steady-state 1li-
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 theréfore need a unified
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physical dgscribtion té describe self—focusiﬁg throﬁghout_the entire
range. |

In our. unified déscripfion, we concentrate on how thg beam radius of
different parts of the 1aéer pulse varies as a fuﬁc;ion of distange 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 z

¢ given by Eq. (5). We can then

sketch in Fig. (ia).the evolution of the beam radius aqd hence the longi-
tudinal pulse profile along the cell. The pulse enters the s;ﬁple‘from
the left. The radius of each consecutive section of the pulse (A'— A,..
B -~ B, etc.) follows a differeﬁt trajectory and reaches a sharp'minimﬁm
at zf(P):according to its instantaﬁeous poﬁer P(;). For £ > (Zf)min’
there should be two fécal spots simultaneousiy presént.on the beam a%is.
Iﬁ pfacfice, the second foéal spbt is usually preventedlfrom forming by
depletion of incoming laser power by bagkward stimulated Raman and Bril;
louin scattering initiated earlier by the first focal spot.8 We expect
the longitudinal dimension-of the focal spot to be about Ag = 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 thé pulse hardly self-focuses while'thg 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
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the éelf—focusing and diffraction trajectory to be intermediate bétween
the two limitihg cases. Both.self—focusing and diffféction are less
ébrupt than the quasi—steady—staté caée but also legs gradual then the
'transiént limiting case.. Thé middle part of the pulse sees the largest
An and self-focuses mosf.strongly,.thle Both the front and the lagging
parts of‘thé:pulse do not self-focus very much. Followihg the above des-
cription for the beam trajectory of different parts'of the laser pulée,
we can then sketch again the evolution of the pulse profile for the in-
termediate case as shown ianig. 1b. The sketches in Fig. 1 show that
the evolution of.thé pulse profile.will iﬁdeed change continuously'és

: self-foéﬁsing is varied from the quasi-stéady—state to the ;rénsient 1li-
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’wouid predict that the minimum diameter of the éelf—focused beam

should continualiy become smaller. Experiments however find a limitiﬁg'

diameter which appears to'be a characteristic of the nonlinear medium.
‘Numerous explanationé have been proposed for this limiting diame-

14,25-32
ter.

They generally assume either saturation of An or depletion
1 ., : .. . 29 .

of the laser beam. While the pre-breakdown ionization =~ which creates
free electrons to reduce An may be the domination mechanism for limiting
the focal diameter in self-focusing of picosecond pulses, stimulated Ra-
man and Bfillouin_scattering appears to be the most possible mechanism
for the cases of longer pulses. A large fraction of the incoming la-
ser power can be depleted by stimulated Raman and Brillouin scattering

during solf~f66using so that the self-focusing strength is limited. The

limiting focal diameter is presumably the result of balancing between in-



crease éf stimulatéd scattering gain dqe to self-focusing and'décrease of
self-focusing étrengfh due Lo depletion of laéer power by stimulated scat-
tering. Rehn and I"[aio::rB’2 have considered £he possibiiity of forwara stim-
ulated Ramén scaﬁtering as the mechanism for the limiting diameter. Kelley
aquustafsop3l have considered backward étimulated scattering. However,
in'eifher case, no serious'calcuiation in‘cdnnection 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 digcuésed.in'the pre&ious section,
We waﬁted to obtain the results quantitatively so tﬁat the data can be
uéed to compare with available or possible numerical calchlations.

We used the response time T of the.medium as a varying parameter to
vary self-focusing from the quasi—steady—spate'lihit to the transient 1li-
mit. In order to compare our results with thé sketches in Fig. 1, we |
should have measured the beam radius ro(z,;) defined, for example, as

1
() = [P/ 1 (20 - ay
for a given input laser pulse of power P(t). (For a Gauésian beam,
ro(z,g) defined in Eq. (3) is the beam radius at the 1/e pointé.)i How-
ever, this is not practically feasible. Instead, we varied the input
peak power Po and measured ro(z = %,r) at the end 6f the sample. Exami-
nation of the self;focusing equation in Sec. II A shows that the evolu-
tion of ro(z =‘2,c) with increasing peak input power should appear ﬁuali—
tatively the same as the evolution of ro(z,c)'along z with constant PO.

A. The Nonlinear Medium
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" We used the liquid cfystalline material p-ethoxy-benzylidene-p-
butylaniline (EBBA) in its isotropic liquid phase .as our éelf~focusing

medium. This material is known to have a large nonlinear refractive in-

dex'and a long relaxation time.22 In addition, both n, and t have a

2

strong pretransitional temperature dependence in the range above the ne-

matic-isotropic transition temperature T

K They can be written as22

6.35 x 10~7 esu °K

n
*
2 (T-1)
. (14)
° - .
: e‘28oO K/T 7.0 x 10 11ns_ec - °K
T = : *
(T-T) -
.k ' . .
where T ='TK - 1.0° K is a ficticious second-order transition tempera-

ture. Over the temperature range we used, nZIVafied by a factér éf 20,
while 1 varied by a factor of 50 (see Table I).

We used in our seif-focUsiﬁg experiment EBBA purchased from Vari-
light Corporation without fﬁrther purification. The sample was placed in
a 10-cm fused-quartz optical cell, and evacuated for several hours to re-
move any HZO or 02. After evacuation, ﬁhe cell was sealed’under vacuum.
The sample then had.a sharp‘isotropic—nematic transition at T, = 78.0° C.

K

This TK was constant to within 0.1° C thééughout the experiment, indica-
ting that no degradation of the sample had occured. 1In our éxperiment,
the samblé'cellqwés héld inside én ovén which had a temperature stability
of better than 0.1° C, and a unifofmity of bétter than 0.2° C throughout
the cell. | |

B, .Expefimenfal Technique

These eipériments were performed with a ruby laser, Q-switched by

cryptocyéninc in'mcthanol, which gave a smooth output pulse having a dur-
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ation approximately 15 nsec full width at half maximum. Oscillgtibn on.a’
éingle transverse mode was insured by placing an é.S mm diaméte: pinhole
in the laser cavity; 'Thé laser power was varied ﬁsing»neutral dénsity
filters outside the cavityi After collimation by lenses L1 and Lé (see
Fig. 2) the beam;entered the sample with a l/e intgnsity radius of 130 ym.
Tﬁé time dependence of the input power was mpnitored bva2 (ITT-¥4018 bi-
planar vacuum photodiode) and by Scbpe A (Tek; 519).

After the Beam excited the.sample cell, méasurements were made on it
to observe ;he effects of self—fécusing. First, a magnifiéd image of'the
exit‘plane of the sample was formed using imaging lensés, and the actual
measurements were performed on the magnified image. An image of any
plane inside the sample wéuld bé distorted by gradients in An inside the
sample. This is the reason we made all measureménts at (z = conétant).

To obtain fhe most complete information, we ﬁade»three different
measurements simultaneously, eaéh using a separate magﬂified image of the
exit plane of the sample. The first imége was formed on a ground glass
plane by light passing through lenses L3 énd L4. This image had a magni-
fication of 85 x and -a resolution corresponding to 5 um in the exit ﬁlaﬁe
of ﬁhe sample. Tﬁis image was photographed.with the streak gamera (TRW
‘model 1D Image Converter Camera, with model 7B streaking plug—in) at a
streak rate of 1 ns/mm. ‘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 fixed
optical_delay4line (27.5 meters) was used before the streak camera. The
referencé monitor pulse from the streaking plug-in was displayed on scope
A tb monitor the exacg time delay before initiation of the stre;k for

each laser shot. This was necessary, as the jitter in the dclay.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 beamsplittef B4 (reflecfiVity = 50%). This image, formed by
lenses L3 aﬁd LS5, had a magnificatioﬁ of 71 x and a resolution of better
than 5 pm'iﬁ tﬁe exit plane of the sample. The image was centered oﬁ the
0.5 mm diameter pinhole,.so that light which passed through the pinhole
originéted in a 7 ym diameter region centered én the beam axis in the exit
piane of the sample. This light was detected by D4 (ITT-F4018 photodiode)
and.displé§ed on Scope B (Tek 7904, with 7B92.timé base and 7A19 vertical
anplifier). This oscilloscope was triggered externally b& the trigger
output pulse f;om Scope.A. In this way, the absolute time delay bétween
signals on Scope A and Scope B could be compared.

The third image (magnificatioﬁ also equal to 71 x) wés formed on the
fiim plane of a caﬁera to monitof the time-intégraﬁed laser intensity in
the exit plane of the sample.- The ligﬁt for this image was reflectéd by
B4 and B5 (reflectivity = 30%). | |

Photodiode D3 (ITT-FW11l4A) monitored the presence of any backward
stimulated Brillouin light. Aperture Al biocked specular reflections
from the sample cell windows because the input ruby beam entered thé cell
'~ at a slight angle'to the window.normal. A coaxial delafvcéble deiayed
the signal from D3 so it appeared after tke signai ffom D4 on‘Scope B. 
C. Data Analyéis |

To calibrate the absolute power.ih:our lager beam, we ﬁsed the knéwn
self;fécusing:prbpertieé of CS for @hich PC; = 8kW. A 19 éﬁ'loné 682

2‘

cell was inserted in place of the-EBBA cell, and the radius atbthé éxit
plahe of the sample was 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 thé axial intensity monitofed by D&, pinhole P1 Qas re-
moved, and the~signals>from D4 and D2 were'me55urea with laser pql;es at
least ten times below the self-focusing threéhold. Atvthe same time,.phé—
todiodé D3 was calibrated by removing apertufé Al and allo&ing the specﬁ;
lar reflections from the sample windows to enter D3,

Knowing the calibrations, we.could determine the absoluté stimulatea
Brillouin power generated in the backward direction for each léser shot.
We could also determine the absolute axial intensity at the exit pléne of
the sample Iax(c). |

Then we could deduce the characteristic radius at thé ekit.plane

_ro(c) using
r2(2) = P_(0)/n I__(2) | (15)
o e ax -’ :

where the beam power at the exit plane is

=P -
P (2) = P(2) - Pgpe (D). . (16)
Here Eq. (16) takes account of the depletion of the input power P(c).by

the power fed into the Brillouin scattered beam P () if any. Eq. (15)

SBS

i

will provide 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 experiment, such substantial changes in the beam
profile occured only at the very highest input powérs used.

If the transverse profile of the beam is Gaussian, then from Eq.;(is),

we have
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- r?/ri(c)
I(r»,c) = Iax(t;) e . an

In our analysis, we assumed the profiie'was Gaussian, and used Eq; 7
to compare 6ur'measuremenps'$f Iax(c) to the streak photographs and the
time-integfated photograpas. We found good’égréement, except for those
cases having very strong sgimulated Brillouin scattéring. This was not
Surprising. It is knowﬁ that the number of focal séots observed at th?;
exit plane of a self-foﬁusing sample isvvery sensitive to the spatial

4,33 Because we consistently observed

mode structure of the laser beam.
only one focal spot, we knew our beam must have a near Gaussian single
transverse mode. Transient self-focusing experiments have shown that the

focal spoté.have a near Gaussian profile around their center.20’34

Cal;
~culatio£§‘fofvboth qu;si—steady;state3 and transient21 self-focusing show
that the off-axis'pafts‘of the beaﬁ should have mbfe power than would be -
expected féf a Gau;sian érofile. Thus-Eq; (17) may overestimate the power
near the gxis, 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 diffefent input laser powers

for five values of tp/T listed in Table I. 1In Fig. 3, we present a typi-

cal set of results shbwing seif—foCusing for three clearly different cases:

]

(I);near quaéi—steady—state limit, tp/r 11.3; (II) the intermediate

case, tp/r = 5.2; aﬁd (I11) Aeér trgnsienx limit, tp/r = 0.21. Figures ‘
3(a) and 3(b) show.réspecﬁivély the input laser pulses P(g) and the gxial
inteusit& ﬁdlées Iax(ﬁ), measured b} the fast detectors bé and D4 in Fig.

2. . Each‘puise isiplotted with its leading edge at the right. Using

Eq. (15) we could deduce the temporai variation of the beam radius ro(c)
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at the end of the cell as shown in Fig..3(d), and conpared it‘direc;ly
with the observedvstreak camera picture in Fig. 3(e). We found the agree-
ment in all cases was excellent. Note hoﬁever éhat in the near quasi;
'steady-sgate case, only the leading parf of the pulse can be seen becaﬁée
backward stimulated Brillouin scattering éctually depletesvthe laggihg
part of the pulse and prevents‘it from Self—focgsing.

We present moré ex;ensive resuits showinngax(g)'for’a wide range of
input laser powers in Fig. 4. For these same input powers, we show ro(g)
in Fig. 5 as délermined‘from Eq. (15). of ail these shots, the peék‘of
the axial intensity was substantialiy depleted by Brillouin scattering in
only two shots, (c)(v) and (d)(v). 'This‘depletion caused Eq. (15) to éive”
a minimum ro(c) which was about 307 larger than the minimum ro(c) which
was deduced from the strgak photograph. For these two shots only, the
ro(c) shown in Fig. 5 is deduced from the streak photograph rather than
from Eq. (15); In Fig. 6 we show the corresponding streak photographs.

4. DISCUSSION |
A. Agreement with Theoretical Models

The radial profiles of the self-focused laser pulse in Fig. 3(¢) can
now be gompared_ﬁith thﬁée in Fig. 1. They clearly have the same quéli—
tative features, which shows that our unified physical'description in Fig.
1 is a valid description. In'the transient limit fhe pulée had a horn
shape with weak oscillations along the neck region, as predicted by'theA

t:heory.l7"18

As tp/r was increased by decreasing 1, the axial intensify
pulse decreased in length, and the radius started to diverge at the end
of the pulse. 1In the quasi-steady-state limit (tp/r >> 1) the radius

showed a localized focal spot, and the axial intensity pulse length was

of the order of t, in agreement with theoretical prédiétions.ll
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We can see the effect of varying input power in Fig._S. The deforma-
ﬁion of the longitudinal pulse profile is strikinglf'dependent on tp/r'at
all péwer levels investigated. As an example, iet us examine the pulse
deformation right at the seif—focusihg thresﬁold. These low input power
pulses.are shown in Fig. 5(i). In the quasi-steady-state limit (see Fig.
Sa(i)), the'téii of the pulse was focused no more strongly than was the
leading edge»of the puise. The peak of the pulse was focused most strong-
1y? and.ro(c)-waS“nearly symmetrical about £ = 0. As tp/T decreased (see
Fig. 5b(i) ‘and 5c¢c(i)), the tail of the pulse was affected more and more
by the onset of self-focusing. In‘the transient limit (see Fig. 54(i)),
the tail of the pulse was focused moréﬁstrongly than any preceding ~ part
of the pulse. This behavior is in good agreement with the pfedictions of
Fig. 1.

"Another qualitative aspect of self—focuéing oné can deduce from Fig.
1 is that neaf 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 move forward toward
ﬁhe peak of the input pulse. These features are what we actually observed
in our experiment as sﬁown in Fig. 7. "For comparison, we include in Fig.
7 é theoretical curve (a) calculated using the quasi—éteady*state formula
Eq. (8) with the actual time dependencé of the laser.pulses we used in
these meésurements. The results in Fig. 7 indicate that even with

tp/r = 11.3, the transient effect on self-focusing is still quite appre-
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ciable. For the more transient cases, the delay of thé.éxial intensity
pulse approachedt0 z 0.3 tp. This is in good agreement with the delay
predicted in numerical calcuiations}l7’18

In Fig. 8, we show the observed minimum radius of the self-focused

beam at the end of the cell R . T

L lr as a function of the
n . o,min o,input

normalized input peak power P/Pcr for the vgrious_cases.' Tpg_thgoretical
curve (a) for the quasi-steady-state limit is also plotted for compafi—
S§n.14 Curve (b) shows again that with tp/T = 11.3, self-focusing is
still somewhat transieni. For the more transient cases, the minimum ra-
dius Rmin of the self-focused beam shrank more.gradually Vith inc;easing

input power. Towards the transient limit, curves (e) and (f), de-

R .

min
. P : 18,19

pended only on the quantlty(Ptp/PCrT), as predicted by theory. )

Points of equal Rmin on curves (e) and (f) occur at powers P/PCr differ-

ing by a factor equal to the ratio of 1 for the two curves. Curves (g)

and (h) in Fig. 8 show the theoretical predictions for tp/r = 0.47 and

tp/r ='0.21, based upon interpolation of the numerical results of Shimi-

zu.Z; Presumably because of the onset of stimulated Brillouin scattering,

our results deviate from tHe theoretical predictions as the limiting di-

ameter is reached.

In Fig. 9, we show R ., as a function of P/P for CS,, which has a

min cr 2

response time T = 2 sec. With tp/T = 7.5 x~103, this is the true quasi-

steady-state limiting case. As expected, the solid theoretical curve

for the quasi-steady-state limit agrees well with our experimental results

down to the limiting value.

B. Limiting Mechanisms

In all cases, the Rmin in Fig. 8 approached a limiting value at high

P. As discussed in Section II, numerous mechanisms have been proposed
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for this behavior. Here, 1et.us estimate the effects of some 6f these
‘mechanisms. . |

The limiting focal diameter could be d;e to satdra;ion of An result-
ing from high degrees of molecular alignment in a Kerr liquid. In our
éxperimgﬁts, however, we estiﬁated the maximum An using Egqs. (5) and (15)
and the measured axial intensiéies in Fig. 4. We found Anmax = ,007.
For fully aligned EBBA with an order parameter of unity, An should be a-
round 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
should also be no steric or coﬁpréssional effect328 which could introduce
saturation in An at our level of laser intensitiés.

Another possible mechanism of limiting the focal diameter is the
generation of free electrons in pre—breakdoﬁn ionization.29 ~This would .

. ~ 2 2 C
require an electron density of n = mec Iax/e _PCr so that the plasma fre-
1
2

quency is wé = m{ndnzlEIZ} .. The total required number of free electrons

for an appreciable recuction of An would then be N = 5 x 1013-P/Pcr. From

. ' ~1nld . .
Fig. 8, we see that N = 10°~., However, our input pulse contained at most

5 x 1015 photons, and the quantum yield of photons into free electrons

was certainly-significan;ly leés than 1. It could not create a sufficient
electron denéity to reduce An appreciably unless virtually the whole beam
were depleted. This means that any effect of pre-breakdown ionization -
would be from depletion of laser power rather than from its effectvupon
An.  In our experiment, we did not sce any evidence of depletion of the

laser beam below the stimulated Brillouin scattering threshold. As a re-

sult the limiting value of Rmin could not be due to laser depleﬁion from
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pre-breakdown ionization, or multiphoton‘absorptioh,

We have monitored in our experiment stimulated Raman and Brillouin
scattering under all condiﬁions. No stimulated Raman scattering was ob-
servéd_until the inpuﬁ perr is substantially higﬁer than the level at
which the limiting diameter is reached,_ On the‘other,hand, backward‘stim—
ulated Brillouin séattering waS'alwéys observed befére the limiting diame-
ter was teachgd. In Fig. 8, the stimulated Brillouinm scattering threshqld
is marked by an arrow for each set of data.  We see that in each case,
the limiting value of Rmin is reached at power élightly above the stimu-
lated Brillouin threshold. We can therefore conclﬁde that in our experi-
ment stimulated Brillouin scattering ﬁust be the mechanism responsible
- for the limiting diameter.

Kelley and Gustafson31 have pointed out that s;imulated Brillouin
scattering could not be the limiting mechani;m in C32 6r toluene because
its response time was so much longer than the response time of An. In
our experiment, the situation is different. We can estimate the acoustic
response time in EBBA based upon measurements made on other organic'li—
quidé.' For éxample, in toluene the response time is 0.3 nsec35 and in a
mixture of cholesteric liquid crystals, it is 0.6 nséc.36 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 1 was always great-
er thanvthe Brillouin response time.. As a result, the Brillquin gain can
more or less follow the variations of the.self—focused laser beam inten-
sity. Since the.steady—state gain is higher for Briliouin scattering
than for Raman scatterinp, we would expect Brillouin scattefiné to be
dominant in our experiment.

In Fig. 8, we see that stimulated Brillouiln scattering set in more
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abruptly in the steady-state case, and thus stopped the.shrinking beam
radius more readiiy. For laser pulses wéll above the Brillouin threshold,
we observed Brillouin deéletion in extess.of half of the beam power.
Since‘the gain 1is highest on'the beam axis, the most intense axial part

éf the beam was preferentially depleted, and An dropped along the beam
axis. The light somewhat off the beam axis was much less depleted. So,
An was higher off of the béam 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 increase&-stimulated Brillouin scattering and the resulting addition-
al depletion of laser power would oppose the tendency of the beam to fufl‘
‘ther self-focus.

In Fig. 10, we show the variation of the peak Brillouin output power
as a function of input perr for the cases studied. Again, we see that
the growth of the Brillouin power is clearly the mosf abrupt in the most
steady-state case as expected.

5. CONCLﬁSION

Using the temperature dependence of the relaxation time t in an iso-
tropic liquid crystalline material, we have studiedvthe variéfion of self-
.focusing from the quaSi—steady—state to the transient limits. in all
cases, our quantitative measurements of the time variation of thé laser
pulse radius strongly support thg unified qualitative description of self-
focusing in Fig. 1. We see that thgre‘ig no abrupt change in the éharac—
ter of the self-focusing as tp/T is varied, But rather there is‘a smooth
variation from one limit to the other. Our measurements are in good qual-
itative agreement with available theoretical predictiohs. »Unfortunateiy,

because numerical calculations of self-focusing for our cases do not ex-



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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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.
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FIGURE CAPTIONS

Schematic drawing showing how an imput pufse gets deformed.
thrbugh 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.

Experiméntal arrangement for observing self-focusing. B1l, B2,
B3, B4, B5, beamsplitters; L1, LZ; L3, L4, L5, lenses; D1, D2,
D3, D4, biplanar vacuum photodiodes; Al, apérature; P1, pinhole.
Typical sets of results showing (a)'input laser pulses, (B) on-
axis intensity pulses, (c) radial profiles of the self-focused
puises, (d) intensity contours of the self-focused pulses, and
(e) streak photogfaphs. In each case the horizontal axis is

the local time £. The intensity contour map shows the intensity
as a function of transverse coordinate and time. Contours shown

are I = 0.30 I and I = 0.03 1 . For t /1 = 11.3, the input
max max P

 peak power is P = 7.9 kW, P/_PCr = 5.5, and the on-axis peak in-

tensity is I = 0.77 GW/cmz. For t /Tt = 5.2: P = 5.2 kW,
. max P .

P/P = 5.6, and I = 0.75 GW/cmz. For t /1t = 0.21: P = 4.4 kW,

cr max p

5 .

P/P =61, and I = 0.54 GW/cm .

cr max
Axial intensity pulses.
(a) tp/T = 11.3: (o) input pulse, (i) Po = 3.66 kW, Iax = 38

MV/em® (ii) P = 4.42 kW, I = 75.5 Mi/cm? (iii) P = 5.17
o ax o)

kW, I = 431 Mw/cm2 (iv) P = 7.86 kW, T = 768 Mw/cm2
ax (o] ax

(v) P =9.18 kW, I = 705 MW/cm2
(o] ax



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

(b) £ /v = 5.2: (o) input pulse, (1) P, = 2.58 kW, I = 28.8 M/ cm’

(i1) P_ = 3.58 89.7 (i11)  4.07 304
(iv) 5.17 753 . (v) 6.15 864
-(c) tp/r.= 2.07: ' (i) 1.21 8.0
(i1) 2.27 3.52 (iii)  3.65 481
(iv) 4.33 560 ) 6.80 348
(@) & /7 = 0.21: (1) 0.99 6.4
(i1) 1.93 102 (1ii)  2.44 150

(iv) 4.35 - 544 v) 7.41 538
Pilse radius at exit plane of cell, for the same pulses as in
Fig. 4,

Streak photographs, for the same pulses as in Fig. 4.

Peak position of the on-axis intensity pulse of the self-focused

beam as a-functién of normalized input peak power in different
cases: (a) tP/T + o, (a theorgtical curve), (b) tp/r = 11.3,
(c) tp/r =5.2, (d) tp/r = 2.07, apd (e) té/r = 0.47. Curve (a)
is calculated from Eq. (8), which gives z, = 10 cm for P = 2.97

f
P .
cr v
Reduced minimum radius of the self-focused beam at the end of

the cell as a function of normalized input” peak power in various

cases: (a) tp/r + o (a theoretical curve from Ref. 13), (b)

'tp/r = 11.3, (c) tp/r = 5.2,7(d) tp/r = 2.07, (e) tp/r = 0.47,

(£) tb/r = 0.21, (g) tp/T = 0.47 (a theoretical curve from Ref.

21), and (h) tp/r = 0.21 (a theoretical curve from ref. 21).

Reduced minimum radius of the self-focused beam -at the end of

the cell as a function of normalized .input peak power for CSz.

Here the solid curve is calculated from Eqs. (8), (10), and (13)

93



94

using z = 19 cm.
Fig. 10. Peak output powet.of the backward stimulated Brillouin pulse,
as a function of the normalized input power in the various

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 tp'= 15 nsec.

95



)

79.7
82.7
96.0
112.0

130.8

nsec

72.5

32.1

7.25

2.87

.1.33

TABLE I
tp/T ' n2
(10—11 esu)
0.21 : 237
0.47 ' 111
2.07 33.4
5.2 , 18.2

11.3 © 11.8

cr
(kw)

0.071

0.151

0.503

0.926

1.420
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APPENDIX I: DISPERSION OF OPTICAL—FIEtD—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 ma-

terial we showed in Chapter II Eq. (6) that the optical Kerr constant was
, ' *
B = 2(w/nc) Ax(w) Ax(w')/9a(T - T), (1)

where v is the strong laser and w' is the probé laser. In Eq. (1), we see
that B is proportional to Ax(w) and Ax(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 p‘— w' =+ wgawhere 0 is any ma;grial reson-
ance frequency (e.g. a Raman frequency).l-5 This is due to dispersion in

(3

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

in liquids and vapors.l"s’8

! ,
lar to that obtained by the coherent anti-Stokes Raman effect6_9 without

These measurements can give information simi-

any sensitivity to phase matching conditions.
Recent papers have discussed the theory of this dispersion near Raman

4,5

resonances (w - w' = wo) Here we will examine more closely the case
w - w' =0. We will.derive this theory from a consideration of the Gibbs

free energy density F, 'using a general expression for the electfomagnetic

energy density,lo rather than the expression used in Chapter II. We will
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allo@_the optical field to be composed of a number of spectral components .
n

w ;:wa, v , with amplitudes Ei(wn), where the subscripts i or j refer

to polarization states.  Under these conditions, we obtain:

_ Loer o053 ) |
FoFo+5all-T) 20,0, -2 X x;)
ij ij nm
ilw - w)t-4ik -k) -1
x [E.(w )Ef(w e m n n n + c.c‘],
jom i n

where we have iﬁcluded the croés tefms between different frequency compo-
nents in the electromagnetic contributidn to the free energy density. 1In
Chapter 1II, we did not include these oscillatory terms, because théy aver-
aged to zero for the cases we were éonsidering, and did not affect the
Qij' In Eq. (2) we omit other terms which are higher order in Qij’ as
these do not affect the field inducedlrefractive indices.

As before, the equation of motion for the tensorial order parameter

is yBQij/Bt = - aF/BjS, Whléh gives:
2, |
_ii _ e -
vt a(T - T )Qij fij(t)
> > >
- ilw - w)t -i(k -k ) - r )
-1 ® T m n m n
fij(t) =13 [ Ei Ax(wm)<Ej(wm)Ei(wn)e- ‘ + c.c.

1 % i(wm - wn)t - i(imv— En) . r )
-3 S, . 2: Ax(wm)(Ek(wm)Ek(wn)e + c.c.

knm
(3)
We can solve Eq. (3) immediately, obtaining
t f£..(t") |
1 - - ¢!
Qi'(t) = -:r—f ___},J____*__. e (t t)/T dt', (4)
-4 ~o a(T- T ) . '
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where the relaxation time is

= —2Y ‘ . ()

*
a(T - T)

If the frequency amplitudes Ei(wn) are constant for times much long-

er than t, then Eq. (4) gives

>

R 1 7 - - i(ﬁﬁ - kn)
Q. (t) = 2: ry (o )(E (w_ )E (w )e -
] 121a(T - T *

al 2

e d

6 i(w ?-m St;;—'(t - t")/1 '
,vxf e ™ noo dt;"+ c_.c.).-

1
=~
~r

1 _ —1(K.
3 2; ax (w )(E (w )E (w e n n

knm

o ilw - w )ﬁ' - (t - t")/1 )
X. f e m n o dt' + c.c.

iw -w)t-ik -kK) - r
m n m n

—

*
E.(wm)Ei(wn)e

——— Ax(w " -
12a(T - T) g% L+it(e -u)

1
.+ c.c.)= 3 iJ Z:Ax(w )

knm R > >
i(lw - w)t - ik - k) r

E (w )E (w e m m m n

x 1+ 1T(w - w ) . *e.c
n
5 1 -w)t-ilk -k) T
=L Qij(wm,gn)e | + c.c., (6)
where
% 1 - *
‘ Ax(wm) Ej(wm)Ei(wn) "3 Gij %;Ek(wm)Ek(wn)
Q. (v ,0 )= — | - — : (D
Heom 12a(T - T ) L+ lT(wm wn) » '
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It is clear from the general expression in Eq. (6) phat the order'parame—

ter Qij is only affected by those beat-fréquenciés for which (wm-@n)r‘s 1.
The optical frequency polgrization is determined by the applied.fields

‘and by the order parameter which results from those fielas. For the case A

of a time-independent order parameter, de Gennes11 has shown that
) = x WIE W) +2 5 B, (8
i ii i 3 3 ij ] ’

where Ax(w') is the polarizability anisotropy of a fully ordered liquid

’ 1 , . . '
crystal (e.g. QXX =+1, ny = sz = - 2). The polarization in Eq. (8)”
contains both a linear part Pil)(w') and a nonlinear part.P§3)(m'), which
are
Moy = 0 ' ' _
P g OB © .
and
() - 2 o B (ur '
P,V (w") = 3 ? Bx(wQy By (10)

In our case, we know from Eq. (6) that Qij is time~dependent. . Be-

cause of this, we must use a more generalized form of Eq. (1C), which is

3, . _ _ - 2 * x
Pi (w' = wy + w wn) = :E: [ 3 (Qijgmm’mn) +.Qij(wn,wm)>

" jmn

] ' -
Ej(wl)Ax(w e \ + c.c. ,

where the sum over £, n, and m is restricted by the condition
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'= + - .
w wy Fwp -0

We will be mainly intepested in certain special cases where the non-
linear polarization given by Eq. (11) assumes a particularly simple form.

(3)

For example, in certain cases we will find that P can be written as

P§3)(w') ==§: Gxij(w')Ej(w'), " (12)
F _ y
where thelquantity 6xij(w') is independent of the amplitude of E(wf)."If
Eq. (12) is satisfied, then the fiéld at w' can be regérded as a probe of
the &y(w") induced.by".the other applied fields. |

We will also find that under certain circumstances, the quantity

Gxij(w') will be diagonalizable, giving
. (3) Y . t ' )
P77 w') = Sy (whE ('), (13)

(3)

where 6xi(m') = éxii(m'). When this happens we can interpret the P (w")
in terms of a field induced change in the linear optical constants. The

linear refractive index ni(w') and the linear absorption coefficient Ki(w')

"have a simple relationship to the linear polarizability xi(m')

ni(w') = Re V1 +_4ﬂxi(w')

(14)

k. (') = Im Y1 + 41y, (') ,
1 1

where we assume that xii(w') = Gijxi(w') is diagonalized. The 1/e power
absorption length is Qi(w') = c/ZmKi(w'). If Eq. (13) is satisfied we

can define
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Gni(w') (2n/ni(w'))Re 6xi(w')

t

(15)

GKi(m') (2w/ni(w1))Im Gxi(Q')

whe?e we assume Re Xi(w') >> Im Xi(w'), as in a transparent mediﬁm}v Here
positive &8k corresponds to a field—inducedlloss, while negative 8k corres-
pénds to a field-induced gain.

Now we would like to examine the circumstances under which the non-
linear.polarization as given by Eq. (11) satisfies Eqs. (12) and (13).-
We will restfict our atteﬁtioﬁ 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

|E(w)]2 >> |E(m')|2. Also, we will be interested in |w - w'|/w g lQ_3, so

It

we have Ay = Ax(w) Ax(w'). In these limits, Eq. (11) gives

Pi(m') > {[ %(Qij (w,w). + sz (w,w)) Ej (w") +

3

winy

QQij(w',w) + Q:j(w,w'» Ej(w)]Axeii'. € + cfc.}

2 ik' - T
_ 0% - [z{(_%Jrl__%_A_)E,m')E.(w)E’f(w) +
183(T _ %y ; itAw 1 J J
1 ' *
(l - iTAw) By(wDEy (W (W) +

(l _ g.____;L———) Ej(m')Ei(w)E;(uﬂ}]-+ c.c.,

- itAw

W
o

(16)

where Aw = (w - w'). Examination of Eq. (16) shows that it will automa-
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tically satisfy Eq. (12), because Qe have chdsen lE(w)l2 >> |E(w’)!2. We
find that &y becomes |

o () 4 4 1 2, (.2 1 2
Gxxx(w ) = 18a(T - T#)[(3 + 31 - irAw)IEx(w}l + ( 3 * 1 - iTAw)IEy(w)l]
) .
5 "y = (ax) 1 1 * *
xxy(wv) Lo (T - T*)[(l + 5 - iTAm)(EX(m)Ey(m) + Ex(w)Ey(wQ +
5 1 * *
(‘é‘ m)(Ex(w)Ey(w) - Ex(w)Ey_(w))]
, c(17)
2 .
5 o= . (AX) l 1 * *
ny(w ) 18a(T - T*)I(l + 6 1 - iTAw)(Ex(@)Ey(w) + Ex(w)Ey(w)) +
(G r=5m) (5 em @ - 5 @)
_ 2 '
e L (Y 4, 4 1 2, ( 2 1 2
nyy(é ) = 18a(T - T*)[<3 + 31 - iTAw)IEy(w)l + ( 3 + 1l - iTAm)IEx(w)! ]'

We will examine the diagonalizability of 8y in terms of the most gen-

eral elliptical polarized basis states for ‘the probe field. We will take
él = (cqs 0)R + (sin Oeim)y
é2 = (—vsin @e_im)i + (cos 9)¥,
wheré we will choose © and « such that §; is diagonalized. Performing

the diagonalization, we find immediately that the conditions on 0 and «

are:



. - D8x . = ex 1 x VTox, . - 5%, ]2 ¥ 46x SXyx
tan 0O ei = SIS A 4 XX XY
28x. v
Ty .
v (18)
: - - Z 7
T B T T .
tan O e = - .
28%
yX
Clearly these conditions can both be met only if
lox | = Tox, - - (19)
If Eq. (19) is satisfied, then we will find that
e 8x x'1/2 : N
et =1 ——JL— ~(20a)

| 2 .
XX : .
tan O = - 1+ . (20b)
2 Gx s
xy yX :

But now Eq. (20b) can only be satisfied if
[8x_ . - Sx
0 =1Im ——391—-~JU£]
(21)

Im

- " *
(8 - 8y )&y &x )
Xxy %y XxyXyx

| 2]s Xy Xy

We see that Eqs. (19) and (21) must both be satisfied if g; is diagonaliz-
able, and then Eqs. (20a) and (20b) can be used to actually diagonalize

§;” Using Eq. (17) for E;, we find that Eq. (19) becomes

0 =(——léﬂ—-5>G¢OME (w) +E*@0E(w»(E*@ﬂE (w) —E*@DE(w»,
1+ [TAm] X y y X X y y X
(22)
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and Eq. (21) becomes

0 - <__T_A_‘*‘___7) (|Ex<w)|2 - IE (w)[z)(E*(w)E (@) - E (W)E (us)) . (23)
1 + [tAw] y X ﬂ : y X

Equations (22) and (23) cannot in general both be satisfied, which
means that g; cannot in general be diagonalized. However, there are four
limiting cases in which both Eqgs. (22) and (23) can be satisfied:

(a) First, if (w' - w) = 0, then Egs. (22) and (23) are automatical-
1y'satisfied, and g; can be diagonalized according to Eq. (20).

(b)  Second, if IT(Q',- w)[ >> 1, we will also Have Egs. (22) and
: (23)’autéhatically‘safiéfied, and g; will be diagonalizable.

(c) | Third, if ']mw] N 1, (|Ex(w)!2 - |Ey(m)|2) = 0, and
(E:(w)Ey(w) + E;(w)EX(w)) =0, tﬁen the strong beam E( ) will be circular-
ly polarized. We see thqt g; can be diagonalized for such a strong beam
for all values of frequency detuning (w' - w).

(d) Fourth, if'lT(w’ - w) A i, and (E:(w)Ey(m) - E:(w)EX(w)) =0,
then the strong beém E(w) will be linearly polarized: We see from Egs.
(22) andr(23) that §; will be diagonalizable overvthe whole range of fre-
quency (o' - w).

We see that Eés. (22) and (23) cannot be satisfied for an elliptically
polarized strong beam if |t(w' - w)| ~ 1. .Tﬁis means that g; is not di-
agonalizable for such a strong beam. |

We have seeﬁ that if the strbng beam is circularly or linearly po-
1ar}zed, g; will be diagonalizable. Sé for thesg speciai éases; thé ef-
fects of the nonlinear polarization can be exprgésed in termé of §ni(wf)

and Gki(w') using Eq. (15). . Now we can evaluate these quantities. We

. ) I3 : 3 —* + X
will assume a specific optical field geometry with k|l + 2 and k' || - 2.
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We are purposely takihg'the propagation of two beams to be in differenfi
» directions, so that they will remain distinguishasle as w' > w. We have
chosen a specific angle of 180° between k and k' ﬁo avoid cumbersome ex-—
.pressions. It is clear from Eq. (16) that P3(m') 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) =

% Ex(w), we obtain

2 iw't + ik'z ’ ‘
P)((B)(wl) = (_Al) e T E (w )IE(U))l [_ +%<l - }.TALU) ‘
18a(T - T') (24)
2 iw't + ik'z ‘ ‘
P(3)(Lﬂ') = (AK) e = E (w')lE(w)IZ[- % + (l — 1TA(1))' )
y 18a(T - T ) Y | J
Then Eq. (15) gives
(Ax) 2[4 4 L
§n_ = (2n/n) ———2—0 [E(w)] <“ ”———‘“">
X 183('1’ - T ) 3 3 1+ (TAw)z
/
dn_ = (27/n) (AX) IE(M)IZ K %- %' ——
y 18a(T - T ) 1+ (TAM)
(25)
ey ()
X | 18a(T -1y 1+ (raw)”
8 = (2m/n) ——(43—)——- |E(w) | ( Tee >
y 18a(T - T ) 1+ (TAw)

We see that each of these quantities has a substantial variation with fre-
quency at Aw = w - w' = 0.
For a circularly polarized strong beam, E(w) = E(w)é+, where é+ =

(% +i9)/V2, we obtain
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2 iw't + ik'z ]

(3), (ax) ‘e 1.1
P (w') = B (") (3 ——————~IE(>|
+ 182(T - T*) L (3 31 - ithe )
(26)
2 iw' t + ik'z
3, ., _(x) e 1 -_
LD 18a(T - T*) LE () (3 2 1 - 1TAw)|E( )l
Then Eq. (15) gives
on, (0") = 2—:———@)9——— EW|? §+-§—(—_l——)
18a(T - T ) ] 1 + (1Aw)
_Gn_(m') =21—(_AX_).____ |E( )I % +"2(____1__v_2._)*
lBa(T - T ) 1+ (tAw) .
27)
(S_K+(w":> = 2'” (AZ) IE( )I _;_ TAw 5
' lSa(T - T ) 14 (t0w)" |
s_(w') = 2 — 0% p?] 2 — b 1.
18a(T - T ) | ’l + (1Aw)

The linear and circular birefringences:of Egs.-(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 birefringence ffom a linearly
polarized strong beam will méke the probe beam become elliptically polar-
ized. We will now calculate the signal which would be observed in an ex-
periment for-thése 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 strongvbeams of general ellipticity. Wé
wiil define a phase shift ¢, such that é = 0 corresponds to linearly po-

larized light, while ¢ = n/2 corresponds to &, 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-

) = 3 ' + -k' .
ciple axes ofzéxij. For a probe beam f(w') =% E(wf)elQ t+i vz, the
- ikz

strong beam Lill be ﬁ(w) = [i//f + ¢ eié//E]E(w)eimt , and Eq. (16)

gives

B 2 jw't + ik'z ' |
P}53)((»,) _ (x)7e - !E(m)]zE(w') [%*f‘ﬁz(l _lim')]
18a(T - T ) o
| 2 iw't + ik'z | 1
P(3)(w') _(@AxX)7e . !E(w)le(w') [cos ¢(l + %‘("‘_—g__ﬁ))
y 18a(T - T)) R
. {s 1 :
+ i sin Q(g'ifjfﬁfaﬁj)]
(28)

This equation gives P(3)(w') at a specific point in the medium, in

terms of the fields at that point. We can use the EM wave equation to

(3)

determine the f field radiated by this P (w'). We start from the gener-

al wave equation

82 > 4 32 NL

E, , =2 —p ",

v xV X,E(w-’z)if (29)
c

where € is the linear optical frequency dielectric constant and where we

now allow the fields to vary in amplitude along the z axis. Assuming

that E(w') satisfies that slowly Varying envelope approximation13

-
]32E/322| << k|9E/3z|, and using V- E = 0, we obtain

2 41 ,(3)

c2 NL (LU',Z) . '. (30)

)
2ik? 5;~E(w',z) = (u")

. > :
This equation can easily be integrated to find E(w',z) for a given
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(3)
NL

larly simple geometry, with a sample of length £, and E(w,z)fz = ]E(w)l2

P (w',z). As an example, we will consider the solution for a particu-

independent of z. The signal is the part of the probe beam transmitted

by the crossed polarize*, so the signal intensity is proportional tb_

(-—2““")2221X(3) |21Ex<w')1zla(w>|“ (1)

2
. 1 =
'Ey(w ’2Z 9') I ne effective

where we assume IEy(w',z 2)' << lEx(m')l and where

(3) (A [ ( 1 1 . . 5 1 .
X o= * cos {1 + - T i)t 1isin ] T T o
effective 18a(T - T) ‘6 1 itAw 61 itAw
(32)
We then have
- ) \2 ' ) _
|X£2%ect1velz = o * COSZ oL %%. > 2.
_ 18a(T - T ) _ 1 + (1Aw)

+ sinZ ¢ g—g ————l——z (33)
1+ (tAw)

v+ cos ¢ sin oY B 1%.___1£&;__72 s
1 + (tAw)

which we have plotted in Fig. 1 for three different strong beam polariza-

tions.
As discussed in Chapter II, the nonlinear bolarization can be des-
. , . 14 .
cribed more generally from symmetry considerations. For w # w' and

B = & Ew),



P)({3)(wl) (3) LI wl ( )

= 6[X1122 tw-w) o+ X1212(“
(3 v o
+ X1221(“ =
3 ' 3 t ' .2 t
p}(, YW = 6[D) W =t v - w)]|E(w)| B ().

’

-
strong field E(w)

For a circularly polarized

/

(3) (3)

(3) 1y _ ot _ [ -
P+ (w )v— 6 X1122(w = w' + w w) + x1212(w =
3y -6 [<3) b= g _ (3) , .
BT T) = 6 xqppp (et = ut bw =) 4 xypp, (0T =
By comparing Egs. (18), (20), (28), and (29), we
3) 1 (ap?
XlZlZ(w' =w' +w - w) = 3 X % 1
' 18a(T - T )
3) 1 (an?
Xpa (' =" re-w =g |t
18a(T - T )
(3) 1 (0
Xpppp(0" =0 Fw-w) = |-
18a(T - T )
So we Have determined the frequency dependence of

(3)

pendent elements of the tensor X5 kl(w' =

w 1}\)

= é+E(w),

find

all

w' +w - w.

120

="' +w - w)

W't e - w)]|E(m)|2Ex(w')

(34)

w-—m)I[E(m)I2E+(w')
(35)

w -w)]]E(w)!zE_(m').

=
1 - ithAw
1
- iTAw] (36)
i)
1 - itdw ] ”

three of the inde-
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FIGURE CAPTIONS

(3) l2

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 =N2(¥2 - 1) (& = n/4), (c)

circularly polarized (¢ = n/2).
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3

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

well as the specific lager systems. Here,.I will concentfate on the
specific system used in my experiments.

In a laser cavity, oscillation can occur upon discrete longitudinal
modes, all separéted in freqﬁency by 8v = ¢/2L, where L is the length of
the laser cavity.b The number of modes N which actually oscillate is
N < Av/8v, where Av is the gain band width of the iaser medium; Simple
analygisl_s shows that‘thé duration of the pulses §t is limited to
St >11/Av. Frequently, researéhers try to obtain pulses which ére as
short as possible. In order to do this, they must use a medium with a
large Av. For example, in the orange regiqn of the visible spectrum,
pulses shorter than 0.5 psec have been reported with organic dve lasers. ’

If the mode-locked laser is properly adjusted, it will produce a
train of short pélses, separated in tiﬁe by 2L/c, one cavity round-trip
time. To obtain only one train of pulses, the laser must be operated
close to its 1aSihg threshold. Aiso, 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. 1In addition, losses must be avoided in the laser ca-

vity. To obtain the shortest pulses, all optical elements must be tilt-

ed at Brewster's 'angle.
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In our experiment; we did not want pulses shorter than about 1 nsec.

This was‘because our time resolution in detecting the optical Kérr signal
was limitedito several nanoseconds (see Chapter I1). If we used pplses

much shorter than 1 nsec, we encbuntered damage-problems becausé‘of the

high peak powét'of the laser. To obtain 1 nsec long pulées, we used one
optical element in the laser cavit& at an angle not equal to Bréwstér's
angle. This produced a loss of about 4% from each surface. Since the
'longitudinal modes_of the laser cavity afe standing waves, they each have
nodes and maxima at diffefent: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 L' ‘from one of the mir-

rors. .It~will produce. a maximum lpss for modes with v, o= név = (m +<%)(c/2L')
where Qn.is the mode frequency and n and m are integers. Modes with such
maximum 1oss will be spaced in»frequency by vaod = c/iL(L/L')/(l - (L/LY)).
This'ﬁill_tend’to Iimit the mode-locked pulses.tofa length &t > l/6vmod;
if the loss at distance L' is large enough to appreciably 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 aﬁeratﬁre A-1 (sée Fig. 1) of 2mm diameter prevented the reflec-
tions from the dye cell from'entering the ruby rod. 'The cavity length L
was about 85:cm} and distaﬁce‘betWeen the dyé cell and the front mirror

M-2 was about 75 cm, giving dva

od = 10 ¢/2L. This would tend to limit the

laser pulse length to 8§t > 0.57 nsec since the cavity round-trip time was
2L/c = 5.7 nsec.” In practice; we observed pulses with a duration of about

1 nsec.

Aside ffom_the tilt of the dye cell, the laser cavity was the same



as would be used for the generation of ultrashort pulses. The rqby rod
- was Bféwster—cut; and the mirrors were both fiat, with reflectivities of
997% (M-1) and 50% (M—Z).v To use the laser, ghe'cavity was first aiigned
‘ ﬁsiﬁg reflections of the He-Ne beam from M-1 and M-2. This was done with
only methanol in the dye celi, to check the ‘free-running lasing threshold.
This threshold was a sensitive indica;idn of how well the cavity was a-
ligned. Then the cryptocyanine was added to the methanol' and the output
laser pulse shape was observed using detector D (iTT - FW 114A photodiode)
and the scope (Tektronix 519). If the aye 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 tradin became shorter and ponsisted'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 threshbld; Also, it was sensitive to changes in the
room temperature, which could easity degrade the alignment of the mirrors
M-1 and M-2.

In our experiment, we wantea to use a single 1 nseclpulse rather than
.a series of sucﬁ pulses. Sovwe used a Pockels cell to switch out a single
pulse. Outside the iaser 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 bldcked by A-2. This was essential to a-
void feedback into the laser caviﬁy 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
léns into tﬁe spark gap.

The spark‘gap waS»used_to generate a laser-triggered high voltagé
pulse to drive phe Pockels cell.‘ Sugh,a laser-triggered spark gap is cur-
rently the best source of fast-rising high voltage pulses. -10 Geng?él
properties of these devices have been covered in a review article by
Guenther_apd_Bettis_.7 One elgctrqde of the spark gap is gonnected'to a
high voltagevpower suppiy., When the laser pulse hits the electrodes, it
ionizés some.of ﬁhe electrode surface, due to thermignic emissiqn.aqd ava-
lanche.breakdowﬁ. The_résulting electrons are acqglerated by the strdng
electric field between the electrodes, resulting in avalanche fqnization
of the gas. . AJhighly‘cbndgcting plasma fills the gap between the two elec-
trddés,;cbnneqting them electrically.

If thg spgrk gap is#optimizgd, it will swi;ch on e¥ectrically & very
short time after the arrival of thg lasg; pqlsg. The delay‘time will be
reduced if the laser pulse proﬁides a larger number of initial_electrons.
This will happen if the laser is focused to a small spot on the surface of
one eiectFode, rather than being focused at a point above the electrode
surface. Also, more initial electrons will of course be,créated by highgr
power laser pulses. The delay ﬁimg ha; been found to vary as exp (- P/PO)
when the lase; power 1is varied.‘_g’lO This exponential dependence,resulfs‘
from the exponéntial growth of the number of free elgctrons_as tbe plasma
expands to fill the sbace between the electrodes. Delay times less than
1 nsec have'been‘repqrted for laser“puise gnergies of 10 mJ.

. The delay time is also strongly affected gy thg_voltage_v betwegn the

two electrodes. The fastest delay times require that V be > 0.9 Vb where

Vb is thg sta;ic_breagdown threshold. 1In fact, experiments show that the
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délay time inCreéses by about a factor of 10 if V is reduced from 0.9 V

_ 8,10 T ' -
to 0.6 Vb. .

b

Our laser-triggered spark gap is of the design of Alcock et ai.g E-
lecﬁricéily, it has a 50 Q coaxial geometry. Ihe 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 fhé surface of the second
electrode (E-2). The space between the electrodes is fiiled with Argon
gas, which is known to produée low jitter in the sﬁérk gap delay timgs.
The rear electrode is held in a threaded sleave so that the distance be-
tween the two electfodes can be varied. The sleave is sealed with an o-
ring so that the Argon won't leak out.-

In our spark gap, the 1eakage rate of the Argon was quite low. We
used a pressure of 100 lb./inz; which we monitored with a presshre gauge
permahentiy installed on the spark gap. The change in pressure was negli-
gible over periods of up to 1 month if ﬁhe spark gap were properly assem-
bled. We used a bias voltage of 6 kV, and an electrode spacing of about
2 mm. The light was focused just at the surface of the electfode E2 using
the 2 cm lens. This focusing adjustment was quite critical to obtain low
delay time and low jitter. Since we had about 200 pJ per modeflocked
pulse, the energy density in the focus reached 200 pJ/(n X (10—3 cm)z) =
200 J/cmz, aﬁd the power density reached about 200 GW/cmz. This resulted
in good low jitter triggering of the spark gap. After a few weeké of use,
the electrode surface of E-1 would become pitted, resulting in less repro-
ducible operation. When this happened, we would replace tﬂis électrode.

When the spark gap started to conduct, a équare voltage pulse would
travel along the coaxial line to the Pockels cell. This coaxial liné was

terminated at the Pockels cell, to avoid réflections. The length of the
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voltage pulsé was determinéd'by‘the length of the delay line 2 befweeﬁ the

1 MQ resistor and the spark gap. The pulse arriving at the Pockels cell

haa a voltage V/2 and a duration 22. ’We'norﬁally used i = 2.5 nsec and

vV/2 = Vl/2 wheré vl/2 = 3kV was the half-wave voltagg:of our Pockels.cell.
Bgcause of the long charging time (RC >> 1 usec) of the spark gap, it would
fire only once ber moae-locked train.

By adjusting the length of fhe cable between the spark gap and the
»poékels.cell,.the Pockels cell would switch fhe golari;ation of only one
single mode-locked éulse."Thié single pulse would pass through P2, and go
on to the rest of the exberiment. The neutral den;ity filﬁers F were ad-
justed'so that’tﬁe spafk gap triggered just“befofé the peak of the mode-
locked train. Then one of the largest pode—lo;ked.pulseg would be switched
out by tﬁe Pociels ¢eli. In actuai use, we found this system to be a re-

liable source of singlé”l nsec long-ruby laser pulses.



130

References

1. A; J. DeMaria, W. H. Glenn, Jr., M. J. Brienza, and M. E. Mack,
Proc. IEEE 57, 2 (1969). |
2. P. W. Smith, Proc. IEEE 58, 1342 (1970).
3. M. A. Duguay, J. W. Hansen, and S. L. Shapiro, IEEE J.“Quant. Electron.
QE-6, 725 (1970).
4; R. C. Greenhow and A. J. Schmidt, Adv. Quant. Electron. 2, 157 (1974).
5. C. V. Shank and E. P. Ippen in Dye Lasers, ed, F. P. Schafer, Springer-—
Verlag (1973).
6. E. P. Ippen énd C. V. Shank ", Appl. Phys. Lett. 213 488
). |
7. A. H. Guenther and J. R. Bettis, Proc. IEEE 59, 689 (1971).
8. F. Deutsch, Brit. J. Appl. Phys., Ser 2, 1, 1711 (1968).
9. A. J. Alcock, ﬁ. C. Richardson, and K. Leopold, Rev. Sci. Instrum.
41, 1028 (1970). ' /

10. K. Schildbach and D. Basting, Rev. Sci. Instrum. 45, 1015 (1974).



Fig. 1.

'Dsjw%‘?ﬁffﬁu
131
FIGURE CAPTIONS

Ruby laser with pulse switching Pockels ceil. M-1, 997 dielec-
tric mirror; M—2,_SOZ dielectric mirror; A-1, A-2 aperatureé;
Pél,‘P—Z, Glan polarizers; D, ITT fast photodiode; B, beam split-
ter; W, spark gap win&ow; E-1, E-2, spark gap electrodes; G,

pressure gauge; F, neutral density filters.
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