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I. Introduction

' We describe some of the processes which occur whenhlight.
beams pass through material,systems.which'pOSSess’an intensity

;dependent;refractive indéx. These effects.include: self-

‘ trapping and self focusing, 1nten51ty-dependent blrefrlngence, '

'four-photon scatterlng, and inelastic light scatterlng (taklng

into account the flnlte relaxatlon time of the lnduced 1ndex
change), as well as self-lnduced dlstortlon of the amplltude
and phase of lnten51ty-modulated plane waves (w1th consequent
spreadlng in the frequency spectrum of the light). Since the

badeidth or the optical pulse.may’be substantiallv increased

due to the self-phase-modulatlcn process there is the p0551b1- B

11ty of’ obtalnlng subplcosecond pulses.

Such 1ntensity-dependent phenomena can arise from the
optlcal Kerr effect.. Neglectlng relaxatlon effects, thlS
dirgctly produces a nonlinear change in the optlcal refractlve
 index which.;s prdportlonaluto the intensity of ths optical
beam. Mostiof'the effects listed above havefheen sbserved
experimenfally for the optical Kerr:effect.' A simple model
( of the optlcal Kerr effect is obtained by con51der1ng the
orlentatlon of anlsotroplcally polarlzable molecules.:

Another source of an intensity dependent refractive index
ispfhe two step processninvolving-optical-rectificaticn and
its inverse, the linear electro-cptic effect. The influence"
upon the-propagation.and scatrerihg is more complex since the
dlfference frequency flelds cause a propagatlng change 1n the

optical refractive 1ndex. o




II. Stimulated Scattering Arising from
" the Orientational Kerr Effect

 We discuss stimulated light scattetingifor the case wh:re
the materielimechanism involves the orientational Kerr effecﬁ.'
The'orientetidnal optical Kerr effect arisesvfrom alignment
produced by the interaction of the eiectric field with'the
induced dipole moment of a molecule. The effect is particu4
larly large in liquids composed of anistropic molecules (such
as CsS; or Nitrobenzene);"‘ln an electric field E, a single

>

moiéeule is subject to a torque § = x P =F x (3*-§), where

Qi o 12

P is the induced dipole momentAand is the polarizability
tenser. ‘Thettorque‘is‘zero when the electric field is parallel
to a symmetry axis of thelmolecule, and the equilibiium is
eetable when the electric field is along the axis of highest
'polarizability tends to orient along the electric field.

: In finding an.equaiion of motion, one neglects nonviscous
melecular interactions except for the local field correction
due to the linear dielectrie censtant.- (More complicated
intermolecular interactions can produce an intensity-dependent
index in liquids of nominally isotropic molecules.) The equa-.
tion forithe average induced change:in the suséeptibility Ay
to second order in the field is given for ax1ally symmetric

2
Amolecules (Cs., nitrobenzene) by !

d(A ) _ _ éx ‘ ‘Zj . o . N ' -
.fﬁ?x—’ , T‘ + K E (2.1)
, , e '( T )2
Where KT = x( ) = IF = 2"0 = %g -'IlkT' . _N”' andﬁ

‘where T is the relaxation time associated with the randomiza-



tion of the hdlecular-orientatioﬁ after the"field‘is shut off
suddehly; _x(s) is the third order nonlinear Susceptibility,
éz and hg.afe'aSSOCiaféd with the quadratic contribution to
the dieleéﬁrié constant and index of refraction, respectively.

4

a.” and G.
pendicular to the symmetry axis, N is the number of moleculesv

are the polarizability components parallel and per-

per unitvvolume, k is Boltzman's constant and T is the tempera-

ture. In the idealization of spherical molecules, the‘relaxa-

tioﬁ time fvis approxiﬁately-given by'ﬁV/(kT) where 71 is the
viscosity énd V is the molecuiar volume. 'If:we éllow two 5
fields Eo:%%ZSOé_i&Dot—ES°?)+ c.c. and E = % S'e—i«D't_i";)f
and eb }>‘§(vboth polarized in the same direction to_inﬁeract,

we get as a solution to (2.1)

v : o _
R KT |& _I2 6:~k_€'e-1(q.r - Qt) _ v.
CAY = 3= ( g + =2 - c.c.)- 2.
. : 1 + i-Q’T _ B
S S |
where a’=vf' —"“ko and Qv='wp_.m°.

‘This susceptibility modulates the incident laser wave and.
scattered waves to produce a polarization:
£
= ae = E[1e 2 e 1%
RESEE = [ENRCRE =

( - -
-i wot - ko~r)

Ee

%2 -
€ €'e

1l+iQr

il (2K - K)or - (o ror)t] ]
+ : . ' : + c.c.

where E = E° + B ,

C

(2.3)

N




Let us concéntrate on the second term in the right-hand side

of (2.3).-_fhis term can react back on thé-wéves E’. The

power transferred/unit volume is:

a7 K 2, .12 __io?
€= B g =Re gl T gy

. -l-(a R a-L)Z

2 2 _ w’'QT
JEANEY

| T 45 2kT 1 + Q272
| o ' '
.
. Y- |
T at 87« T 7. 8w g (2.
g |
R j
Hence, the gain per unit length is:
no : 1 A (a'!! - a‘_l.) N IS i2 mrQr (2 .5)
g =< =5 = = —— ——— R
‘ F!Tg ,ﬂg c 45an° ol 14 Qz’r

Note that.wé'have neglected the last term of (2.3) which
cérresponds td anti-Stokes generation and is important only in
the near—férward_di:ections. The gain (Fig; 2.1(a)) is posi-
tive for Q~> 0 (i.e. for Stokes or down-shifted frequencies

from th¢ 1aser) and is negative for Q < 0 (i.e. for anti-

Stokes ér ﬁp-shifted frequencies there 1is absorption). This

is a geneféivpfopérty of stimﬁlated light scattering and reflects
the fac£ that étdkes shifts‘aie associatéd with phonon production,
leading;td’positive feedback, whereas anti-Stokes shifts areb
associaﬁéd:with phonon destruction, léading to negative feedback.
The croéSover point at Q = O, therefore, naturally has zero gain.
Anofhe:‘way of stating this is that as Q§ - 0, the "phdhoh" rate
of buildﬁp decreases proportionately. Also intuitiveiy obvious

is that,as @ >> 1/r, the molecules are being driven so fast that
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they cannot respond and, hence, cannot react back on the field
to producé;mﬁch gain and, therefore, we expect that g - O as

Q - . The gain reaches a maximum between these two extremes

at O = 1/t and one expects to observe gain narrcwing to pro-A

duce a sharp line at precisely Qié 1/Tr. This is invsha;p con-.
trast td_thé_spontaneous scatteriﬁg spectrum ske tched in |
Fig. Z.i'(b), which is centered at Q = 0 and ha:s Lorentzian .
wings.  These wings aré pfoduced-by kT-driven ar isotropy flﬁc-__
tuations'which decay wiih a time, T, thus modulating and scat-
tering the laser beam into a Lorentzian distribi tion.
Let-us_ﬁeturn £o the formula for the inducec polarization’
given by (2;3) and set 0 = O and add an anti-Stokeslwavé4 E”
given by |
(k7T - wre)

E” =Lere. + c.c. : ' o - (2.6) |

i

eyt =
Zwo w ®,

- s ,
where k” =v2k6-k' and o”
in this case, when Q = 0. Then (2.3) becomes

krlio 20 Jr2 o —i(K7T - wrt)
P= " |¢°| .'(Eo + 2E’ + 2E") + & &e T

e s i@ e L
+ &, €& e T+ c.e.f e (2.7)

Note the factor of 2 in front of E’ and E”. This represents

the phenomenon of "weak-wave-retardation". ThislphenOmenon

arises whenever a strong and a weak wave interact in a non-
linear material, and manifests itself as an extra slowing down
of the weak wave over and above that of the strong wave. From

(2.7) the strong wave is slowed down.by:



2
e l® | (s) el
(3) | _ X 2. 1Y! . _
Axsi:::'ong X 2 or Anstrong B 1€, = M2 (2.8)
The weak wave is slowed down by twice this amount- _
' o (3) _ ‘ . ST
Axweak IS | or An__ . = n, |€°lv | (2.9) _ |

_ ' -~ -
Thus, the relative index change, which lengthens |k’| and |k”|

is: 2 o
- (S)IE l v |€°| _ nzbovl
strong X ng __ 2 '4n° - 2

An = An eak - An (2.1¢)

Physically;vthis retardation exists because in additioh to the
overall index change produced by the strong field, there existsv
"a coherent}phast—gratihg'arising'from the beating of the strong
and weak waves. This Bragg grating reflects the stfong-wave
into the weak wavebdirection, inducing an iné?hase polarization.
Since this pclarization is‘ir rhase with E',vzt elowes E’f down
tﬁfbugh an index change Ah = nél&ole/zbas indicated ianig; 2.2(a).
The converse proceés.of_reflecting the weak wave into the stronc -
wave difeotion is'negligible (8 > €&, 8”) and thue the strong is
not slowed down any amount comparable to An. VNote that the Bracg
grating is shown at 45° for simplicity.

-Thlsvphenomenon.lmplles ‘that even in the absence of dispeﬁ-
w'sion, the weak wavee E’ and E” interact most strongly at a non-

v _ wq

sketched in'Fig. 2.2(b) where Ak = An = -

e 2
(1 - __o.%t_)kt = k

zero angle.eopt,

: ‘ [ —
'Hence,ekAc:e eopt = ko so for .small eopt’ ° |
or k'j—gggf = Ak from which we get: - , » ' , 3 9.

2} - (2k ;i‘_ _g)%_ <€2|€o|2 _ n2|€o|2 R o
opt — \ k) "\ ng/" 2¢ - "‘“"“‘v_no - -(2.11)

&
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At thls angle the weak-waves react back on each other so as to

'transfer power by.amounts.

4,‘ : X ()

e = -_E",jdgf_' = o7 Im (g e ey (2.12)
,.'x<a> . |
¢ = - B B -4y 0 In (s er*en™) R (2.13)

Equations (2.12) and (2. 13) show that if ¢ ¢', and ¢” are
the phaseshofieo, gz?‘and 6n respectlvely, -choosing

2¢° - ¢(-h¢ﬂ = /2, we}automatically insure the simulteneous

buildup of both weak waves at the expense of the strong wave

o
two incident laser photons scatter off each other and produce:

photons in k' and‘ﬁh'directions This. process is sometimes
called llght-by-llght scatterlng or four—photon parametric

amplification. To calculate the simultaneous gain, we set:

x.(s)

M
2 (G T
d .
N

Yoo ., o
o, Tg—legl ler] fer] = = 5o
: e , ’ g
o) o | (2.14)
)(~3 42 o ' €° len.l»
St LN I 0 B - By =
So by multiplying,toggther we get:
n ' ' o - nyle_| ' -
- =92 _ 27m_ (3)). 2 _ 2 %! - 2 .
g = N w, x el = n ko = Oopt  Xo (2.15) .

Thishgain is twice the maximum gain of the anistropy-fluctua-

tion scattering at Q = 1/7. For example, ng‘(é‘Kerr liquid

with'e =7.5 X 10 llesu) has a gain of about 10 l(Mw/cma);

2»

for the llght-by-llght process and half thls amount for :

E_. eOne,oan~state this process quantum mechanically as follows:

S N



11

anisotrbpy-fluctuétion scattering These values are comparable
to the stlmulated Raman and Brillouin galns However, since
llght—by-llght scatterlng involves no Shlft in. frequency, it
does not suppress .the gain for other processes by laser deple-
tion. In fact, 51nce this effect will produce self-focussing,
it enhances ‘the other gains. A typical value of 6 pt given for
Cs, is 2. 8 x 10 *rad per (M watt/cm?);5 - A more general treat-
ment ‘which includes both light-by-light and stimulated
anlsotropy—fluctuatlon scatterlng starts w1th lettlng three

waves E = E +E'+E”(E;E”<< E ) lnteract in the medium. As

usual we let:

L ,
E = ke.e ik, r - W, t) + c.c.,
LG T
Er = X% e'e ik!-r - oft) c.c. (2.16)
‘ 2’i(§b ‘r - w”t)
E" = % gre ° + c.c.

‘where;,thever,_We-make:the_slightly different choice for our

ke :. Lo (3)
" €
koa - = e _ 4ﬂ X - | &, | w, = 0,
T - 2
o ' (2.17)
B Y C)
k' - 2"9 o e le | o = 0.

For 51mp11c1ty we will neglect the frequency dlspers1on of the_

linear dlelectrlc constant. We also write a similar equatlon

for k#» . This is in order to subtract out_the.strong—wave retar -

_ dation common to all three waves. If we -had made an error -in
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this ch01ce, ‘we can always correct it by taklng €’ and &7 to

be e nﬁkz

in susceptibility:

Where as usual Q = o

Substitutirig the

equatlon, we obtaln.

2
- ’
kx g

kx 6”

where we assumed that er,

n 1P
+ 21sz

- 21k

e 1Ad

z

" ag"
Z 5

- 411'

2c

which is slowly varying.

These waves produce a change

. (3’ 2 & [ 4 -
X . o - ~i(g'r - Qt)
Ul +1r g e |
| (2.18)
e.cll* .(—-).—’ Qt) ’
T e o + c.c. }
' B T - -
o ‘(D_l = " - W, and q» = ko - k! — k” —.ko'

resultlng nonllnear polarlzatlon into Maxwell s

(2) ’ | .
X 2 2 2 *}____]_'_._.
2c ® '{lsol &+ % en 1 + iQT.
| (2.19)
( ) 2 % %2 | |
e 1
- —__. . P\ eee——
ar W Usbl e+ e, a}];+ —

z, the dlrectlon of propagatlon of the strong wave

&" are slowly varylng functions of

-

~We allow

for weak-wave retardatlon by allowing for a nonzero Ak (see

Fig. 2.

2(b))

Let us deflne e

kx/k as our independent vari- -

able (we expect maximum lnteractlon to -occur. and, hence, maxi-.

mum galn when 0 = 9

latlon).

.
€

4,5"*

(z)

(z)

opt’

and this ‘should come outvof the calcu-

8"

iyz

' . *
Also, our ansatz for the behavior of €’ and &7 is’

(2.20)
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» where Y 1s complex (the real part being the effect of retarda—
tion and the 1maglnary part being the galn) ‘ We shall also
assume k"— k”-— k, and o’ —-w" 3‘m° since the scattering is
almost elastlc and no dlfference terms appear in the ccupled
>equatibns Hence, we get from putting the ansatz 1nto the

coupled equatlons,

(3)

2 o Yver - X2V 2,21
(‘92 2 ko)g' = »4’" 3 ee {I 80! g'+go er T o
' . '2.21)
) PR
e 2 e - 52 et et
or multiplying together
' : (3) el | 8 e ]
00 - 2 X > 2., 5 oo X o
' e 2 2.22)
= Zw'X(S)' -'|€O'l: N
- or o -
' ' (2 .
4 () Je.| .- .
8 4ﬂ§ - Trmr 6 -4 (*%‘ ) = 0
.o 1 « TN B ) ,:' T,”v . . _O?'
Hence,
- o ) * . ;5
+ EQ [a) 92_ 471X (3) leo' .
Y T2 . ce o

The power gain g = -2.Im y_ = —§~
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2 ‘ o l
a= 62 - —42—9555' and b = 292°pt~———QI;~; . This ga:n is
l+Qr 1+ Q%+ L
sketched in Fig. 2.3. o _ o o
The max1mum ga1n occurs at 6 opt for Or = 0 and as ve nofed
prev1ously, thls galn correspondlng to the degenerate <Q'= ¢)

llght-by-llght process is twice that of the 1ne1ast1c maln

maximum (QT = 1) for large angles

}:v - . ] |
. - -koe (1 e opt )
Yo T T T 72 )

6" (1 + iQT)
and
(large“angles, = -2 Im “-— k 6% ———QI-—; - (2.24;
= g . o . - T 7‘1f o” opt 1+ Q?T? e

whichlchecks’with our‘preﬁions'expresSion»for stimulated .
‘anisotropy-fluctnation gain. 'This7process is related to se f-
focussing-andfselfatrapping inbthe‘following qualitative Way;
garious spatial Fourier components of the beam scatter into

components at larger angles and thereby decrease the beam

- diameter. For a Gaus31an beam of diameter, d, we know that

k = 2/d is the cutoff Fourier component. In the limit
X max _ . X o
IS | - o, the~gain at this component is g ::v_gsﬂéé v2 6 opt

If we set this equal to the inverse of some characterlstlc
focuss1ng length zf, whlch clearly has the phys1ca1 s1gn1f1-
cance as the dlstance 1n whlch somethlng has happened to

- diminish the beam diameter, then

' ' 2 - 2\
LN Y LN
deq T2 -2no

ola,

zf - ;(2.25) :
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In fact at thie distance, the beam focusses down to a singu-
laritygswes'can be seem from the following reasoning: as a

beam proflle enters the llquld it produces an index profile

(since Ana lnten51ty) which mimics the effect of a lens. 'This-e

lens is convergent 1f n, > 0 and proceeds to produce a shorter-*

focal length lens, etc. as' 1nd1cated in Flg 2 4 (a) g Thls’

Aprocess leads to a singularlty, as verlfled by machlne calcu—f"

lation. ThlS sxngularlty is called the "selr—focu551ng p01nt““

or "flrst-focus" Thls dlstance from the cell face, zf;.at

which thié’odcurs can be estimated from the following qﬁalfta-"

tive argument: consider what happens to the two rays (1 and 2)

of Fig. 2.3.
" The index.differs by an amount An = n2|€o|2/2‘f0r rays 1
and 2 and produces a focus in a distance g, from the initial

boundary ofdthe medium determined from Fermat's principle:
ndl= [fnadl o (2.26)
path‘l path 2 |

where we heve assumed the initial phase fron<ts to be plane.

o o _ 2 ‘
Using the fact that s = zf2+ lidlvg zf(l + d 2% we obtain
_ , 8z
' £
. . d2 .
(no + An) Zg = NyS =Nz (1 + ) (2.27)
. R 8z
n % '
or . d, o o - v _
2e = 56GAn) o B ' (2.28)

which d&i ffers from (2.25) by a factor of +/2.
Self-trapplng occurs when we distribute the Fourier com-

ponents in such a way that - these components llght-by llght

scatter self-con51stently to reproduce the same dlstrlbutlon
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of Fourier components except for a phase Shlft .Whlch corres-v
‘ponds to an overall slowing down of a trapped lnten51ty pro-
file. Qualltatlvely, this occurs when 6 pt'_ 1.22 x/d,whlch
1eads.to the correct self-trapplng threshold. Another simple-
way to describe self-trapping is that the ;ntensity—depcndent

index,changehcauses a critical angle to develop

crlt nol+ An
: gé :
1 - “"35"& =148 . (2.29)
. : . n . ‘
or SRR L e
: ‘ ' ]?Flt Bo. "o
Notlce that ecrit =.eppt.although physically they correspond to

surface and volume phenomena fespeCtively. Self-trapping occurs

1.22)2 .

when the dlffraccion'angle ediff = nod —'”ecrit‘ Thus,
thefe;exists a. power threshold:
S, > i 22* 2 o | |
Q. ) ¢ _
P f No 8 Bn leol ﬂd - 1zsn2 o , ' (2.30)

Note that this is avpower threshold, not an intensity threshold.
This occurs because . if one decreases the beam diameter to
increase the beam intensity; one has a compensating effect of

increased beam diffraction and the two effects balance. A

machine calculation of the correct intensity profile which will

propagate w1thout change except for a phase change, ylelds a
AN

threshold very close to the value given by the above argument.

Furthermore; the machine solution states that the phase chenge

is of an amount
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3 |  ;,__ . S S
Tk e e | ) 5
eff ko \o 9.72 ‘
Associéted with self-trapping are the phenomena of self-
phase modulation. and self-steepening, in which a pulse of

light, due to the fact that its intensity and, hence, its

- index changewfariés with time, undergoes a modulation of its

phase (i.e. frequency modulation) and a distortion of the
intensityvenéeloée (i.e.’its peak travels slower than its
skirté), éVenﬁually leading to a "shock" involving an'infinite
slope.in the pulse shape. We ﬁill discuss the self-phase

modulation in the next section.
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III. Kerr Effect Self-Modulation |

vThe'éropagation of . optical pulses and othef complex
wave forms through media with an intensity-dependent index of
fefractioﬁ:resﬁlts in both a self-steepening of the envelope
and abphase perfhrbation driven by the nonlinéar dielectric
change (whicﬁICan be called self-phase modulation). These
pfocesSes, pértiCularly that of self-phase quﬁlation, produce
sidéband§7fWhichvhaVe‘been observed®1° in the frequency spec-
tra of small scale trapped filaments of laser light!?t.

‘The dharacterlstlcs of the light pulse propagatlon are
based upon a travellng wave equatlon obtalned from a Fourler

analy51s of the wave equatlon, using a general approach in

which dlsper51on is easily included. If the electric field is

spec1f1ed by E(z, t) = % (8(2 t)e l(k z-o t) +‘c.c.) » k,j and o,

belng the carrier propagation vector and the trequency, one
obtains the follow1ng complex propagation eguation for the

electric field envelope12

o+ é- * ' ____é;; 33 [ YSP .
(ks §e)ewn - ae - x(d - 231800 0] o

whé:éfag“is_thé nonlinear change in the dielectrid coefficient

which is assumed to be much less than 1.
- We concern ourselves with Kerr liquids, for which the
nqn-linear-change infdisplagement,AéD, can be written in thef

form
5D(t) = 6e (E)E(t) L (3.2)

where §e(t) iélthe intensity-dependent part of the dielectric

coefficient given by (2.1). Since 1/ is much less. than opti-

cal frequencies, molecular orientation cannot respond to opti- ' -
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cal‘variations in the torque resulting.from the applied eiec—
tric field and the indoced molecular.dipole ﬁoment.. Conse-
Quentiy,_ée effectively responds only-to'the part of»E2 which
doesdhot-vary~at'optical frequencies; For CSZ the value of €o
which is defined after (2.1) is about 7. 5 x 107" esu.

 The effects produced by the propagatlon of a pulse

through the medium are 1nvest1gated prlmarlly ‘through spectral

anainis. 'The'relevantvpower spectrumtas observed is given by

| 50.0) = £ Re (£(@.0) e (Q,0)) = & Ve le(o,cz)l (3.3)

~in whichf&(Q,Q) is the Fourier transform of the envelope €(z,t).

e@o) =% [ a [ at elz,£)et 0z At (3.4)

For distances which are_very_short~compared to the shock dis-

-tanCeia.fthe self-steepening of the envelope is not appre-

'c1able " In thlS case the spectral development is almost ,

entlrely determlned by the phase dlstortlon wh1~h obeys

w

o) o) : ‘
(Je + ~a—-) 5¢p(z, t) = ‘2€° de (Z,t) (3.5)
where 66 is found glven as before by (2.1). The complex

.amplltude, €(z t) has-been expressed as a(z,t)eflé¢(?’#) where

a(z,t) and é¢(z t) are real.- If we assume a? to have a fixed

shape for all z, and assumlng 6¢(z = O, t) = O;'a¢ becomes

t (-t )/

56 (z,t) = o [ —

~oo

laz,t1)/a )2 atr . (3.6)
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We define‘thefphase peremeter a to be k0252502/4e°; in which

a 2 normalizes the initial intensity variation to unity.
o . - .

The mefhods of stationary phese applied'ﬁo Eq. (3.4)

show that the frequency shift is approximately given by (mlnus) “

the time der;vatlve of 6¢. Thus, the slope of the phase curve
determines,*to an important degree, the Fourier component
aSsociatea wifh‘thet‘part of the pulse. There are generelly'
two points in the phese curve with'the same slope and, as
Shimizu® has pointed out, the corresponding contributions can
interfere constructively or destructively depeﬁdiﬁg on whether
thef aiffeiAin phase by an even or odd multiple of n. It can
be shown that the maximum number of 1nterference peaks is
a/2r. Whlle the phase development is very 51gn1f1cant we also
must consider the shape of the envelope since the degree of
1nterference w111 be determlned in part by the amplltude ratio.
Furthermore, the rate .of change of slope of the phase w1ll also
influehCe'the size of the contributions of each region.
The7aQWnehifted part of a filament spectrum is shown in
Fig. 3.1:' ¢urve (a) of Ehis figure shows the'thepretical_self-
modulation;obtained by Cheung, et al’ from Eq. (3.6), when
T =‘0. The optical wave envelope, a?(z,t) is assumed to possess

-1

a weak modulation at a frequency o = 2.5 cm This envelope

is/independent of z since self-steepening was ignored. In com- -

parison, curve (c).indicate; the self-modulation obtained when
T = 0, assuming a Gaussien envelope, az(z,t); of full Qidth
7.4 psec. Pulse distortion is taken into account but has
little effect on the'speetrum in this case since thevdistance
isvabout l/100 of the shoek distance. The eurvesvefvboth ‘

Figs. 3.1 (a)and 3.l(c)fi£'the exper imental spectrum (curve b)
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of Cheung et al” for CS:.

It is ev1dent that there is llttle dlfference between

“the overall spectral development for a 51ngle pulse and that _e

for a 51nu501dal modulation whose perlod is of the order of
twice the width of the pulse. The spectrum for the sinusoid,
however: doee possess a discrete underlying structure Whose
éomponehte e:e spearatedrbycus, in contrast to the continuous
spectrum fdrbthe pu1se. A libration effect arising from an |

osd llation of the molecules_about'the electric field has been

suggested7 as a model giving rise to a sinusoidal modulation.

ExPeriMentelly there are a few cases which show fine structure,

possibly due to sinusoidal modulation.l!s*There is apparently
no fine structure associated with the largest frequency shifts
| cbntrary to whet is expected for pure sinusoidal modulation.
Variation in'moduletion frequency might blur out the discrete
spectra in the region of large frequency shifts. The finite
‘filament lifetime; if it isvonly a few modulation cycles, can
also'lead‘toea blurring of the fine strudtufe,

If the spectra arise from pulses of ‘the order of ten

picoseéonds;'the origin is still uncertain. Spectra with the

ahove chefacteristics have been_ebserved in experiments using
.laser pulses at least as long as lOb psec. We, therefore,
vinfer thaf.pﬁlses of this length, if present, are formed in
tae liquié.: Nevertheless, Ehe‘initial time structure of thév
laser is important since it plays a role in the nenlinear -
processes, including self-focusing.

. : \
The self-focusing process and stimulated scattering

might give rise to trapped filaments whose tempar al extent is

of the order of one to ten piCoseconde}{LMarburger and

4
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Wagnerﬁs'have pointed'oﬁt that a pulse will become shortened
in time as it travels from the cell entrance to the shortest:
self-fdcusing7poiht in the beam. This process of chopping
the wihgs'ofsthe pulse should continue until_its.width is the
order of the relaxation time for orientation.® This process
can'also turn a smoothly modulated signal into a series of
short pulses,lﬁhich would have a spectrum exhibiting fine
structure at the-modulation frequency.' » |
Stimﬁlated scattering processes, for example'Brillouin
3cattering'in'the backward (opposite to the laser beam) direc-
_tion,,couidilead to a shortening of the self-trapped light:

pulse in a filament. This shorténing would continue until the

~gain dropped.to.a low enough value to cut of f the loss due to

stihulated‘scattering.’ The Brillouin gaiﬁ in this region will
take on trahsieht character .!»'®  The transient gain exponant
can be given by. i‘:
G =j.329729 T -.; : o (3.7)

- S B |

Here 9o ishthe_steadyistete gainiper ﬁhit length T! is the
éhonon reia#ation time, v is the velocity of lightv and Tp is
the pulse*Iength in time. Note that g_ « 7': therefore, G
does not depend on 1. In smell scale filaments 9o = 104cm;l,

T! = 10” sec and assumlng G < 20 for the 1nstability to be

: 1neffect1ve, we find T, < 25 psec.'

p.
From the above we conclude that pulse envelopes whose

widths are , of the order of the-relaxation,time orvless in-

extent may result from the self-focusing process or'from stimu-

" lated scattering processes occurring in the backward direction.

- In such cases the lagging edge of the ‘phase, 5¢(z t), Wlll pos- gv

sess an exponential tail with a decay time equal to the relaxa—
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tion time,T; Since this portion of the phase curve determines
the upshifted Fourier components, we can immediately conclude
»that these'components will be most affected by the.relaxation.
Figure_3.2*fa) shows a-computer calculation of thevpuise devel-
opment at;two distances including the effect: of relaxation,
while Fig. 3;2 (b) shows the phase development at the same dis-
tance (the“initial phase was assumed to be zero). The relaxa4
'tion time is taken to be 2 psec corresponding to CSé.

| The_frequency'SPectrum corresponding to a propagation’
distance given by a = @, (Fig. 3.3) and illustrates the influ-
enCeaOf relaxation, which is particularly no:iceable on the
anti-Stokes“side._ Of the‘two contributions ‘rom the envelope,
a(z,t),'to any upshifted Fourier component, the one nearest the

oo valhawm - -~
A 3%

~ 77
dae Cuwio waallas 7 (T

. o : P
since the other contribution will be out in the exponential

tail of the phase curve where the envelope is smaller. Thus,

the 1nterference pattern shows less contrast for the upshlfted'

part of the spectrum. However,.asvln the case when T << Tp,
this interference effect increases with increasing'upshift,
since the:ratio‘of the»two.envelope amplitudes determining
each frequency component tends to one. | _

In contrast the entire Stokes spectrum exhlblts a pro-
nounced lnterference effect similar to that observed when ,
'T K T .We‘also notice that there is a compression of the
frequency spectrum since the helght of the phase curve is
decreased due to the exponential tail.

We also see that the total intensity of the anti-Stokes

components is less ‘than that of the Stokes side due to the

phase delay and the exponentlal tail.

A
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The:relative importance of the above effects depends
upon the detailed shape of the pulse and its length with respect
to the relaxatlon ‘time. However, many self-modulated filaments
display the type of Stokes-antl-Stokes asymmetry 1llustrated in
Fig. 3.3.9 1,14

vVariation in observed spectra could be due to variation.
in pulse shape. A Significant”fraction of the filamehts observed
by various authors show weak upshlfted wings which are more ex-
ten51ve_than the intense downshifts. Such spectra might arise
fnom pulseshWhose tails drop sharply. Stimulated scattering in
the backward:direCtion as well as self-steepening would produce
a sharp tail. Noncollinear gain effeots,'not included in the
present plane;wave calculation, will also have an effect on
aSymmetry;"ft has.been shown that relaxation inhibits but
does not prevent the steepenlng of the envelope and the
bulldup of the-phase. If llfetlmes and propagation dlstances
associatedlwith the filaments are great enough, dispersion will
uitimately‘beoome inportant, provided other spreadino mechanisms
are negligible;. | |

Flgure 3.4 (a) shows an. experlmental spectrum taken with a
mixture ofgtwo-thlrds ng ‘and one-third benzene by volume. The
spacing of the peaks close to the laser was about 3.5cm . A ye‘
similar spectrum was - obtalned theoretlcally (Flg. 3.4b) u51ng
a Gau551an pulse of width 5.4 psec and ‘a relaxation tlme of
9 psec. 'Perhaps the CS, orlentatlonal-relaxatlon time is
altered by the.presence of'the benzene. Deviation’from Gaussian

pulae nhapeumight modify somewhat the parameters used,



30

€ . . \6.

L .....mwa. = p pue ‘oesd ¢ jJO HWTIJ uojIBARV[OX ¥ ‘oes8d p°G YIPTM
3o o.,,;n ueyssnep @ Buisn 373 T®OY10I02y3 puw wnajzoeds Tejuswiasdxg ¢ Y3 ¥

BRI
; g " (Y) SHLONI3IAVM -

© 000L , : 0869 0969

7E
(34
(4]
4
T
ALISNILNI




: - 31

IV. Electro Optlc Self-Phas. Modulatlon

Optical retlficatlon and the electro-optic effect can
combine_to}glve selfephase ‘modulation and pulse distortion.
Optical rectification was first observed by Bass, et al!® and
difference_frequency generation”® as well as the production
of millimeter'waves by optical pulses have also been observed 2
We will discuss the reacticn hack of the base-band (or rectified
field) on the"optical field. This phenomenon differs in a number
of slgnlflcant ways from Kerr effect self-modulation and envelope
dlstortlon - We show that a) an effective 1rtens1ty—dependent
refractzve 1ndex change of elther sign results, suggestlng the |
-presence of elther or both self-focu51ng and defocu51ng, b) a'
novel spectrum of self-phase modulatlon is generated c) non-
'llnear pulse dlsper51on and self-steepenlng occur, d) new types
01: both stlmu.l.a.tea and spdntdneous iight scatterlug aind i1igui-
-by-llght scatterlng arlse. All these new. effects are a gener-

allzatlon of processes 1nvolved in parametrlc ampllflcatlon and

upconver51on,22 in that continuous sideband generation on both

sides of the pump frequency occurs.

Thebsiﬁultaneous reCtification and time-distorticn of an‘
optlcal pulse ‘can be studied most sxmply for colllnear propaga—
‘tion of the rectlfled and optical fields neglectlng the radial
 profiles of both. For optical pulses longer than a few wave- -
lengths the rectified field can be adequately described by a
- scalar wave equation. This is coupled to the 0pticel fieldv
vthrough the/portion of the'ncnlinear polarization prcpcrtional-

to the-optical field intensity so that

(b_i_isbi_ Fzgmf—_ee* . ‘»("4.14)
azg c25t2 c2 Jt=a2 .
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Here X is thé”effective value of the electro-optic coef licient
appropriate for the particular direction of field polar_zation
diose, es.ie'the effective static éielectric coefficien:, and
erthe complex amblitude of the optical pulse as defined in sec-
tioh 3. | | |
Through the ‘electro- optlc effect the induced field F
produces a change in .the dielectric coeff1c19nt of the medium
which is glven by Se = anF. For intense shcrt pulses, the
‘resultant contrlbutlon to the polarlzatlon varying at the
optical frequency can cause 51gn1f1cant phase and amplltude
distortions in the optical pulse. Such changes are goverened
by the same approximate complex traveling‘wave equation for
C employed for the Kerr effect’modulation,xEq; (3.1). The
imaginary term, on the’right-hand side of (3.1) which provides
the primary»COntribution, gives rise to.a»ph&se'change across
the pulSé;"Whereae the remaining-two-terms»effecti?ély'aescribe
the influence of the nonlihearity upon the shape of the pulse
envelope{ | |
'Ifothetlast two terms of (3.1) are neglected, only the
phase of the optical pﬁise'is affected by the rectified field
which is generated. For this approximation, which is valid
.for short propagation distances and relatively‘small nonlinear

ax i : i -2 - <
changes, SSA is ohly. a fuhctlon of (t vo) . where Vo = Nz

is the linear speedvofvthe'optical pulse. 1In this case the
rectified field is excited by a phased array of distributed

dipoles whose'frequency spectrum is not varying with distance.

The calculation of the field thus reduces to a problem of llnear-

radlation theory Choos1ng z e 0 at the 1np1t boundaryvof a

crystal and assuming normal 1nc1dence of the waves, it can be
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: verified‘that’the following solution satisfies (4.1)

_ 41 r 2z
F(t,z) = - R, P(t-+-——) for 2z 0,
,v €sg v€o ' v; :
(4.2)
=——£’-F-——-— -P< --g—)-FT P( ——,—) for z > 0,
€s "~ €o o s
v *'c. R , ‘ _c_ , \/E:o,-i-\/e;
with v_= —— and v/ = and where T, = — =7 and
8 Jeg s JEé ‘ V@ + ey
Ve, —Je Ceeae velv v
Rl =J + Je:' . €g and €f are respectively e

"static" dieleétric constants inside and outside the,crystal.
We assume throughout that the crystal is antlreflectlon coated
at the optical frequency. _nere, P/t - ——} is the dlpOle

moment per unit volume, whlch for the electro optlc effect is

ol el 2)"

Many'ferroelectric Crystéls;rsuch as Berium Strontium Niobate
(BsN) , ,haue large'1ineareeiectro—optic'effects:assooiatedpwitu
exrremely_iarge static dielectrio constants 25,26 ,For these o
materia;srthe rectified fields generated on the inputhurfece
and the bulk of the crystal‘are given directly by Eq. (4.2).

Oniy the'forced're5ponse to.the driving nonlinear'polarizétion

travels with the optical pulse.  For distances larger.than

2 _ _ . '
Vo TE' - the homogeneous response is delayed significantly.
Vo " Vg’ ‘ '
If ¢_ is chosen to be equal to €% -this.portion'of the reoti—‘

fied fleld crosses the boundary w1thout reflectlon.‘
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:Thefresultant‘influence upon the optical pulse i: very
.‘similar‘to_that_obtained from the Kerr effect but with a nega-

tive value for the Kerr coefficient. The phase change across

»

the pulse after propagating through a crystal of length, L, is
given by [ | |
56 = - 7%’—:—; WP (-L/v,) ¢+ A0 (4.3)

where A} is the small contribution arising from the forvard
propagating homogeneous rectlfled pulse as well as reflectlons )
from the boundarles of the crystal ~As before, for crystals
appreciably larger than the pulse width this influences the
~ phase only on the low intensity tralllng portion of the 1nten—
51ty proflle and consequently can be neglected. 1In contrast ’ o
to the optlcal Kerr " effect the leadlng edge cf the optlcal .
‘ pulseeis frequency-upshifted and the ‘back edce is downsh1fted.2+
The‘power‘spectrum»in the absence of dispersion is-symmetrical
and ident{cal to that obtained for the orientational Kerr effect.
in the 11m1t 'of a zero relaxation time.® 7;9': | |

The most 1nterest1ng s1tuatlon arises when the optlcal
v pulse_w1dth‘vdrp and the coherence length Vo'T /(v -v ) are
h respectiVeiy much less and much greater than crystal~length L.
vGaAs is an example of a material for which the coherence length

Y
w1ll bevofothe order of centimeters. Both the homogeneous and’

driven rectified fields within the crystal then travel with the "
optlcal pulse and a resonant 1nteract10n occurs. By expanding . - .
the second term of (4.2) into a Taylor series about (t - z/v ),

the Bingularity is eliminated and one obtains a finite field,

~a portion of which is linearly increasing-in z.
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F(t,z) -=.

R (JE +}J€5) P(t + z/vl) for 2 < 0 |
(4.4)
- :/-,2—{ oP Z/V ) mp(t—Z/Vo)}for Z > 0.

This SLtuatlon is analogous to the resonant excitation of a
simple harmonlc osc111ator as is readily appzrent for a. purely )
sinusoidal lntenSLty modulatlon 24 ‘The linearly 1ncreas1ng
solution then dlsplays the usual proportlonallty to frequency
and 90° phase Shlft w1th respect to the modulation. In thls
context we note that the hlgh frequency components comblned
w1th the h;gh intensity of ultrashort»pulses should greatly
enhance the amount of rectification'which can be achieved.
Theffields subseéeent to a reflection from the outpnt
boundary'of.ﬁhe crystal are obtained by the nsual continuity

requirements. .28  When 6; = eé the results are particularly

‘ simple. The portion of the field represented by the first

tefmyof'(4.4) is transmitted while that represented by the

third is reflected from the output boundary. In Fig. 4.1 (a)
these general cheracteristics, which were obtained by sol&ing
.(4.1) and (3.1) numerically, are illuStrated for'the:case of
propagation tﬁrough an electro—optic material 12 mm in optical'fv
length, heying €g= 5 end an.electro-optic_coefficient of

2.0 % lo*éesu. The initial pulse, which is assumed to be a
Gaussian with.a peak intensity of .25 gigawatts/cm? and a full
1 _

< width o of 20 psec., displays little distortion and, at the

time shown in Fig. 4.1 (a), would be centered on the right-hand

-rectified pnlse. The pulse reflected from‘theyoutput boundary
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has also pfopagated out of the erystal and lags the first
pulse traveling in the backward direction by a distance of
2L. Since the forward propagating rectified pulse exhibits

essentially'ene cycle of oscillation over the_ﬁidth of the

-1
(Fig. 4.1 (b)); this spectrum could be significantly narrowed by

~optical pulse, its spectrum is broad with a peak at 7

using mode-locked pulse trains in which successive pulses are
separated by the pulse width. The two backward prdpagatihg
pulses whieh’are spearated by a distance of 2L, each possess
the sPectral shape of the optical intensity profiie. Inter-
ference between the two pulses results in a shift of the peak
of the spectrum from zero towards (v /2L)

The phase change produced across the optlcal pulse by
the rectlfled field of (4. 4) is determined by lntegratlng (3. l)
Slpce we have}assumed d;stortlonless propagation, the last two
terms of Eq. (3 1) are neglected and the electric.field.is‘of
'the form.€‘ va[(t—z/v )}e15¢(t z) where the real amplltude a,
can be treated as a constant w1th respect to the 1ntegratlon
Using (4{4)_;n the expresSLOn for 6¢, one obtains

-4Doﬂ2XEP(t-Z/VO) é. Zwoﬂz P(t-z/vo)

8¢ (z,t) = - - | — —z" - : z + A¢ (z,t)

o

(4.5)
The'thirdtterm arises'ffom~ghé portion'of the rectified field
which is_reflected from the output boundaryqinto'the backWard.
direction. For crystals which are longer than tﬁe pulse width,’
this only centributes in the low intensity region on the't:ail-e
ingvedge of the optical pulse and hence is unimportant. sit is

this contribution which is responsible for the tail on the phase .
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curve'ovaig.lé.l (C)} which begins to taper off at.a time 2L/u6,

the time at which the.reflected“rectified field begins:crossing

the'inpdt-boundary | | | .. |
The frequency Shlft for any portion of the optical pulse

@, 10, 12

is given approxxmately by g; 6¢(z,t) Assuming a

crystal’longerithan the pulse width, the‘contribution quadrati-

cally increasing in z dominates. Consequently, thevwingspof

the opticalupulse are upshifted in freduency whereas the central
pbrtionvexhibits a downshift. Thevresultant'power spectrum,
which is roughly proportional to |6-(Q)|=2 is shown in Flg 4 1 (d)
This is in contrast to the behavxor of the Kerr effect for which:

12 and experi-

a linear distance dependence-is predicted '°,
mentally verlfled The resultant Stokes spectra are quite
similar; however, the anti-Stokes shift for the llnear electro-
optic effect'contalns eddltlonal 1nterferencetwh1ch is not pres-
.ent~for'the"quadretic>KErr effect. Thls oricinates fronbinter-
ference of the four localized”portions'of the pulse profile
exper1enc1ng approx1mately the same frequency upshlft  An
overall interference pattern 51m11ar to that obtalned from the
Kerr effect is produced by the.lnterference w1thln either of
the two upshlfted reglons whereas the super inposed flne struc-
ture arises from the cross-lnterference between these two
regions . The separation between the interference maxima of
thls fine structured region is approx1mate1y the inverse of

the optical pulse width. Experimentally, the presence of such
a fine structure would be strong evidence for the presence of
‘millimeter radiation genereted by the rectification process.

2
For the intermediate case Vo "p__is of the order of the

V. -
(o] vs
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cryStalviehéth: thevhoﬁogeneous:and forced responses‘to the
§oiarizatioh, then combine to'produce a spectrum hetween_that’:
of'Fig.h4.lf(d).and Fig. 3.1. waeuer, for such a‘situation
the homogeneous rectified fields partially reflected from_the
output boundary could also significantly alter thedphase
chenge, and hence the opticalrspectrum.

| We hevevalso investigated the'pfopagetion characteristics
assumingvctYStal lengths'audvpulse characteristics such that'
the optical pulse shape would;distort'sighificantly.__Although
(4.1) and:(3{i) were solved numerically, the envelope changes
are more ttahsparent when considered in terms‘of the internal
energy-aésociated with the optical field,‘p = €& (1 + ée)S*/Sﬂ.'

This energy'profile, which is independent of the phase of €,

de
as wellfas through a nonlinear energy conversion stimulated by

distorts both through a nonlinear change in velocity, -c

the rectified field whlch is generated The latter is given
d(6e/2e,) =0

by -p ——~SE———- . The 1nterna1 energy associated with the-
97 FPeg

' rectified field, 16n obeys a simpler equatlon in which the

only nonllnear term is that which descrlbes ‘the rectlfled field

Ze ot .
.Before a 51gn1f1cant amount of distortion takes place

generatlon,v'-

for es = €45

F is quite accurately described by Eq. (4.4) in

which-the term proportional to z eventually dominates for crys-

tals much longer than the optical pulse. The nonlinear velocity

chenge'is roughly zero in the-center of the pulse.
Consequently, the stimulated energy'converSion which

is proportlonal to the second time derlvatlve of the 1nten51ty,

domlnates and is such that there is a decrease ln the inten-

sity. The peak decreases to about 1l/e of its 1n1txa1,‘
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value in a distance 24 of about 2cT /A where A is the maximum

value of '[§4ﬂx)85*-]!5 at z = 0, and Tp is the pulse width.
’ C . € .

o
In order to ¢6nserve'ehérgy;,this decrease must'be associated
with an‘inéﬁeése in the rectified field-enérgy as well as a
growth on.the-Wings of the optical pulse, thch implies that
the puiSe disperées nonlinearly. Both the nonlinear velocity
change'ahd tﬁ¢’stimu1ated gain on the wings are such that the
internalweﬁgrgy'p spreadé symmetrically about the center of
the pulse; &This is illustrated in Fig.4.2 for é pulse propa-
gating th:oﬁgh'a crystal pbssessihg an electro-optic coeffi-
cient'equaiﬁto 5 X 10:iesu. Zd is‘then equal to 2 cm. .
In~théVother extreﬁe, for es:>>es° and a crystal length

much.greate#_than_the pulse length, the theory of Kerr effect

v

0
0
(@]
(8]
0
.f.‘
o
[ &)
fv
@
[©]

sity dependent inde# chanée.b The leading édge of theApulée con?'
_sequéntly;stéepehsvin a manner anaiogous télaC6ustic shock wave
developmeﬁt;- The steepening distancé is givenllr.by

0.194 crédéo/ﬁenl where Te is the full i/e width of the

initial intgnsity préfile and Se,, is the maximum change in the
dielectric éonstant across the pulse profile. 8€m is about'10;4

in BSN'for:a;quarter of a gigawatt/bmz pulse. If t_ is 20 psec; 
then thié_distancevis of the order of 25 meters. A shorter -
and more'ihténse puise would decrease this distance significantly;"
however, for most cases of‘inte:est the distortion should be : ®

small and, hence, the modulation effects should dominate.
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V. Aapplications of Self-Phase-Modulation

Self-phase-modulation of optical pulses producing frequency

‘broadening hundreds of wavenumbers in extent can easily dominate

the initial;phase profile across the pulse. Such self-phase-
modulatedbspeCtra can be utilized to deduce information about
the'initial:pulse shape. 'For the Kerr effect, the spectral
width is roughly proportional to both the propagation distance
and the size of the'nonlinearity, and inversely propcrtionel
to the'pulse‘duration. This has been established experimentally
and has been employed to estimate the size of the nonlinearity
associated with self‘trépped'filamentsf?9 The filament duration
could alsofbe.estimated‘since the frequency spacing between
interferencemmaxima close to the carrier frequency is the inverse
d' the pulse uuLaLLUH if both relaxation of tne nonllnearlty can -
be neglected and a 1arge number -of 1nterference maxima are pres-
ent. The self-phase-modulated spectrum may give more reliable
pulse shape information than the presently used correlatlon
technlques

The large chlrp resultlné from self—phase modulatlon also
suggests the p0531b111ty of obtaining extremely short pulses

.with the use of dispersive delay techniques.®” 3°

In particular,
the linear frequency sweep introduced by a Kerr liquid near the
peak of the pulse indicates rthat linearly dispersive optical
.delay lines can be utilized to delay the leading (lower fre-
quency) portions of the pulse with respect to the lagging
(higher frequency) portion. | |

We conslder only "“linear" nonattenuatlng dlspers1ve delay

devices (ones which cannot alter the frequency spectrum of the

'(3
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pulse) and so. the transfer functlon can be wrltten as

exp[ lQ(w)]where QQ») is real. One can then find the resul-
tant complex electric field output by Fourler analyzing the
pulse, applylng the transfer functlon, and ther Fourier recon-
spructing the‘pulse] For Q‘ = o - w, one finds for-EC, the
complex compreseed field 31, %, 35
gt

E, = -‘1-37"— [ fatran a(er)exp i[6¢(tr) + atr-0)-a(@]  (5.1)

where;a(t’)lend'é§(t') are the input pulse electric field
enbelope ana:inStantaneous phase shift respeotively.

If wejexpand'Q(Q) in . a power'seriee (i.e. Q(Q)é= Qg +
Qi9'+ QéQ?l+;;;.), we see from Eq. (5.1) that‘Qo (the overall‘

phase) can be neglected. One also notices that the Q1 term

can be absorbed into the exp [if(t’-t)] by redefining t, and

thus Qljcorre3pondsvto an equaliy uninteresting group delay.
The Q> term is then the first important term in the series.

We will assume that this term dominates. the higher order terms,

~and we can effectively replace 0(Q) in Eq. (5..) by QQQQ‘. One

can then integrate over Q to yielufé’35

ilg ol it® e

B, = —© o %o Jatraltexplileelt i - $25)]  (5.2)

2/7Q

20,
2 _ :

A llnearly chlrped pulse, for example, has a quadratlc tlme
dependence of 6¢ Thus Q of the dispersive d= lay line (or
.compressor ) can be adjusted so that the flrst two terms can-

cel in the exponent of Eq. (5.2), which implies that 5¢-——v5t'
 pr® L
- za; » Or, equivalently, that B g ZQZ.v If one'furtherlassumes

that a(t’) is a Gaussian [a(t') = aoexp(—(t')z,/ZTéz)]; then one can

evaluatej Eq. (5.2} to note that the intensity, I(tf is given by:
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{;_If(t')- « exp [ -'tg/.(1/;‘3'rp)2] (5.3)
which isva-éaussian”pulse of duration T, = ﬁ; . Since'BTPv
is of the order of the pulse bandwidth, one can see that the
pulsevhas:beenZcompressed to nearlits uncertainty limit. Ttus,
one finds that an increase in the linear frequency sweep (ard,
hence, in the bandwioth) increases the possible compression
efficlencyi | |

In the case of an intense laser pulse propagating throtujh
a Kerrlliquid; one finds that the resultant pulse does not
exhibit a linear time dependence of instantaneoussfrequency
shift. Thus;_one cannot find a Qe.which sets the expressior
(60 () +'t'2/402] in Eq. (5.2) to zero over the entire pulse.
Tne:problembofpcompressioﬁ of a self-phase-modulated pulse is '
most easily treated'numerically.:34 To auoid unnecessary theo-
Vretical-complications, we neglect envelope distortion (self-
steepenlng) and assume that the pulse travels a dlstance wh:ch
is much less than the self-focuSLng dlstance

For a relaxatlon time short compared to the pulse duratlou
Eq. (3.6) shows that the phase perturbatlon closely approxi-
'mates the shape of the intensity profile. A symmetrical pulse
thus develops an approximately constant positive chlrp B ear
the 1nten51ty peak and the pulse envelope can be compressed by
matching  this chirp to the inverse of the delay per unit fre-
quency of a delay line linearly dispersive in frequencyf Since
the effective bandwidth of the chirped pulse is of the order of
ﬁoTé/z _therminimumvcompressed pulse envelope width obtainable

is of the order of Z/BoTpi Compression is diminished by the

.




45

influence 6fbrela#atibn which not only delays.the-maximun
hlrp, but also decreases the linear chirp in magnitude and
extent In the limit of Tp much shorter than the relaxatlor'
time, 7, _q..(3.6) shows that the phase perturbation hecomes
monotonically increasing across the pulse since 5¢ is then

proportlonal to the tlme-lntegrated intensity. The ehirp is

thus nonzero only on the wings of the pulse. Were such a

pulse passed-through the delay line, the most intense portion
weuld remainiuncompressed.

Figure (5.1) shows the instantaneous frequency shift
which ls.fOund by numerical integration of Eq. (3.6) for an
1n1t1ally unmodulated Gaussxan 22 Gw/cm2 pulse of 5 plcosecond
full l/e lnten51ty duration propagatlng through 10 cm- of CS

—

(relaxatlon tJ_me 2 picosecondsj. he maximuww index chaige is

‘of the Order of 1.5 down from the case of instantaneous relaxa-

tion. We estimate that neglecting envelope distortion due to
thevnonJIinearity and relaxation introduces about a 5% error
over a propagatlon dlstance of 10 cm. The'pulSe can be‘com—
pressed by matchlng the chlrp near the 1nten51ty peak to the
inverse of the delay per unit frequency of a delay llne ~ The

optlmally,compressed-1nten51ty profile is found by numerical

evaluation of Eq. (5.2) for different values of Q,. The.

resultant‘pulse envelope ‘is shown in Fig. (5.2). The optimum
value of Q, was numerically found to be .65 X 10 26 sec  for
this particular case. The optimization point was found by .

increasing'Qa, which is proportional to the compressor:setting,

until the shortest pulse was found without substantial side

lobes. These side lobes increased with further increase in .

Q. beyond the optimum value. For a compressor made of two
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parallel gratlngs hav1ng 300 llnes per mm and orlented so
that the angle of 1nc1dence of 60° the gratlng separatlon
to give the compre551on is 4 cm.

The full width at half—1ntens1ty of the optlmally com-
pressedvpulse-is's'x 10-1sec._ These results are down by an
order of méghitude from the estimates made neglecting relaxa-
tion andbessuming a‘eonstant chirp over the pulse. The
optimnmAValue"of Q, eorresponds to the slope of the frequency
shift at e'point between the peak of the'pulse and the point
of meximum slope (and constauey of slope). Thus the maximum -

cempressed”pulse originates primarily from a region which

simultaneously'optimizes the intensity and constancy of slope.

The case calculated here should be fairly realistic indicating

. 2 e P |
A

that COmpression ratios of the order orf 100 can Le obtaine
using reasonable experimental condltlons

Although the calculatlons have been carrled out speci-
fically for unmodulated Neodymlum pulses,<1ntense mode—locked

ruby pulses should serve equally well.

: Pulse compre551on u51ng the above technlque has recently

been_achieved bvaa-ubereau.38
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‘transmlsSLOn and reflection coeff1c1ents pertalnlng to

the forced response.
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Ty = — To= . R, = -R

17 ;E—::E;’N J%: q% 2 UE—::E7~ » Te o1
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