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Electronic Mechanism for Production of Self-Phase Modulation
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Characteristics of self-phase-modulation (SPM) spectra observed when intense picosecond
pulses are passed through liquids and solids are shown to be consistent with a theoretical
model based on an electronic mechanism. Experimental observations and theoretical calcu-
lations show that the SPM mechanism must respond on a subpicosecond scale.

INTRODUCTION

An intense optical pulse propagating through a
material can distort the atomic configuration and
change the refractive index appreciably. The index
change can be caused by direct distortion of the
electronic clouds, by forced diffusional, rotation-
al, or librational motion of atoms or atomic clus-
ters, or by a coupled mechanism. The index ac-
quires a time dependence, so that the phase of the
optical wave is altered, leading in general to
broadening of the pulse spectrum. This process
has been called self-phase modulation (SPM).
Spectral broadening was first observed in CS2 by
Brewer and interpreted in terms of SPM by Shimi-
zu, who attributed the broadening resulting when a
20-nsec Q-switched ruby-laser pulse passed
through CS~ to the orientational Kerr effect. Li-
bration of the CS~ molecules has also been pro-
posed to explain these spectra. Brewer and Lee'
observed self-focusing of picosecond laser pulses
in CS& and viscous liquids, and suggested that the
index nonlinearity is of electronic origin. Recent-
ly, Alfano and Shapiro, using picosecond pulses
at 5300 A, have observed SPM and self-focusing in
various crystals, liquids, and glasses, including
liquefied and solidified rare gases. They showed
that the electronic mechanism for SPM is impor-
tant in all materials and dominates all other pro-
cesses in some materials, e. g. , liquid argon and
krypton. The electronic part of the nonlinear index
of CCl, has been deduced to be 54/q' using 20-nsec
laser pulses. They have also observed three non-
linear optical effects generated within yicosecond-

emitting lasers. The electronic distortion mech-
anism is of course present in all material, a fact
consistent with experimental observation of SPM
spectra in all samples studied under intense pico-
second excitation. ' In this paper, experimental and
theoretical evidence is presented supporting the
direct-electronic-distortion model of SPM.

EXPERIMENT

A typical experimental arrangement is shown in
Fig. 1. The mode-locked Nd:glass laser is de-
scribed in earlier papers. ' A fraction of the laser
output at 1.06 JL(, is converted to second harmonic
at 0. 53 p. . The harmonic radiation consists of
pulses of about 2&& 10'-W power and 4-psec dura-
tion. The beam is collimated by an inverted tele-
scope and enters the sample with a beam diameter
of about 1.2 mm. The intensity distribution at the
exit face of the sample is magnified and imaged
either on the 1-mm slit of a Jarrel-Ash —,'-m grat-
ing spectrograph, a 2-m Bausch and Lomb spectro-
graph, or a prism spectrograph, so that the spec-
trum of each filament is displayed. A combination
of a 3-mm wire placed at the focal point of the im-
aging lens and/or Corning filters (Stokes side 3-
6V, 3-68, anti-Stokes side 5-60, 5-61) is used to
prevent any laser light that has not formed fila-
ments from entering the spectrograph. '

Typical SPM spectra from various solids and
liquids are shown in Fig. 2: calcite, liquid carbon
tetrachloride, liquid nitrogen, liquid argon, and solid
krypton. These spectra are characterized by very
large spectral widths and a nonperiodic or random
substructure. Occasonally, aperiodic structure of
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FIG. 1. Typical experimental
arrangement for the observation
of SPM.
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interference minima and maxima are observed.
The modulation frequencies range from a few cm '

to hundreds of cm ', and for some, observations
progressively increase away from the central fre-
quency.

For spectra of less than about 5000-cm total
width, the spectral extents on the Stokes and anti-
Stokes sides are the same within 20%. The Stokes
and anti-Stokes spectra are approximately equal in
intensity and roughly the peak intensity at the cen-
tral frequency is -10 —10 the intensity of the SPM
spectra at a given frequency. These results were
verified with a prism spectrometer, so that the in-
tensity calibration problems inherent in other in-
struments were avoided. The spectra also ap-
peared symmetric about the input light frequency
when grating instruments were used, but the maxi-
mum spectral extent observable with these instru-
ments was about 4000 cm ', and simultaneous ob-
servation of Stokes and anti-Stokes spectra for a
single laser shot was impossible in the case of an
extremely large spectral extent. Using spectro-
graphs with only a wire for a filter allowed the dis-
play of Stokes and anti-Stokes SPM spectra from
the same filament simultaneously, and under these
conditions the maximum specti'al shift on the
Stokes and anti-Stokes sides was determined to be
the same within 20/q for maximum shifts from 2000
to 4000 cm

Filaments imaged on the spectrographs range in
diameter from 5 to 50 p. . This range of filament
size was observed in every sample. The similari-
ty of the spectra observed in different materials
strongly suggests a common mechanism for all
materials. In the next section, these experimental
results will be shown to imply a relatively fast
mechanism and be consistent with an electronic
SPM model.

THEORETICAL
I
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FIG. 2. SPM spectra observed when intense, 5300-A,
psec laser pulses are passed through the following mate-
rial. I: Calcite —length l =5 cm. (a) Stokes filter E(2,
3-67) and (b) anti-Stokes E(2, 5-60) spectra. II: Liquid
CC14—l =4 cm. (c) Stokes E(4, 3-68) and (d) Stokes
E(l, 3-68) spectra. III: Liquid argon —/ =12 cm. (e)
anti-Stokes E(5-61), (f) Stokes, E(3-67), and (g) Stokes
E(3, 3-67) spectra. The beam is focused into the sample
with f= 25-cm lens (the beam diameter is measured to be
-300 p at the focal point); IV: Solid krypton —l =12 cm.
(h) Stokes E(3,3-67) spectra. The beam is focused with

f= 25-cm lens. V: Liquid nitrogen —l =7 cm. (i) Stokes
F(3-67) and (j) anti-Stokes F(5-60, 5-61) angular emission
spectra. Photograph (i) displays stimulated Raman emis-
sion and axial SPM and (j) displays an anti-Stokes ring
and axial SPM.

f (t', t")= (n,/~) e-"5(t' —t"), (2)

and Etl. (I) may be simplified to

ref

n(t) = ns+ — e " ' ' 'E (t') dt' .j
The incident laser electric field has the form

E„(t)=E,e ' ir cos[ur, t -g(t)], (4)

n(t) = n, + f' f' f (t', t")E(t —t') E(t —t") dt dt",
(I)

where ~ is the ordinary index, E the electric field,
and f(t, t ) is a weighting function describing the
impulse resonse of the index. For a single-pro-
cess mechanism with relaxation time ~, f (t, t )
assumes the form
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where T= T~/(2 In2)'~' and T~ is the intensity full
width at half-maximum (FWHM) of either the entire
envelope pulse or a subpicosecond component.
Two-photon fluorescence measurements and the
100-cm ' spectral extent of the laser pulses imply
the existence of components as short as 0. 1 psec
in the pulse. The phase structure is given by g(t),
e. g. , g(t) = —,'nt describes a linear chirp T.reacy
measured the chirp for mode-locked pulses at 1.06
p, and obtained z = 2. 5x 10+ sec2.

After an intense light beam has propagated a
distance z into the material, the electric field has
been distorted in phase and has the form

E(t)=Eoe ' cos[q(t)], (5)

where the modulated instantaneous phase is

qr(t) = u&ot —n(t) moz/c . (6)

Dispersion has been neglected. The spectral den-
sity of the phase modulated light is

S((o)=(c/4v) iE((o)i',

where E(&u) is the Fourier transform of E(t).
The experimental results of the previous section

may be used to determine an upper limit for the
relaxation time ~ of the index nonlinearity mech-
anism. Following Shimizu, we define the instan-
taneous frequency z(t) = By(t)/et and estimate the
frequency sweeps to the Stokes and anti-Stokes
sides as the minimum and maximum, respectively,
of v(t) —u&0. For unchirped pulses, these sweeps
are the same and are essentially equal to

&(o = u)0(z/ci*) (nmEO) .

Here, ~* is the shortest time in which the nonlin-
ear index changes significantly and which provides
an upper limit for the actual mechanism relaxation
time. It should be noted that the quantity E ap-
pearing in (3) is not averaged over several optical
cycles and is not identical to the quantity (E ) used
by Cheung et a&. in their equation for the nonlin-
ear index. These authors discussed relatively
slow mechanisms that can respond only at small
difference frequencies and not at optical frequen-
cies, and their averaging is appropriate. For fast
mechanisms with ~ comparable to or less than 1/
~o, averaging is improper and leads to the errone-
ous conclusion that the nonlinear index cannot
change significantly over times shorter than the
pulse width. There is no physical reason why an

electronic mechanism for the nonlinear index can-
not be driven at optical frequencies; therefore v*,
which by definition is the shortest time the nonlin-
ear index can react, can be much shorter than the
pulse rise time. We observe typically about 4000-
cm ' broadening on either side for an active length@

z - 1 cm in various materials, and n2Eo is esti-
matedtobe & 10 esu from Kerr-gate experiments

2t T—gc" lr cos (u)ot)], (10)

where P= (nz Eo) (&uoz/c). Using the Bessel-function
expansions

cos(ycos8) = J~(y)+2 Z (-1) Jz~(y) cos2kg,
0~1

(1la)

sin(ycosg) =2 Z (-1)~Zz~„(y)cos(2@+1}8,
A=0

(lib)
and truncating the series to exclude third and high-
er harmonics which are absorbed in the experi-
ments (X& IVVO A), we can rewrite E(t) as

E(t) = E, e '""&cos[+,t —B(t)1~0 (B(t})

—sin[&o~t+ B(t)]Jf (B(t))] (12a}

B(t)= -,' P e (12b)

If the primary rather than the second harmonic of
the mode-locked laser had been used, it would have

been necessary to retain the third-harmonic term
in (12a). Spectra for the electronic mechanism
were computed numerically from (12) for different
values of p and the field FWHM T&= T~ v 2. The
Fourier transform E(&}was evaluated by means
of a fast Fourier-Gaussian algorithm. Theoretical
spectra are presented in Fig. 3 for the following

and from the diameters of the observed filaments.
%e conclude that the mechanism relaxation time
must be - 1.5x 10 ' sec. If a very strong chirp
were present we wouM be forced to attribute part
of the spectral extent to it and to revise our esti-
mate of the maximum relaxation time upwards, but
the chirp magnitude reported by Treacy is too
small to affect the SPM spectra significantly. The
presence of absorption could limit the observed
spectrum. Our relaxation-time estimate mould
then be too high to correspond to the actual relaxa-
tion time, but this would not alter its function as an
upper limit.

A pure electronic mechanism for the nonlinear
index involves no translation of nuclei or rotation of
atomic clusters, and is expected to have a relaxa-
tion time much less than the optical period, so 7.

& I/uo. For this case the index can respond at op-
tical frequencies. Hence, the averaging procedure
in (3) is unnecessary, and the weighting function
(1/7) e " ' '~' in (4) may be replaced by 5(t —t ).
The nonlinear index is simply

2 2t2(Z2n(t)=no+n, Eoe" ~r cos'((got) .
The electric field at z is given by

E(t)=Eoe ' 'r cos[(go(t noz/-c)
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FIG. 3. Calculated SPM spectra for different laser and material parameters: {a) p =120, T&=0.4 psec; {b) p=60,
T =0.2 psec; {c)p=30, T&=0.6 psec; {d) p=60, T&=4~2psec; {e) p=120, T&

——0.6 psec; {f) p=120, T& -—0.6 psec; n
=2.5 x 10 sec

parameter values: Fig. 3(a), p= 120, T&=0.4
psec; Fig. 3(b), p=60, T~=O. 2 psec; Fig. 3(c),
P=30, T&=0. 6 psec; Fig. 3(d), P=60, T&=4W2
psec; Fig. 3(e), P= 120, T&=0. 6 psec. A spec-
trum for a chirped pulse with p= 120, T&=0. 6
psec, and o. =2. 5x10+ sec is given in Fig. 3(f).

Except for the chirped spectrum, the spectra are
symmetric about the input frequency, in agree-
ment with experiment. The wings are less intense
than the central peak by about a factor of 100,
again in agreement with experiment. A nonperiod-
ic structure of intensity maxima and minima are



ELECTRONIC MECHANISM FOR PRODUCTION OF ~ ~ ~

0 00 00 00 IA

I I I I I I

(e)

Reciprocal Wavelength (cm ')

0000
C4

I I I I I I I

000
N

I

0000

Reciprocal Wavelength (cm ')

0 O
0 0
IA 06!

I I I I I I I I I I I

000

I

O.l = O.l =

a
O.OI

O

V
CL

M

C5

O.OI
O

CP
Ol
CL

Vl

O.OOI = O.OOI =
I:

iIh

I

0.000I—
I I

0 00 00
Q

I

0
8

I I0 0
0

Wavelength ( A)

I0
8

00
fv)

O.OOOI—
I I

O 0
I I

0 0
o

Wavelength ( A)

000
00
LO

FIG. 3. Continued

obtained ranging from a few cm ' to thousands of
cm ' depending on 8 and T&.

The internal spectral structure (as distinct from
the spectral extent) varies from shot to shot, One
reason for this is probably the presence of more
than one input pulse or subpicosecond pulse com-
ponents. If the Fourier transform of each sub-
component pulse h(t) is h(+), and if the subpicosec-
ond components of a picosecond pulse are written
in the form E(t) = g„aP(t —t„),then E(~) = h(~)
xg„a„e'"'".The internal structure is complicated
by the second factor in this last expression. Cal-
culation of S(~) for a subpicosecond pulse array
shows that the internal structure is changed slight-
ly but the spectral extent is not affected. The
spectral extent is not given by (8), because of ab-
sorption of higher harmonics, but comparison of
the spectra for various P and T~ shows that the ex-
tent is proportional to P/T~. The chirped-pulse
spectrum 3(f) is quite similar to the unchirped
pulse 3(e), verifying that a reasonable chirp mag-
nitude does not affect the spectra significantly.

Similar numerical calculations carried out under
the assumptions that the mechanism has a relaxa-
tion time of the order of 1 psec (following the en-
velope of the pulse) and that no absorption is pres-
ent resulted in quite narrow spectra (& 500 cm ).
An estimate from Eq. (8) of the spectral extent is
in agreement with extent obtained from numerical
calculations of the spectral densities if 7* is the
rise time of the pulse. An asymmetrical input
laser pulse would be directly reflected in an asym-

metrical SPM spectrum.
A SPM spectrum for the case of an electronic

mechanism operating together with a slower mo-
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FIG. 4. Calculated SPM spectrum for an electronic
and a molecular mechanism contributing to the nonlinear
index: p(electronic} =120, T&= 0.6 psec; p(molecular)
=1200, T&=4~2psec.
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lecular mechanism appears in Fig. 4. ' We take
the FWHM of the pulse subcomponents, 0. 6 psec,
as 7.'&. For the electronic mechanism, P= 120 and
the electronic contribution to the nonlinear index
is given by (9). The spectrum for this mechanism
operating alone is that of Fig. 3(e). For the mo-
lecular mechanism, p= 1200 and the contribution
to the nonlinear index is computed from (3) with
v= 2 psec. These values of P are based on typical
values for nz and our value for Eo. By compari-
son of Fig. 4 with Fig. 3(e) it is seen that the spec-
tral extent is determined almost entirely by the
electronic mechanism, while the slower mecha-
nism only affects the internal structure of the spec-
trum, in spite of the fact that ns(molecular) = 10ns
(electronic). The electronic mechanism dominates
because the spectral extent depends on p/~*, and
in general (P/7*) (electronic)» (P/T*) (other mech-

aniems).
In conclusion, when intense picosecond pulses

are passed through materials, our observations of
SPM spectral characteristics (intensity, extent,
symmetry, internal structure) are consistent with
a fast relaxation time for the nonlinear index mech-
anism, and an electronic mechanism fits our ob-
served SPM spectra. At the present time we can
not exclude the possibility of another fast mecha-
nism operating in individual cases, but the elec-
tronic mechanism is consistent with our observed
spectra in all cases.
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