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uper-conlinuum generation, the produclion of in-

tense, last broadband pulses by passing a picose-
cond laser pulse through certain media, was demon-
strated 14 years ago by Alfano and Shapiro.! The ultra-
fast supercontinuum laser source (USLS) is generated
from self-phase modulation (SPM), Typically it produces
an output lrequency ranging over 10,000cm -! on either
side of the pump laser frequency and a pulse duration on
the order of 100 femtoseconds (100 x 10- t5s). The shape,
fine structure and extent of the spectrum produced by a
USLS are functions of the nonlinear index of refraction of
the medium, the shape, wavelength, duration intensity

Now this laser source looks good for
ranging, imaging, remote sensing and optical
fiber measurements.

and phase modulation of the pump laser puise, and the
interaction length of the pulse in the medium. Recently,
Shank and coworkers? have confirmed Alfano and Sha-
piro’s work, finding that SPM is responsible for the gen-
eration of the supercontinuum in liquids and solids.

The optical properties of the USLS, such as coherence

and pulse duration, are determined by the pump laser.
Figure 1 shows the spectral emission from a carbon te-
trachloride USLS, triggered by a 120fs excitation pulse
at 625nm. Over 90 percent of the input energy has been
converted into the continuum light. Recently, applying
Treacy's® pulse compression technique, SPM has been
used to compress picosecond pulses into the femtosec-
ond region.* A theoretical analysis of SPM is included in
the boxed story accompanying this article.
+ The coherent and ultrafast wide-lrequency band of the
USLS can be applied in those Instances where a know-
ledge of specified phase and Intensity for well-separated
wavelengths is advantageous. It simplifies experiments
that measure time delay and relative intensity for dif-
ferent wavelengths simultaneously, In the past, the “su.
percontinuum’ has been mainly used as a spectral tool
for time-resolved absorption spectroscopy®.6 and nontin-
ear optical effects.5.7 Here, however, we establish new
uses for USLS in ranging, imaging, atmospheric remote
sensing and optical fiber measurements,

In the regime where the dominant effect of nonlineari-
ty is seif-phase modulation, a pulsed laser pump can pro-
duce a spectral distribution such that the intensity for
each line is well defined and ali lines In the spectrum are
emitted within a time uncertainty equal to the pulse
width [see the figure in the boxed section). Frequency

" bands located within the pulse duration can be separat.
ed in time If the dispersive effects in the malterial are
reduced.

New applications: ranging

The maln limitation to the accuracy of optical length
measurements through the uncontrolled atmosphere is
the uncertainty in the average refractive index over the
optical path due to nonuniformity and turbulence of the
atmosphere. Simuitaneous measurements over the

Figure 1. :

The relative USLS emission (ntensity vs. wavelength
for one miltimeter of carbon tetrachloride excited by a
120fs, 625nm laser puise,
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same path using two or more different wavelengths of
light could be used to provide the base values, The dis-
persive delays between any two wavelengths can be cal-
culated using Owens'? expressions for the dependence of
the optical refractive index of air as a function of the am-
bient pressure, temperature and composition.

For path lengths of a few tens ol meters, Erickson® pro-
posed the use of direct interferometry for dispersive de-
lay measurements. In effect, this type of systemn consisis
of an automatic [ringe-counting Michelscon interferome-
ter. But for lengths larger than one hundred meters, di-
rect interferometry is impractical,

For distances of a few kilometers, a systern using a
pulsed, subpicosecond, single-wavelength laser source
and a synchroscan streak camera with a 3ps time resolu-
tion as a detector can be used. If the index of refraction of
the ambilent air is known to an accuracy of 0.1ppm, this
type of system will measure to an accuracy of a miliimet.
er. However, the index of refraction of air varies by as
much as 100ppm over the operational range of such
rangefinders, and the measurement accuracy Is thus
reduced to + 1 meter. (The time delay between two sig-
nals in different media is A7 =(L/cln).)

On the other hand, if a system consists of a multi-
wavelength source. such as a USLS. and a multichanne!
synchroscan streak camera® in the receiver, the arrival
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THEORETICAL ANALYSIS OF SELF-PHASE MODULATION

In this section, we review the theory of the SPM-generated
spectrum. * The optical electromagnetic field propagating in
a medium satisfies the vector wave equation implied by
Maxwell's equations:

{1}

parl: _ _
P=pPL4+PNL (2)

The linear part of the polarization is refated to the usual
susceptibility through:

pL{x ) = xlw) El(x . (3)

We are interested in the propagation of nearly monochro-
matic puises of light, for which the amplitude E s given by:

E =Re E (X ) e~ kot eikoz. 4)

and E varles lillle in a period 2x/w,.

Omiltting derivatives of E with respect to t of third order
and higher. and those with respect to 2 of second order and
higher. and using the expression for the index of refraction
al wq:

2,2 = [1 4 dax(uol] wo? = N%wg? (5)

the wave equalion for the leld amplitude is
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The simplest form of the general third-order nonlinear polar-
ization for {sotroptc media is: ’

PNl = | EPE {7}

In equation 6. the ¥42E term Is responsible for self-focusing,
the 32E/3t2 term Is responsible for dispersive pulse distortion,
and In cases of anomalous dispersion:
1 vy
( v >0

this term {s responsible for self compression, and the time
derivatives of PNl-are the corrections to the inertialess model

SPM mechanism: a. Nonlinear index change vs. time:
b. time rate of change of Index change; c. frequency
change vs. time. tit) and t2 are the inflection polnts of
én. t, and Uy are the critical points {i.e., the roots of
equation 2}

for nonlinearity. In instances where these terms are assum-
ed small, eq. 6 reduces to the standard self phase modulation
equatlon given by:

214 _2me
tkol 3z + v 8t 1E= - ot 7lERE. (8

Introducing the new variable (' =t~ 2/v,. the solution of the
above equatton is given by:

Elz.t") = E,{t" exp [s [n,m,,IEou';l 2 ?ZE' ] ] ] {9)

where the nonlinear index of refraction is

1 4
Sn= 7 M IEl’and np= -'—:5 .

The detected Intensity in the frequency domain range {rom
wlow+Awls:
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where Tg Is the time availabic 1o delermine the spectrum. If
Tg Is very long:

B (zw-wo) = [ _ o dtEztye lo-wat.  (10)

If the phase of E (z,t) becomes large compared with =, the
method of stationary phase can then be utilized to evaluate
the Fourfer component. Denoting the phase of E (2.t} by ¢.

then:
B (2.0 -wg) ® L,E t,)el¢rellw - wollveir/d [ :: ] A1
) [ 4

where t,, is the #th root of
olt) = wo- 321 112)

and ¢, and ¢," are the phase function and its second
derivative at t,. For an incoming Gausslan pulse given by:

= .42 2
Eylt) = Ejexp [t /TP] (13)
the modulation frequency of the SPM spectrum is:
= g.;j (14)
p

and the maximum frequency extent is

woliy
(2tn2)2 ¢ Tp

which indicates that the [requency extent is inversely pro-
portional to Ty (i.e., the shorter the incoming pulse, the
greater is the frequency extent). and linear in ny. Ej2 and z,
For femtosecond pulses, Awextends over 10,000cm - 1tn the
UV. visible and IR regions. The ligure shows the lemporal
development of continuum generatlons — red leads blue.

|aumax] ~ Ejz (15)

*Alfano, R.R., L. Hope and S.L. Shapiro (1972). PHYS.
REV. LETT. A6:43: also Ostrovskli. L.A. {1967). JETP
LETT. 6:260: also Shimuzu, F. (1967). PHYS. REV. LETT.
19:1097: also, Cubeddu. R.. et al. (1970). PHYS. REV.
A2:1955: also Marburger. J.H. (1975). PROG, QUANT.
ELECTR. 4:35.
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READ CONTROL

Figure 2. .
Experimental setup of USLS for remole sensing
applications.

.

time data for the different wavelengths determines the
parameters in the Owens index of refraction formula
(wavelength, temperature, pressure and relative humid-
Ity dependence]) to an accuracy of 0.4ppm. Consequent-
ly. the accuracy of the distance measurements is restor-
ed to the +0.4cm range. Simultaneously. the pressure
can be determined to an accuracy of 1.5mbar and the
temperature to + 0.5 °K. Furthermore, the wide frequen-
cy band of the USLS allows for the selective tuning and
encoding (for example, the addition of a constant phase)
of the different emitted lines. This provides the added
feature of system Integrity under adverse fleld condi-
tions, such as jamming or interference,

3D Imaging

The direct. nondestructive, in situ measurement of an
object’s surface contour as well as its internal structure
can be accomplished with an accuracy of 30um using
100-femtosecond laser pulses to produce a continuum.
In such a system, reflections from surface imperfections
are delayed with respect to reflections from other surface
points, and thus will be sensed by a detector at different
times, Experimentally, measurements are carried out by
modulating arrival times to the target using an osclii-
lating delay prism and passing the reflected signal to-
gether with a refercnce signal into a second-harmonic
correlation erystal. The convoluted harmonic signal is
then detected by a video system in synchronism with the
modulation [requency. When three different opticat fre.
quencies from the USLS are used and the corresponding
bearns are collimated in a three-dimensional orthogonal
configuration, a three-dimensional image of the imper-
fection can be directly deduced,

The signal-to-nolse ratio for each frequency channel
(and the interchannels) is excellent, This technique can
measure, for example, semiconductor surfaces, tissue
topography and defects and wear on bal! bearings.

For diagnostic analysis of an object inside a material,
the diferent refiection and absorption coefficients for the
different optical frequencies at the interfaces and in the

materfals can be used to measure the location and con-
tour of cracks or impurities inside a sample. The accura-
cy of the measurement can be further enhanced beyond
1+ 30sm by selecting one of the frequencies to be close to
a resonance line. thus endowing it with a large optical
path in the medium. which in turn results in longer time
delays and more accurate spatial measurements. These
techniques can. for example, measure Impurity loca-
tions inslde Si and GaAs. Measurcments in polymers
and biological and medical samples are also possible,

Atmospheric remote sensing

The use of dilferential absorption lidar (DIAL) for re
mote sensing of atmospheric species has been shown to
be a viable experimental technique for the detection and
identification of a wide range of molecular constitu-
ents.'! The lidar equation is glven by: -

P,  KgA

B - ?%? exp [~ 2(0,(AN, + o) R]
where P, and P, are respectively the received and trans-
mitted powers, K is the overall system efficiency, ¢ Is the
target reflectivity, A is the recelving telescope area. o, is
the absorption cross section of the absorbing molecule a,
Ris the range and « is the background extinction coeffi-
cient of the atmosphere. A measurement of N, basedon a
single wavelength requires an accurate knowledge of K,
¢. v and o,. However, K, p and « are generally known
with only a poor accuracy,

The differential absorption lidar'® approach aticmpls
to overcome some of these difficulties by performing the
lidar experiment with two or more frequencies. For a
dual-wavelength source with frequencies 1 and »,

Na= 1 Fini P ) pn@®) - 2tath —at2iR
T 24a,121- ¢ (MR P2 oD

where P, = P/P, and the superscript refers to the wave-
length. A multi-wavelength source (such as the con-
tinuumn SPM-generated USLS) with built-in calibrated
power spectrum provides the possibility of a more ac-






