
Coherent Raman
spectroscopy

Once exotic and time-consuming, wave-mixing spectroscopy has
burgeoned into a set of techniques that can handle systems—flames, plasmas,

luminescent crystals—inaccessible to conventional methods.

Marc D. Levenson

In 1928 Chandrasekhara Raman reported
a process in which a material would si-
multaneously absorb one photon and emit
another. The energies of the two photons
differed by an amount corresponding to
the energy difference between two quan-
tum-mechanical levels of the medium.
Raman scattering, as the phenomenon
came to be known, provided a tool for the
spectroscopic investigation of energy
levels not accessible by the usual absorp-
tion and emission techniques. For the
first thirty-five years Raman scattering
was a laborious and exotic technique,
important more for the quantum-me-
chanical principles it illustrated than for
its practical applications.

Then, fifteen years ago, the develop-
ment of gas lasers completely revolu-
tionized the practice of Raman spectros-
copy. Gone were the discharge lamps and
hours-long photographic exposures; they
were replaced by the cw laser, tandem
monochromator and cooled photomulti-
plier. What had been a difficult and ex-
otic technique became a routine analytical
procedure for studying vibrational and
other elementary excitations of materi-
als.1 The development of powerful tun-
able lasers now promises a second revo-
lution. Rather than randomly scattering
photons as in present techniques, the
Raman modes of a medium studied by
coherent Raman techniques are made to
emit a beam of coherent radiation con-
taining the details of the spectrum.
Samples in which the spontaneous
Raman scattering is intrinsically weak, or
masked by fluorescence and black-body
radiation, can now be studied.

The advantages of the coherent Raman
techniques result from the fact that the
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laser fields at two different frequencies
can force a particular Raman mode of a
medium to produce an oscillating dielec-
tric constant which then interacts with
one of the fields to produce a coherent
output beam. The power in this beam
can be many orders of magnitude larger
than that in the spontaneously scattered
radiation, and spatial filtering can be used
to separate the output beam from un-
wanted radiation.

The essence of the process can be de-
rived from a simple model. If we describe
a Raman mode by a normal coordinate Q,
then the first-order dependence of the
polarizability a,; of the medium upon Q
is

aij^aUjj + a'ijQ (1)

where i and j are two Cartesian coordi-
nates and a' is just the conventional
Raman susceptibility tensor. (In solids,
the coordinate Q corresponds to a phonon
with wavevector equal to the difference in
wavevectors of the incident beams. For
a polariton—a mode in a crystal lacking
a center of inversion symmetry—the
treatment is similar, but slightly more
complex.) Because the electromagnetic
free energy of such a medium contains a
term proportional to QE2, there will be
generalized force on the coordinate Q that
is bilinear in the applied optical fields. If
the equation of motion for Q is that of a
damped harmonic oscillator with fre-
quency ai]j, one can use Newton's second
law to calculate the response to this
force

Q + 2TQ + UJR
2Q

- N2) (2)

Raman circular frequency OJR.
If the electric field has frequency com-

ponents at a>i and 009, the force will have
Fourier components at ±(wj — uo), which
can drive the Raman mode resonantly
when |o)i — 0)2! * ^R- The oscillating
coordinate then gives a modulated po-
larizability according to equation 1. An
electric polarization 'P at the frequency w4
= 0)3 ± (OJI — 09) results from the product
of this oscillating polarizability and a
Fourier component of the field at 0)3:

- N2)a'ija'k

As a concession to quantum mechanics I
have included on the right a factor of Ni
— N2, giving the difference in the popu-
lation of the two levels separated by the

jki

This polarization, which is cubic in the
incident electric field amplitudes, acts as
a source term in Maxwell's equation to
produce- the output beam at 0)4. The
quantity in braces is sometimes termed
the Raman contribution to the third-
order nonlinear susceptibility, xRy*/(~tt)4i
o):i, 0)1, -u)2). If N2 = 0, the overall four-
photon parametric mixing process can be
described by the level diagrams in figure
1.

There are other processes involving
molecular reorientation and real or virtual
electronic transitions that also contribute
to the radiated signal. These nonreso-
nant background signals are pretty much
independent of 0)1 — o>2 and parametrized
by another term in x{M denoted xnryW- ' n

some experiments the background level
is interesting, in others merely a nuisance.
The resonant Raman term interferes
constructively and destructively with the
background, producing a line-shape
function with maxima and minima.

All the processes leading to output at 0)4
can be described by a third-order non-
linear susceptibility tensor x(:)liV*/(~u)4i
oj3, u>i, 0)9). This is a fourth-rank tensor;
of its four frequency arguments only three
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are independent because o)\ + a>2 + 013 —
014 = 0. By convention the frequency
arguments and polarization subscripts are
paired and can be permuted as long as
their pairing is respected.3 Symmetry
considerations fortunately reduce the
number of independent nonzero elements
and permit classification of the sym-
metries of modes observed by coherent
Raman techniques in different polariza-
tion conditions. Unlike the second-order
nonlinear susceptibility responsible for
optical second-harmonic generation, x(3)

does not vanish identically for any sym-
metry group.2 Thus the techniques of
coherent Raman spectroscopy are gener-
ally applicable.

One major advantage of these tech-
niques is the large signal produced at 04.
The formalism of nonlinear optics can be
used to estimate the power (in watts) ra-
diated at this frequency as

P,K) = 2X 10-26 W - i ! ^

(4)

Factors of order 4 resulting from fre-
quency degeneracy have been suppressed
in equation 4, and P,-(a>i), Pk(u>2), and
Pi(b>3) are the incident laser powers in
watts at circular frequencies w\, 0)2 and 03
polarized in the; , k and / directions, A is
the area of the beams where they interact
(in cm2), the linear index of refraction of
the medium is n, and the nonlinear sus-
ceptibility x(3) is in electrostatic units.
The effective interaction length (/eff in
equation 4) is always less than the dis-
tance over which the beams coincide. It
depends in a rather complex way upon the
wavevector mismatch of the interacting
beams Ak = |kL - k2 + k3 - k4| and upon
the details of the interaction geometry.
Generally the best performance is ob-
tained when Ak is as small as possible; if

it is large, the interaction length scales as
l/Ak. Negligible values of Ak occur au-
tomatically in several techniques of co-
herent Raman spectroscopy. In others,
the propagation directions of the incident
beams must be adjusted to approach op-
timum wavevector matching.

The radiated power depends upon the
absolute square of the Raman suscepti-
bility and upon the square of the inter-
action length. For typical liquids and
solids, these parameters have values of
about 10~13 esu and 0.1 cm, while at

standard temperature and pressure,
typical gases have nonlinear susceptibil-
ities 100 times smaller but permit inter-
action lengths 10 times longer. In a co-
herent Raman experiment in which
10-kW lasers are focussed into an area of
10~5 cm2, equation 4 gives an output of
0.055 W for x(:t> = 10~l:) esu and /eff = 0.1
cm, and 0.002 W for x

(3 ) = 10"15 esu and
/eff = 2 cm, for output at 5000 A.

The data-collection rate, however, is
proportional to the rms output power.
For lasers pulses 6 nanosec long and a
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Typical level diagrams lor coherent Raman processes. Physical optical fields must have both
positive- and negative-frequency components, but the detected frequency must correspond to some
sum of the inputs. The diagram on the left shows four-photon parametric mixing of the "CARS"
type, and that on the left, a process of the "RIKES" type. Figure 1
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The layout of a typical CARS experiment, also showing the directions of the output beams for some
other coherent Raman techniques: RIKES, CSRS, HORSES and the inverse Raman effect. In
four-wave mixing an additional beam would be added, collinear with that from laser 1. The RIKES
output has its electric-field vector polarized normal to the beam. Figure 2

repetition rate of 15 pulses per sec, the
rms output is 16.5 microwatts for a "typ-
ical" solid, and 0.6 microwatt for a "typi-
cal" gas. In a spontaneous scattering
experiment in which 107 photons at 5000
A are collected per second, the rms signal
power is 4 X 10"12 W.

According to equation 4, the rms output
power is proportional to the time average
of a cubic product of laser powers. Taken
literally, this implies that large, slowly
firing pulsed lasers will give the best per-
formance. In practice, modest pulsed
lasers that have high repetition rates are
more convenient. Excellent results have
been obtained with cw lasers, especially
when the sample can be inserted into the
laser cavity.

The several advantages of observing
Raman spectra by means of nonlinear
optical mixing have been realized in a
variety of coherent Raman spectroscopic
techniques. Acronyms and neologisms
such as CARS, RIKES, HORSES, CSRS,
"Submarine," "Helicopter," "Asterisk,"
and so on have been invented to designate
each variation of the basic four-photon
parametric mixing process.4"7 As a
spectroscopic tool each technique has its
own set of advantages and disadvantages,
and it is important to match the tech-
nique properly to the investigation. The
main alternatives are individually re-
viewed in the following sections.

Coherent anti-Stokes Raman spectra

In the most widely practiced technique
of coherent Raman spectroscopy, two in-
cident laser frequencies are employed,
and u>w = o)i in the level diagram shown in
part a of figure 1. The output frequency
is then 0)4 = 2o)j — u>2. If o)i corresponds
to the laser frequency in a spontaneous-
scattering experiment and u>-> to the
Stokes-scattered photon, the output oc-
curs at the corresponding anti-Stokes
frequency. (If o)i is less than aw, the
analogous technique is called Coherent

Stokes Raman Spectroscopy or
CSRS—pronounced "scissors.") Paul
Maker and Robert Terhune, using dis-
crete frequencies, initially demonstrated
this technique in 1965.3 It did not be-
come a practical spectroscopic tool until
1972, when several groups began to em-
ploy repetitively pulsed dye lasers for
continuous scanning of the Raman spec-
trum.1112 An excellent review article
recounts many of the recent results ob-
tained using this technique, so there is no
need for more than an overview here.8

Figure 2 depicts a typical CARS ex-
perimental setup, along with the outputs
used in other coherent Raman techniques.
Two lasers are focussed into a sample with
an angle between the beams that best
fulfills the wavevector-matching condi-
tion for the overall three-wave mixing
process: \k = 0. In gases this angle is
essentially zero, but in condensed phases
it depends upon o>i — 02 and the disper-
sion of the index of refraction.9 The
beam that emerges from the sample at o4
is selected by means of filters or a simple
monochromator, and its intensity is de-
tected photoelectrically. To scan, the
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The Q branch of nitrogen at atmospheric pres-
sure as it appears in a CARS trace. The ordi-
nate is the square root of the intensity at 2co-| —
u)2, which is roughly linear in the Raman scat-
tering cross section. Figure 3

difference frequency o)i - o>2 is varied by
tuning one or both lasers. Plotted as a
function of o)i — 0)2, the output reflects
the Raman spectrum of the sample.

The tremendous power of this tech-
nique for taking Raman spectra of gases
can be illustrated by a few examples.
With laser powers of 2 MW at o>i and 0.2
MW at o>2, and u>i — 0)2 at the Q branch of
the breathing-mode (i'i = 0 —• 1) transi-
tion in methane, Albert Harvey and Jo-
seph Nibler found that the CARS output
beam from a 0.1-Torr sample was strong
enough to be seen by eye. Similar lasers
1000 times stronger are already being
used in studies related to isotope separa-
tion. Conservatively, an improvement in
sensitivity of three orders of magnitude
can be expected when these more power-
ful lasers are used for CARS.

In an ingenious experiment with cw
lasers, A. Hirth and K. Vollrath obtained
the Q-branch spectrum of atmospheric
pressure nitrogen that appears in figure
3—in ten milliseconds! Conventional
scattering techniques would take nearly
an hour to give a comparable resolution
and signal-to-noise ratio. Even more
rapid data collection is possible when the
intensity is measured simultaneously in
many separate frequency channels. That
can be done conveniently by making laser
2 in figure 2 oscillate over a band of
frequencies. The various frequency
components of the output beam can then
be separated with a spectrometer and
recorded simultaneously on a multi-
channel detector such as a photographic
plate, optical multichannel analyzer or
vidict .1 camera. Won Roh, Paul Schrei-
ber and Jean-Pierre Taran employed such
a system to resolve the Q branch of the
vibration quantum number v = 0 -* 1
transition in H2 with a single 20-nsec laser
pulse. Rapidly evolving systems such as
explosions and shocks can obviously be
studied by this technique if the lasers are
properly synchronized.

Wolfgang Kaiser and A. Laubareau
have used synchronized picosecond lasers
in CARS-related experiments to measure
the dephasing and decay times of phonons
a.id of 1 lolecular vibrations. In these
experiments, a delayed pulse at o>i sam-
ples the amplitude of the oscillation pre-
viously excited by simultaneous pulses at
0)1 and o>2. The decrease in coherent
anti-Stokes intensity with increasing
delay time gives the dephasing, while the
decrease in spontaneously scattered
anti-Stokes radiation parametrizes the
decay. Relaxation times of one or two
picoseconds can be measured with good
accuracy, and some questions related to
the mechanisms for broadening of Raman
lines can be answered.10

Some other virtues of the CARS tech-
nique deserve mention.
• The CARS technique has considerable
potential for precision spectroscopy. The
resolution of these experiments is limited
by the laser linewidth, which can be
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.; readily reduced to 15 MHz and perhaps
below. Inhomogeneous broadening due

'. to the Doppler effect contributes a width
; of m[(kT/2mc2)\n 2]1/2 where m is the

mass of the molecule and all beams are
collinear. That means that precision
measurements of rotational and vibra-
tional Raman frequencies can now be

' made precise enough to elucidate the
structure of molecules lacking microwave

. absorption bands.
• The intensity of coherent anti-Stokes
radiation emitted from a region of an in-
homogeneous sample is related to the
local concentration of the Raman active
material. This fact has been exploited to
produce images showing the distribution

• of substances in a flame or jet, and it
might be applicable to living cells.11

Figure 4 illustrates one difficulty in
applying CARS technology to solids, liq-
uids and solutions. In that figure, the

; colored curve is the CARS spectrum of
calcium fluoride in the region of the rela-
tively weak 320 cm"1 mode. That mode

- appears as a slight variation in the level of
- a signal dominated by a nonresonant

background due to virtual electronic
transitions.12 For comparison, the black

'••• curve shows the spectrum obtained with
e up-to-date spontaneous scattering tech-
IL nology!13 An analysis of the line shape in
:. the CARS spectrum reveals the ratio of

the peak Raman contribution to the
nonresonant background term. The

: nonresonant third-order susceptibility is
of some interest in nonlinear optics, and
because the Raman term can be related to
well determined spontaneous-scattering
cross sections, this technique gives accu-
rate measurements of this quantity.
However, to see weak spectroscopically

: interesting modes by coherent techniques
. it is necessary to suppress the nonreso-
;.. nant background. Without such sup-

pression, the coherent Raman techniques
. are actually less effective than spontane-

ous scattering in detecting Raman spectra
of condensed phases.

Raman-induced Kerr effect (RIKES)

The simplest method promising back-
ground suppression employs the
Raman-induced Kerr effect proposed
originally by Robert Hellwarth.5 This
phenomenon results from a source po-
larization of the form given in equation 4,
but with OJ3 = -ui; its level diagram is
shown in part b of figure 1. The wave
that results from the coherently driven
vibration is at the same frequency as one
of the inputs (that is, 014 = —012) but po-
larization selection rules are employed to
ensure that the radiated field is in a dif-
ferent state of polarization than the input
laser. Essentially, the driven vibration
produces an intensity- and frequency-
dependent birefringence, which alters the
polarization condition of a wave probing
the sample. The wavevector-matching
condition is automatically fulfilled, and
if the oi] beam is circularly polarized, the
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Two traces of a phonon mode in calcium fluoride. The colored line is a CARS trace; the black line
is the same 320-cm~1 mode, as resolved with spontaneous scattering and pulsed lasers. The
vertical scales have been adjusted to give about equal noise levels. Figure 4

nonresonant background is eliminated.
The early RIKES experiments em-

ployed a linearly polarized probe beam at
a>2 and a circularly polarized pump at «JI.
After the sample, a crossed polarization
analyzer blocked the probe intensity ex-
cept when |u>i — 102I = "JR, in which case a
small transmission was detected. The
overall experimental scheme was other-
wise quite similar to figure 2. Slight bi-
refringence due to strains in the sample or
optics led to a small background trans-
mission of the probe frequency even when
the pump beam was blocked.

This background, however, could be
used to enhance the sensitivity of the
technique. The field radiated as the re-
sult of the coherent Raman process in-
terferes constructively or destructively
with the background, producing an en-
hanced change in transmitted intensity.
If the pump laser is then modulated,
electronic techniques can detect the quite
small modulations in the transmitted in-
tensity caused by the coherent Raman
process. Background-free Raman spec-
tra are obtained with a sensitivity limited
only by the fluctuations in the probe-laser
intensity. This technique also can be
used to separately determine the real and
imaginary parts of the complex nonlinear
polarization in equation 3 as well as the
real and imaginary parts of the total
nonlinear susceptibility tensor. The
differential cross section due to sponta-
neous Raman scattering is proportional
to the imaginary part of this susceptibil-
ity, and so spectra taken with this tech-
nique can have a familiar appearance.

The signal also scales linearly with density
and cross section, facilitating the identi-
fication of modes by their relative inten-
sities.

Spectra similar to figure 4 appear when
a pump is employed linearly polarized at
an angle to the polarization of the probe.
Analysis of the resulting line shape relates
the Raman cross section, optical Kerr
constant and other terms in x(:i) to one
another. RIKES also has advantages for
studying low-frequency modes. When u>i
— u>2 approaches zero, the CARS wave-
vector-matching condition requires col-
linear propagation, making separation of
the signal beam difficult. No such geo-
metrical restriction applies to RIKES,
and polarization selection and spatial
filtering easily extract the signal.

Four-wave mixing techniques

Providing a third input frequency adds
valuable extra degrees of freedom to
CARS and RIKES experiments. If the
detected frequency is at u>4 = u>] + u>; —102,
Raman resonances occur when \^\ — <jjo|
= U)R and when |to;i - ui^l - ^R- The line
shapes observed when the two different
frequencies excite different Raman modes
determines the ratio of the Raman cross
sections. Alternatively, u>* — u>_> can be set
to a frequency at which the Raman con-
tribution from one mode nearly cancels
the nonresonant background. The sen-
sitivity with which Raman modes are de-
tected near uj — u)o is markedly in-
creased.14

Nonresonant background signals can
be completely eliminated with four-wave

PHYSICS TODAY / MAY 1977 47



mixing in certain polarization configura-
tions. The most flexible of these is the
"Asterisk" configuration shown in figure
5, which works for the four-wave analogs
of CARS (u)4 = u>i + LO-A - u>2) and of
RIKES (u)4 = u>2 - u>i + "a)-7 The planes
of polarization of the input waves at u)i, u)->
and u>n are at 45° to one another, while a
polarization analyzer selects the compo-
nent of the output at the angle <]>. For
some particular value of <t>—generally
near 45°—the background level will
vanish. With the background gone,
photons appear at frequency u)4 only when
a Raman resonance condition exists.
Weak Raman modes can be detected with
a sensitivity limited only by the quantum
nature of light. The difference between
CARS and Asterisk spectra is demon-
strated in figure 6.

The strength of the observed intensity
depends quadratically upon the Raman
cross section and the concentration, and
on the product of the intensities of the
three lasers. The present practical limit
in liquid solution corresponds to the de-
tection of a 0.03-molar solution of benzene
in a Raman-inactive solvent. That may
be enough sensitivity to study biologically
interesting materials in dilute solution if
the Raman tensor is enhanced by pre-
resonance phenomena. With stronger
lasers lower concentrations and weaker
modes can be investigated.

Other techniques and applications

Gain and loss due to the stimulated
Raman effect can also be used for spec-
troscopic purposes.15 These phenomena
are described by a polarization of the form
in equation 3 with u>j = -u j and u)4 = — u)2

The "asterisk" polarization condition. All the
input waves are plane polarized as shown; an
analyzer selects the desired component of the
output wave. Figure 5

as in RIKES, but no polarization selection
is necessary. An input laser at u>2 will be
amplified by the Raman interaction if ui
— o)2 ~ UR in the stimulated Raman effect,
and attenuated if 02 — ^1 ~ O>R by the so-
called "inverse Raman effect." With
enough intensity at wi, large signals at the
Stokes frequency can be built up from
noise and large anti-Stokes intensities can
be completely absorbed. These tech-
niques enjoyed considerable interest at
one time, but enthusiasm waned when it
became apparent that only the strongest
Raman modes produced measurable dif-
ferences in the intensity at w-2-

Improved technology—especially the
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CARS and asterisk spectra of the 1005-crrT' mode of sodium benzoate in a 1/3-molar water solution.
The nonresonant background due to the solvent has been suppressed in the asterisk spectrum by
a factor of more than a thousand, enhancing the detection sensitivity. Figure 6

development of stable cw dye lasers and
the application of interferometric tech-
niques to nonlinear spectroscopy—has
revived interest in these methods. Using
a Jamin interferometer, Adelbert
Owyoung has measured the Raman am-
plification and intensity-dependent dis-
persion due to 992-cm"1 mode of benzene
to determine the absolute scattering cross
section. Changes in laser intensity of one
part in 105 due to the stimulated Raman
effect are detectable. This is less sensi-
tivity than the optical mixing techniques
can muster, but more than enough for
accurate measurement of nonlinear op-
tical parameters and Raman cross sec-
tions.

When the output beam of an optical
mixing experiment becomes strong
enough, it too can mix with one of the in-
cident fields to drive a vibration and
create a new output frequency. In this
way coherent second Stokes and second
anti-Stokes beams have been generated
in the imaginatively named Higher Order
Raman Spectral Excitation Studies
(HORSES), which oddly enough were
demonstrated after CARS.6 These extra
frequency components may prove useful
in doing Raman spectra of absorbing
samples.

The technology of coherent Raman
spectroscopy can also be used to study
other kinds of transitions. One- and
two-photon absorption processes lead to
resonances in the "nonresonant" contri-
bution to the third-order nonlinear sus-
ceptibility and result in observable vari-
ations in the output-wave intensity.2

Steven Kramer and Nicolaas Bloem-
bergen have used such a two-photon res-
onance to probe the Z3 exciton in CuCl.16

The homogeneous linewidth of an inho-
mogeneously broadened one-photon
transition can be estimated from the
linewidth of the CARS "Rayleigh reso-
nance" observed when wi — u)2 -* 0 in an
absorbing material. The analogous
RIKES experiment is a variation of the
"polarization spectroscopy" technique
reviewed on page 34 in this issue of
PHYSICS TODAY by Theodor Hansch.
Tatsuo Yajima has pointed out that a
detailed analysis of the line shape of the
Rayleigh resonance permits estimation of
both the longitudinal and transverse re-
laxation times for an inhomogeneously
broadened two-level system.1'

When to use these techniques?

Coherent Raman spectroscopy today
provides a valuable supplement to the
conventional technique of spontaneous
scattering. But the techniques are all
rather cumbersome, relying on newly
developed technology, while the appara-
tus necessary for scattering has benefited
from fifteen years and more of engineer-
ing development. When is the extra ef-
fort—and extra expense—worthwhile?

At present, if an investigation can be
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performed by using spontaneous scat-
tering with modest lasers, it should be
done in that way. Certain systems—
low-pressure gases, flames, plasmas, lu-
minescent molecules and crystals—can
not be easily studied by scattering.
Again, certain parameters—nonlinear
susceptibility tensor elements, dephasing
and decay times, rotational constants—
can not be measured with sufficient pre-
cision, if at all. These must be investi-
gated by coherent techniques.

As time goes on, coherent Raman
spectroscopy will become more conve-
nient and less expensive, and the difficult
tasks reserved for coherent Raman spec-
troscopy will become more routine.
Continued technological innovation may
ultimately make the coherent Raman
techniques as accessible as spontaneous
scattering is today.

* * *
This work has been supported by the National
Science Foundation and the Alfred P. Sloan
Foundation.
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