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We describe a straightforward and highly visual experiment designed to demonstrate Raman
scattering spectroscopy by measuring the vibrational energy spacing of nitrogen molecules in the
liquid phase. Interpretation of the spectrum teaches the principles of elastic and inelastic light
scattering and the intrinsic properties of molecules. The use of a pulsed Nd:YAG laser with high
peak power leads to a plethora of nonlinear optical phenomena. The presence of highly visible
stimulated Raman scattering greatly enhances the normal Raman-shifted signal, allowing for a more
engaging laboratory experience in comparison to traditional Raman scattering experiments. © 2007
American Association of Physics Teachers.
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I. INTRODUCTION

Raman scattering spectroscopy is a powerful technique for
determining the internal structure of molecules and is an
ideal demonstration for the study of vibrational transitions of
gas and liquid phase molecules and crystals. The experiment
described in this paper is designed for an advanced under-
graduate spectroscopy laboratory and is intended to intro-
duce students to Raman spectroscopy. The technique permits
direct visual observation of nonlinear optical effects such as
four-wave mixing �FWM�,1,2 including coherent Stokes and
anti-Stokes Raman scattering �CSRS and CARS,
respectively�,3 stimulated Raman scattering �SRS�4–6 and the
associated cascaded multi-order SRS, and thermal
blooming.7 In many of these experiments, the nonlinear ef-
fects occur simultaneously and easily when the incident laser
power is above a certain threshold. Because these phenom-
ena are unexpected, students are surprised when these effects
suddenly appear during the course of a seemingly normal
Raman scattering experiment. Additionally, the presence of
stimulated Raman scattering greatly enhances the normal
Raman-shifted signal, which allows for higher quality data.
The experimental setup can be used as a traditional Raman
scattering experiment and to explore many nonlinear optical
effects by simply adjusting parameters of the laser.

Both linear and nonlinear Raman scattering spectroscopy
have been used to help understand the physics of liquids by
probing the effect of intermolecular forces on the structure
and dynamics of pure liquids8 and solutions.9 The early
development of nonlinear optics is reviewed by
Bloembergen.10 Nonlinear CARS spectroscopy has been a
very useful tool in combustion research,11,12 where the strong
blackbody background makes spontaneous Raman signals
more difficult to detect. Also, simultaneous temperature and
species concentration measurements by CARS spectroscopy
are important in time-resolved experiments probing combus-
tion dynamics.13 More recent innovations of this technique
have combined CARS spectroscopy with surface enhanced
Raman spectroscopy �SERS� to detect signals with a resolu-
tion greater than the diffraction limit of the light.14–16 This
form of CARS microscopy is currently being developed and
has the potential to be very important in the study of nano-
structures and biological chemistries beyond the limits im-
posed by other techniques. Stimulated Raman scattering and

the associated cascaded multi-order SRS have been utilized
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for generating coherent spectroscopic sources in a wide spec-
tral range from the deep ultraviolet17 to the far infrared.18

These techniques have the advantage of opening up regions
of the spectrum inaccessible by traditional coherent light
sources.

The goals of this experiment center on three distinct levels
of understanding: the existence of quantized vibrational en-
ergy states of the scattering molecules, the determination of
the molecular bond strengths and the molecule’s oscillation
frequency from the Raman spectrum, and the ability to quali-
tatively describe features of the normal Raman spectrum and
to observe and distinguish various nonlinear optical phenom-
ena. Because students are likely to be unfamiliar with non-
linear optics, we let the students “discover” these phenomena
by a careful analysis of the data. The striking visual nature of
the experiment described here may pique the student’s inter-
est in spectroscopy and nonlinear optical phenomena and
motivate students to investigate more detailed explorations in
this area.

II. BACKGROUND

Students are well acquainted with resonant light absorp-
tion and emission from atoms and molecules. Scattering of
light is different in that no permanent dipole moment is re-
quired. Light of any frequency will create an induced dipole
oscillating with the light wave. Most often, such an induced
oscillating dipole gives rise to re-radiation of light of equal
energy. This process is known as elastic Rayleigh scattering.
When light interacts with molecules, typically a small frac-
tion of the light �about 1 in 107 photons� is scattered inelas-
tically by the normal Raman scattering process in which the
energies of the incident and scattered photons are different.
When the energy of the scattered photon is less than that of
the incident photon, red-shifted light �Stokes Raman scatter-
ing� is generated. When the energy of the scattered photon is
higher than the incident photon energy, blue-shifted light
�anti-Stokes Raman scattering� is generated. The amount of
energy exchanged between a molecule and photon is deter-
mined by changes in the vibrational and rotational quantum
states of the molecule. This experiment uses liquid nitrogen
as the scattering medium. In the liquid state, nearest-

neighbor vibrational interactions will broaden the rotational
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Raman spectrum so that individual lines overlap and cannot
be resolved. Therefore, we only consider the vibrational Ra-
man spectrum here.

Because the probability of inelastic scattering is very
small in most media, Raman signals are notoriously difficult
to observe. To compensate, a high power continuous-wave
�cw� laser, such as an Ar-ion laser, can be focused on a
sample to provide a high photon flux. Raman spectroscopy
typically involves measuring the vibrational energy spacing
�v−v�=0–1, where v and v� are vibrational quantum num-
bers denoting, respectively, the initial and final states follow-
ing a transition� of the molecules.

In this paper we demonstrate the use of a pulsed Nd:YAG
laser for measuring the Raman spectrum of liquid nitrogen.
These lasers have been used in CARS and CSRS
experiments19,20 and in liquid nitrogen21 and various
gases22,23 for frequency conversion. Each pulse has a peak
power 106 times that of cw lasers. Although high laser inten-
sities may be undesirable for some research applications due
to the potential of altering the physical properties of the
sample, these high intensities provide much stronger Raman
signals and a powerfully visual illustration of the nonlinear
optical phenomena of interest here.

In this paper we present an experiment that starts as a
traditional Raman scattering spectroscopy experiment and
then stimulates students to explore and explain phenomena
that cannot be explained by normal Raman scattering theory.
For this reason, we now summarize the theory behind normal
Raman scattering and then extend it to include nonlinear
phenomena encountered in this experiment. We use this
theory to interpret the experimental results. The phenomena
studied in this experiment can be described straightforwardly
using a semiclassical model.24 The semiclassical model takes
advantage of the wave-particle duality of light. The light-
matter interaction can be described classically using a wave-
mixing formalism, and the individual light-molecule interac-
tions can be better visualized using energy level diagrams.

The fundamental physical mechanism underlying most of
the phenomena discussed in this paper is normal Raman
scattering.25 The electric field of an incident pump laser
beam linearly polarized along the z axis with frequency �p
can be written as

E� �t� = Epẑ cos��pt� . �1�

The light wave is assumed to be propagating along the x
axis. This light induces an oscillating dipole in the molecule
whose time-varying amplitude is given by

p��t� = �E� �t� . �2�

The polarizability � depends on the molecular species. In
this experiment, we consider only homonuclear diatomics,
such as N2, which are symmetric about all three principal
axes. For nonsymmetric molecules, � becomes a second-
rank tensor. Diatomic molecules are linear and possess only
one vibrational degree of freedom. An expansion of � in
terms of the normal coordinate q along the axis of vibration

to first order gives
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��q�t�� = �0 + � ��0

�q
�q�t� . �3�

If we assume the molecule vibrates sinusoidally with a fre-
quency �v and use a trigonometric identity, we find that the
expanded form of Eq. �2� simplifies to

p��t� = Epẑ��0 cos��pt� +
1

2
� ��0

�q
�q0�A + B�� . �4�

In Eq. �4�, the first term describes Rayleigh scattering and in
the second term A=cos��p−�v� represents Stokes Raman
scattering and B=cos��p+�v� represents anti-Stokes Raman
scattering. The Raman scattering terms exist only if there is a
change in the polarizability, which occurs with a changing
vibrational state in the molecule. A generalization of this
description to polyatomic molecules is treated in Ref. 25.

The normal Raman scattering process, which we described
classically in the previous paragraph, can be described quan-
tum mechanically by a photon annihilation/creation process.
This process is analogous to the photon absorption/emission
process. In terms of the energy level diagram of Fig. 1, the
Raman scattered photons are absorbed to a virtual level of
the molecule �photon annihilation�, which subsequently
emits a Stokes-shifted photon �photon creation� when a vi-
brational transition in the molecule changes its polarizability.
Otherwise, photons are emitted with an unaltered frequency.
The lifetime of the intermediate virtual level �or delay be-
tween photon annihilation and creation in the molecule� is
exceedingly short �	10−14 s� and is comparable to the fre-
quency of the vibrations in the molecule.

In addition to the Raman scattering process we have de-
scribed, nonlinear optical processes such as four-wave mix-
ing can be derived classically on the molecular scale by ex-

panding p��t� to third order in E� �t�. Four-wave mixing can
also be understood quantum mechanically as the annihilation
of two photons and near simultaneous creation of two pho-
tons. In contrast, stimulated Raman scattering, another non-
linear process, cannot be described classically and is directly
analogous to stimulated emission. An important point to be
made with FWM is that, as with Rayleigh scattering, the
light-molecule interactions take place with no change in the
molecular energy state. Energy is then conserved in the mix-
ing light fields. This energy conservation has important con-
sequences that allow distinguishing four-wave mixing from
normal and stimulated Raman scattering in our experiment.

Maxwell’s wave equations, with the bulk polarization P� �t ,x�
of the medium included, can be used to recognize this

Fig. 1. Schematic of the normal Raman scattering process. The levels, la-
belled by vibrational quanta, indicate increasing potential energy. The fre-
quencies of light involved are shown in parentheses with �v representing the
molecular vibrational frequency. Molecules “pumped” by the second har-
monic of the Nd:YAG laser at frequency �p to the virtual state �indicated
by a dashed line� predominantly return to the ground state with no net
energy change but occasionally return to an excited vibrational state, result-
ing in Raman scattered light.
distinction.
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In cgs units the nonlinear wave equation, under condition
of no free charges or currents in the medium, takes the form

− �2E� �t,x� =
1

c2

�2E� �t,x�
�t2 +

4�

c2

�2P� �t,x�
�t2 . �5�

It is more convenient to represent E� �t ,x� and P� �t ,x� in the

frequency domain. Under normal circumstances, P� �� ,x� is
linearly proportional to the external electric field via the elec-
tric susceptibility �. For intense fields, the bulk polarization
includes higher order terms,

P� ��4,x� = P� �1���4,x� + P� �2���4,x� + P� �3���4,x� + ¯ , �6�

where �4 denotes the frequency of the output wave. In iso-

tropic media, P� �2���4 ,x� is zero by symmetry. With the laser
intensities used in this experiment, only the linear term and
third-order nonlinear term,

P� �3���4,x� = ��3�E� ��1,x�E� ��2,x�E� ��3,x� , �7�

will be excited in our experiment. The E� fields in Eq. �7�
represent separate mixing fields. The output frequency �4
will be some combination of the three mixing fields. The
solution to Eq. �5� in the frequency domain, with the nonlin-
ear polarization of Eq. �7�, is of the form

E� ��4,x� = A��4,x�eik4xẑ , �8�

where k4 is the wave number of the light. This solution de-
scribes an output wave polarized along the z axis, which is
taken to be the polarization direction of the pump laser. Sub-
stituting Eq. �8� into Eq. �5� and assuming that A��4 ,x� does
not change rapidly over the region of the nonlinear interac-
tion �this slowly-varying amplitude approximation allows
higher-order derivative terms to be neglected�, the amplitude
of the output wave resulting from a nonlinear interaction of
the mixing fields is found to be24

�A��4,x�
�x

=
ik4

2���4�
4�P�3���4,x�

eik4x , �9�

where ���4� is the permittivity of the medium. Equation �9�
can be used to derive the intensity of any wave involved in a
FWM process. It is a fundamental result in nonlinear optics
and is simplified for our purposes by assuming similarly po-
larized mixing fields provided from a single pump laser. Its
derivation is accessible to advanced undergraduate students.
Reference 24 fills in the details that have been omitted here
for clarity. For a more thorough treatment of the physics, the
students are referred to standard texts in nonlinear optics,
such as Refs. 26–28.

If P�3� is expanded in Eq. �9�, the phase factors from the
four mixing waves can be combined to give ei�kx, where �k
is the sum of the wave vectors of the four mixing fields. The
classical model can now be related to the quantum mechani-
cal model we have discussed previously. Recall that four-
wave mixing can be described quantum mechanically as the
annihilation of two photons and subsequent creation of two
photons. In the molecular system, annihilation of photons
adds energy to the system �“positive” frequency� and photon
creation releases energy from the system �“negative” fre-

quency�. Thus, in FWM processes �k=k1+k2−k3−k4. To
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find the intensity of one of the created fields, Eq. �9� is inte-
grated through an interaction length �. If we assume the in-
tensities of the mixing fields do not change significantly over
the interaction length, we can express the intensity of light
generated through a FWM process as


A��4,x�
2 =
4�2�4

2

c2�2��4��
��3���1,�2,− �3�
2
A��1,x�
2

�
A��2,x�
2
A��3,x�
2
sin2��k � /2�

��k/2�2 � . �10�

Equation �10� is a maximum for �k=0. Because energy is
conserved in the mixing light field, this result should be ex-
pected. This phase-matching condition was used in the ex-
periment to distinguish between four-wave mixing processes
and stimulated Raman scattering.

Figure 2 illustrates several different FWM processes. To
resonantly excite this behavior, two coherent beams of fre-
quency �p and �p±�v are needed. Light generated from a
FWM process with a frequency of �p+�v �Fig. 2�a�� is
known as coherent anti-Stokes Raman scattering �CARS�
and light with a frequency of �p−2�v �Fig. 2�b�� is known
as coherent Stokes Raman scattering. The probability of ex-
citing one process over another is determined by the relative
intensities of the two beams. Once these processes occur in
the sample, other wave mixing scenarios are possible �Fig.
2�c� and Fig. 2�d��. Higher order CARS and CSRS processes
can also be generated with a sufficient pump laser intensity
through the processes shown in Figs. 2�a� and 2�b�. CARS
and CSRS processes will produce rings with solid angles
determined by the phase-matching conditions as illustrated in
Fig. 2. In the experiment, the various optical processes can
be distinguished by analyzing the spatial distribution of the
output. Normal Raman scattering has a bipolar radiation
field, reaching a peak intensity at 90° to both the direction of
incident laser polarization and propagation. Stimulated Ra-

Fig. 2. Energy level diagrams for various four-wave mixing processes with
virtual levels. Cases �a� and �b� represent typical coherent anti-Stokes
�CARS� and Stokes �CSRS� Raman scattering processes, respectively. Cases
�c� and �d� can exist for collinear pump and Raman-detuned beams. Both
geometries are capable of producing CARS/CSRS spectra. The subscripts p,
s, and a denote pump, Stokes, and anti-Stokes light, respectively, with num-
bers indicating the order of the Raman-shifted component with respect to
�p. The molecular vibrational frequency is denoted as �v.
man scattering produces laser-like, coherent beams that are
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he no
highly directional and centered within the CARS/CSRS
rings. In the following section, we will demonstrate this dis-
tinction experimentally and describe other phenomena.

III. EXPERIMENT AND RESULTS

This experiment was carried out in liquid nitrogen. Aside
from its easy and inexpensive availability, an important ad-
vantage of using liquid nitrogen as a Raman medium is that
nitrogen exhibits large Raman gain5 which produces a higher
amplitude signal. This fact, combined with a high intensity
Nd:YAG laser, allows students to easily measure the Raman
spectrum of nitrogen molecules.

The experimental setup is straightforward and is shown in
Fig. 3. We used the second harmonic of a Nd:YAG pulsed
laser at 532 nm, with a variable repetition rate up to 20 Hz.
The pulse duration and the bandwidth of the laser were about
6 ns and 1 cm−1, respectively. The laser beam was attenuated
by reflecting 	7% of its power off a beam splitter B1. The
remaining power was discarded in a beam dump for student
safety and to avoid local boiling of the liquid nitrogen in the
focal region. The incident laser, which had a beam diameter
of 0.8 cm and approximate peak power of 1.4 MW, was di-
rected toward the dewar by a mirror M1 and focused onto the
sample using a 12.5 cm focal length convex spherical lens
L1. An equal focal length lens L2 was placed on the opposite
side of the dewar at a distance of twice the focal length from
L1 to re-collimate the output beam. Students should move
L2 slightly along the axis of the beam until the divergence of
the beam beyond L2 is minimized. For additional safety, ei-
ther the Nd:YAG beam should be greatly attenuated or a low
power laser beam �for example, a HeNe laser� should be
used to perform the initial alignment. An equilateral prism
was alternatively used to disperse the collimated output
beam to more easily observe the nonlinear optical effects on
a distant screen. The normal Raman signal was collected by
lens L3 at 90° to the propagation direction of the laser beam
and focused onto the 25 �m entrance slit of a 0.25 m spec-
trometer with a 600 lines/mm �medium resolution� grating.

Fig. 3. A schematic diagram of the experimental apparatus. Roughly 7%
beamsplitter B1. The laser beam was redirected via mirror M1 and focused
L1. A second lens L2 was used to collimate the output beam. The Raman si
direction of the laser by focusing light via a lens L3 onto the spectrometer en
scheme. A prism was used to disperse the output beam and better observe t
The spectrometer was coupled to a 512�512 pixel,
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thermoelectric-cooled charge coupled device �CCD� placed
at the spectrometer’s focal plane. The spectrometer’s disper-
sion allowed observation of an approximately 60 nm band
across the 512 pixel width of the CCD array, providing a
limiting resolution of about 0.1 nm/pixel. The spectra re-
corded for this study were each from 1 s exposures of the
CCD.

To minimize stray light entering the spectrometer and to
isolate the Stokes and anti-Stokes bands, we used long- and
short-pass filters, respectively, in front of the entrance slit
depending on which spectral band was being measured. An
additional aperture was also used to limit the collection lens
L3 to accept light only from the focal region of the laser
inside the dewar. This step was important for eliminating
artificial signal broadening and ghost spectra from off-axis
light entering the spectrometer. If done correctly, the Raman
spectra should be single, sharp peaks. The long pass filter
also served to prevent second-order diffraction of the Ray-
leigh and anti-Stokes bands from the spectrometer grating,
which helped to correctly identify the Stokes bands. We also
used a neutral density filter with 	1% transmission when
measuring the very bright Rayleigh peak at 532 nm. In ad-
dition, the entire detection system was shielded with a black
box wrapped with non-reflective flock paper. The box had a
1-cm-wide light entrance to reduce the ambient light.

The liquid nitrogen �LN2� container is an unsealed clear
cylindrical pyrex dewar with a capacity of three liters and an
interior pathlength of 8 cm. The evacuated lining between
the inner and outer walls of the dewar minimizes interior
boiling and reduces exterior condensation. Over time, the
quality of this vacuum layer may degrade and these effects
will be amplified. Interior bubbling causes rapid intensity
fluctuations, but does not significantly effect the measured
spectra. Fans can be used to further prevent condensation.

Before performing the experiment, the students were
given a background in normal Raman spectroscopy similar
to that given in the introduction. The students expected to see
a laser-enhanced Raman signal with the spectrometer ori-
ented 90° to the propagation direction of the laser beam.

incident laser power from the pulsed Nd:YAG laser was reflected off a
the center of the liquid nitrogen �LN2� dewar with a convex spherical lens
indicated by a dashed line, was collected at right angles to the propagation
e slit. A light tight box, indicated by the solid line, surrounded the detection
nlinear optical effects on a distant screen.
of the
into
gnal,
tranc
Because the liquid nitrogen is so cold, they also should
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expect few vibrationally excited molecules and, therefore,
anticipate a single Stokes-shifted peak. When discussing the
data analysis, we try to convey the sense of discovery for the
students as they are forced to explain their unexpected results
and describe the steps they took to reach their conclusions.

A. Calibration

A medium resolution grating will generally not allow all
the spectral features in this system to be measured simulta-
neously. For this reason, students separately measured each
spectral feature. Such repetition also allowed the students to
become familiar with calibration and data taking procedures.
This section focuses on these procedures.

Before filling the dewar with liquid nitrogen, we recorded
spectra around the wavelengths of interest with the laser light
passing through the dewar to ensure that no fluorescence
radiation from the various optical elements or scattered light
from the dewar windows was being detected. The students
used an argon capillary discharge tube placed behind the
dewar along a line intersecting the spectrometer entrance slit
and the focal region of the laser within the dewar to calibrate
the spectrometer as shown in Fig. 3. After each calibration,
another atomic capillary discharge source �any atomic source
with known spectra in the region of interest is acceptable�
was used to check the accuracy of the calibration. The wave-
lengths of the reference spectrum and the experimental Ra-
man spectra were fit to a Lorentzian lineshape to determine
the center wavelength. Comparison of the wavelength to the
known wavelengths of the calibration sources showed a stan-
dard random error of ±0.3 nm; this uncertainty was present
in the measured vibrational Raman scattered spectra. If there
are small deviations between the location of the focal region
producing the Raman signal and the location of the calibra-
tion source, there may be a slight systematic error in the
wavelengths. Such an error is easily detected if the measured
Rayleigh scattering peak does not match the laser wave-

Fig. 4. �a� Raman scattering spectrum in liquid nitrogen. The Rayleigh sca
fourth-order Stokes-shifted signals have been magnified for clarity. �b� Vib
derived from the spectra in �a� is displayed assuming the spectra correspon
shown for comparison �Ref. 29�.
length. Students should then check the alignment of the spec-
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trometer, dewar, and calibration source, which should be in a
straight line from the spectrometer entrance slit.

B. Measured results

Typical raw spectral data are shown in Fig. 4�a�. Because
the spectrometer was used with a medium resolution grating,
the students took data for each of the spectral features shown
in Fig. 4�a� separately. We combined the individual spectral
images on a single wavelength scale for clarity. The intensity
offsets for each spectral band were subtracted so that the
spectra had a common baseline. Spectra of both anti-Stokes
bands and the fourth-order Stokes band were magnified by
the factors indicated in Fig. 4�a�.

A wealth of information is available from these spectra.
From the data students first determined the difference in en-
ergy between adjacent spectral bands. Students will likely
recognize the spectra as normal Raman scattering from
higher vibrational states. This interpretation may be plausible
due it to the high laser intensity, but turns out to be incorrect.
To reach this conclusion, students should carefully analyze
the spectra and compare it to available reference data. Our
students compared their energy spacings derived from Fig.
4�a� to the known nitrogen vibrational energy spacings �see
Fig. 4�b��. �We determined the reference energy spacings in
Fig. 4�b� using emission spectra from a well-known elec-
tronic quadrupole transition in nitrogen.29� The energy spac-
ings for our data �squares� are assumed to correspond to the
vibrational levels indicated on the horizontal axis for which
the known energy spacings are also displayed �circles�. Be-
cause of the inverse relation between wavelength and energy,
our constant random error of ±0.3 nm results in error bars
that decrease in magnitude for increasing v�. Because real
molecules are not true harmonic oscillators, the vibrational
energy spacing decreases for increasing v�. When students
compared their data, there was a clear deviation from the
reference data. The experimental energy spacings were the

peak at 532 nm was greatly attenuated. The second-order anti-Stokes and
nal energy spacings as a function of v−v�. Our measured data �squares�,
the respective v� vibrational level. Reference energy spacings �circles� are
ttered
ratio
d to
same for each Raman-shifted band. Students may recognize
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this equality as the Raman spectra of the harmonic oscillator
potential with equally spaced vibrational energy levels. The
average value of the energy spacings was found to be
0.289±0.001 eV �2330±10 cm−1�, which matched the refer-
ence v−v�=0–1 vibrational energy spacing.29 Knowing
from the reference data that the nitrogen molecule cannot be
represented by a harmonic oscillator, students should be
skeptical of their results. Using different atomic sources to
check individual calibrations and repeating the measure-
ments if time permits helps to convince students that the
deviations of their data from the reference data are real. To
help illustrate these deviations the reference energy spacings
can be used to predict where the spectral bands should have
been detected. When this analysis is done for the v−v�
=3–4 data point, for example, the deviation is nearly 20 nm
from the predicted Raman-shifted wavelength.

To proceed with an explanation of these results, students
may question, or be directed to question, why the output
beam contains additional colors �orange is the most visible
component if a doubled Nd:YAG laser is used as the pump�.
If additional colors are not obvious in the output beam, either
the laser power may need to be increased or the focal lengths
of the lenses outside the dewar shortened. If the colors were
present and subsequently lost, condensation may have built
up on the outside of the dewar. Figure 3 shows how to set up
a prism to separate all the components and also demonstrate
to students that the additional output beams are laser-like.
With this information, students might recognize that the ad-
ditional output beams correspond to the spectra that they
previously measured. To convince themselves that the colors
in the output beam are the same as the spectra they just
acquired, students can optionally direct the �heavily attenu-
ated� output into the spectrometer and record and compare
the spectra. If there are multiple laser-like beams in the liq-
uid nitrogen with wavelengths matching their measured
spectra, students should ask if the spectra they measured re-
ally correspond to Raman scattering from higher vibrational
levels. Rather than indicating Raman scattering from a per-
fect harmonic oscillator, the spectra are better explained as
cascaded multi-order stimulated Raman scattering.24 For
very intense pump lasers, a Raman-shifted beam created by
SRS off the v−v�=0–1 transition is intense enough to
spawn another Raman-shifted beam and so on. This process
yields both Stokes- and anti-Stokes-shifted beams that are of
sufficient intensity to produce strong Rayleigh scattered sig-
nals, which were subsequently measured with the spectrom-
eter, and accounts for the spectra in Fig. 4�a�. We see that for
our data in Fig. 4�b�, the assumption that our measured Ra-
man shifts corresponded to Raman scattering from higher
vibrational levels was incorrect. The total observed number
of output beams created in this manner depends on the con-
version efficiency of the medium and the intensity of the
pump laser beam. The lower detected intensities for the high-
order Stokes components in Fig. 4�a� are due primarily to the
downward sloping silicon detector efficiency. With the third
harmonic of the Nd:YAG laser �354.6 nm� we were able to
detect up to seven orders of this process because we were not
limited by detector bandwidth. By using tunable dye lasers,
this process has yielded over 50 Stokes and anti-Stokes or-
ders that can be tuned to provide continuum coverage from
the ultraviolet to the near infrared.30 The lower detected in-
tensities for the anti-Stokes components are a consequence

of the liquid nitrogen. At the low temperature of 77 K, the
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molecules overwhelmingly reside in the ground state. Be-
cause anti-Stokes bands result from scattering of molecules
in an excited vibrational state, it is much less likely than
Stokes scattering. The presence of a strong Stokes-shifted
beam indicates a substantially elevated excited state popula-
tion, thus allowing the anti-Stokes-shifted beams to “turn
on.” This threshold behavior, characteristic of stimulated
emission and stimulated scattering, can be nicely demon-
strated by viewing the output through the prism. When
gradually attenuating the input beam, the higher order com-
ponents should “turn off” in order rather than gradually fad-
ing out.

Although the N2 molecular potential is not harmonic, it is
still a very good model, especially for nitrogen due to its
deep potential well. In the simple harmonic approximation,
knowledge of the vibrational energy yields information on
the vibrational frequency of the molecule and the effective
force constant of the molecular bond via the simple relation

�E = 	�v = 	�


�
, �11�

where 
 is the effective force constant and � is the reduced
mass of the N2 molecule �7 amu�. For a vibrational energy of
0.289 eV derived from Fig. 4, �v=4.39�1014±2.0
�1012 rad/s, which corresponds to an effective force con-
stant of 2250±20N/m. This value is in close agreement with
the force constant of 2300 N/m in Ref. 31 for the N2 mol-
ecule.

C. Visual observations

Now that students have learned that there is more occur-
ring in this experiment than just Raman scattering, they can
explore additional nonlinear phenomena. Visual observations
of the nonlinear optical phenomena described in Sec. II are
summarized in Fig. 5, which show two images of the output
beam. FWM and SRS phenomena were observed by project-
ing the output beam from the dewar directly onto a screen
�see Fig. 5�a��. Figure 5�a� illustrates the differences between
the nonlinear processes as described in Sec. II. The SRS is
shown surrounded by FWM rings from both CARS and
CSRS processes, which illustrate the phase-matching re-
quirements implied from Eq. �10�. The collinear SRS is over-
exposed and obscures much of the ring emission in the im-
age, but a portion of it is visible. Sending the output beam
through an equilateral prism �Fig. 5�b�� gives a better picture
of the nonlinear processes occurring in the sample. Figure
5�b� visually shows the cascaded multi-order SRS discussed
earlier: the first-order Stokes component shows strong SRS,
with weaker SRS occurring in the second-order Stokes and
first-order anti-Stokes components. Some four-wave mixing
is also visible, surrounding the SRS beams in most of the
spectral components. By varying the pump laser intensity,
students can identify the thresholds for each of the stimulated
Raman components and distinguish between SRS and FWM.
Figure 5�b� illustrates this distinction with the second-order
anti-Stokes component, which shows a FWM ring but no
center stimulated component. Because the first order anti-
Stokes beam is much less intense than its Stokes counterpart,
it can generate a FWM ring at the second order anti-Stokes
wavelength via the CARS process, but is not above the
threshold intensity required to generate a stimulated compo-

nent.
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One prediction students can make with respect to the dis-
cussion of the phase-matching conditions in Sec. II is that
higher-order FWM is characterized by rings of increasing
radius. In Fig. 5�b�, the radius of the FWM rings appear to be
the same because the first-order Stokes and anti-Stokes SRS
beams are sufficiently intense to serve as separate pumps for
FWM processes. As an example, the first-order anti-Stokes
FWM ring is generated from the initial pump beam �at
532 nm� and the first-order Stokes beam �c.f., Fig. 2�a��,
while the second-order anti-Stokes FWM ring is generated
by the same process from the first-order anti-Stokes beam
and the initial pump beam. The pump beams in both cases
are separated by the same ��, thus the relative phase-
matching conditions will give the same divergence angle �ne-
glecting the effects of dispersion�. Students should be able to
convince themselves of this fact by examining Fig. 2 and the
phase-matching conditions derived from Eq. �10�. The mag-
nitude of the wavelength difference, and not the absolute
wavelength, determines the radius of the FWM ring. If the
output is sent through a spectrometer and imaged by a CCD
camera, higher-order FWM rings of increasing radius may be
visible.

Another factor that needs consideration when analyzing
the visual output of this experiment is the nonlinear depen-
dence of the dispersion with laser intensity within the liquid
nitrogen. If the laser repetition rate can be changed, the stu-
dents can see the effects of this nonlinear dependence by
viewing the output �with or without prism� on a screen. We
incrementally varied the repetition rate from 20 to 10 Hz and
noticed that the radius of the output decreased as the repeti-
tion rate was decreased. This phenomenon, known as thermal
blooming,7 occurs as the index of refraction is modified by
rapid pulsing of the laser source. With each pulse, a signifi-
cant vibrational excited state population is created in the in-
teraction region. Because symmetric diatomic molecules
such as N2 cannot radiate, the excited state population is
reduced by collisional quenching, converting vibrational en-
ergy to heat in the medium and changing the local refractive
index. For sufficiently high repetition rates, this heat cannot
diffuse out of the interaction region before the next pulse
arrives, and the output laser beam becomes distorted. Below

Fig. 5. �Color online� Images of typical output from our experiment. In �a�
stimulated Raman scattering beams run collinearly and form the center of
output in a prism �b� helps to identify the various nonlinear phenomena. Th
transition.
a repetition rate of about 13 Hz, the blooming became less
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apparent because the added heat could sufficiently diffuse
out of the interaction region between pulses. This result is
consistent with other experiments performed in liquid
nitrogen.21 Thermal blooming is important to consider if stu-
dents make quantitative measurements of the FWM radii.
The radii of the FWM rings are fixed by the phase-matching
conditions. Thus, thermal blooming will inflate radius mea-
surements. Operating at a low repetition rate will reduce this
source of error.

IV. CONCLUSIONS

We have designed an advanced laboratory experiment to
demonstrate high intensity Raman spectra and a multitude of
nonlinear phenomena in liquid nitrogen via pulsed laser Ra-
man scattering at 532 nm. In this experiment, the presence of
strong stimulated Raman scattering in the liquid nitrogen
generated multiple Raman-shifted orders off the v−v�
=0–1 vibrational transition and greatly enhanced the normal
Raman signal. This enhancement allows for an easier deter-
mination of intrinsic properties of the N2 molecules such as
the vibrational frequency and the force constant. The large
signals measured were a huge advantage for achieving good
quality spectra and accurate results. The presence of cas-
caded multi-order SRS in our sample mimicked a harmonic
oscillator potential and proved to be a good lesson in careful
data analysis for our students, who were not previously in-
troduced to nonlinear optical phenomena. In such a case,
students are first surprised by the contradictory results. How-
ever, explaining the contradictory results provided a very
good transition to the field of nonlinear optics. The students
could then explore the variety of nonlinear phenomena
present in this experiment. We provided a brief introduction
to the theory of nonlinear optics in order to make qualitative
predictions that could be verified. Some instructive quantita-
tive measurements, such as verifying energy conservation
using the phase-matching conditions, are also possible with
the experiment described here.

This experiment demonstrates some of the more common
nonlinear optical phenomena, complementing an otherwise
standard Raman scattering experiment. The spectacular vi-

utput was imaged onto a screen outside of the dewar. The pump beam and
utput. A portion of a four-wave mixing ring is also visible. Separating the
ls on the spectra indicate multi-order SRS from the v−v�=0–1 vibrational
the o
the o
e labe
sual nature of this experiment may motivate students to fur-
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ther investigate the origin of these and other nonlinear effects
not described here. With some modifications of the experi-
ment, a large variety of additional phenomena can potentially
be explored.24 Although it has been shown that some effects
do not occur in liquid N2 or O2,5 nonlinear optical phenom-
ena can be observed in a variety of species without these
limitations. Calcite and benzene are easy targets with high
power lasers. Useful comparisons can also be made between
different types of linear molecules if multiple Raman active
samples are available, such as O2 and CO2. More complex
polyatomic molecules may also be studied showing more
diverse behavior than the simple linear diatomic molecule
presented here.

Students can obtain an understanding of the light-matter
interaction and the difference between linear and nonlinear
scattering processes while measuring some fundamental
properties of molecules. The presence of many additional
effects, in contrast to a traditional Raman scattering experi-
ment, was more exciting for the students, who were able to
obtain a sense of discovery characteristic of real research
experiences. This experiment may also be of interest to stu-
dents studying biology, chemistry, and zoology.
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