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DIFFERENCE FREQUENCY GENERATION:
SPECTROMETERS AND SPECTROSCOPY

by
WADE CHARLES ECKHOFF

ABSTRACT

The theory of difference frequency generation has been further
developed. Derived from basic principles, the equations developed here
accurately predict the conversion of power to the idler wave. Critical
phasematching can now be modeled with ellipticity in both beams and the
effects of double refraction and non-normal incidence upon the crystal
treated. It is no longer necessary to focus the beams into the center of the
crystal nor is it necessary to have an equal confocal parameter in the two
drive beams.

A mid-infrared spectrometer based on titanium:sapphire pumped
difference frequency generation in silver thiogallate (AgGaS>) has been
constructed in order to conduct high resolution spectroscopy on free
radicals. Detector limited sensitivity has been demonstrated with an
estimated source bandwidth of 0.00003 cm-1. The process used to calibrate
scans has been improved and calibration accuracy of 0.001 cm-! is now

routine.



With the silver thiogallate spectrometer, the infrared spectrum of the
monodeuterated propargyl radical (CH2CCD) has been acquired.
Approximately 250 lines have been positively identified and assigned to the
vi C-D stretch in the region between 2300 cm-! and 2400 cm-!. The
spectrum consists of a-type transitions (AK, = 0) with a fully resolved K
subband structure, in contrast to the CH stretch of the normal radical. This
resolved structure is due to a P,-type Coriolis interaction or a Fermi
resonance in the molecule. These interactions may be responsible for the
fact that we were unable to identify the odd K subbands, though positive
identification of the Ky = 0, 2, 4, and 6 subbands was made and used to
determine rotational constants for the radical.

A spectrometer based on difference frequency generation in gallium
selenide (GaSe) was constructed. Precise phasematching characteristics
were determined as well as the potential power produced in the process.
The instrument is continuously tunable in the 8.8 - 15.0 um wavelength

region.
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Chapter 1 - Introduction

In chemistry today it is a great challenge to list every detail of
chemical reactions. Years ago, chemists were forced to initiate a reaction
and analyze the resultant materials after a while, leaving the intermediate
steps as a unexplored region on the map of scientific progress. All that
could be done was to change the reaction conditions by changing the
temperature or pressure. Such variations, or perhaps the substitution of
different but related reactants, could suggest some insight into the ways
molecules reacted and the identity of the molecules that formed the
intermediate steps, but in most chemical systems it was impossible to
directly observe the intermediate steps. In more modern times, it has
become possible to observe and measure the properties of some of these
intermediate steps that used to comprise this magical black box.

It is now possible to observe molecules that exist for less than a
microsecond and at total concentrations measured in parts per trillion.
Optimally, the detection method would be a universal sensor able to
differentiate between close chemical species with absolute specificity,
would positively identify the species under study, provide temporal
information on the progress of the reaction, and would not affect the
reaction under study. Spectroscopy provides a method that fulfills all the
above requirements in many systems.

The infrared region is attractive to chemists in identifying and
following the reaction progress of transient species because this region

"fingerprints" molecules. Almost every molecule has absorptions in the



(8]

infrared, corresponding to transitions of vibrational fundamental,
overtones, and low-lying electronic states. With high resolution infrared
spectroscopy, accurate molecular parameters and hence the structure and
identity of small transient species can be determined.

A number of new techniques and methods have been introduced since
the advent of flash photolysis kinetic spectroscopy in the 1940s by Norrish
and Porter. The most significant scientific advance leading to improved
spectroscopic methods was the advent of the laser in the 1960's. Laser
sources have provided the wavelength control and output intensity that have
enabled scientists to devise experiment that are orders of magnitude more
sensitive than those previously possible.

The following sections of this chapter outline the basic advantages
and disadvantages of each infrared probe and hence the motivation for the
development of a new source for use in the infrared. Chapter 2 will derive
the fundamental equations upon which the new instruments are based while
Chapter 3 will describe the elaborate equipment necessary for operation of
these spectrometers. Chapters 4 and 5 will detail the characteristics of two
spectrometers based on the difference frequency generation method and
Chapter 6 will give an example of the use of the method in the original
high-resolution spectrum of the monodeuterated propargyl (CH2CCD)
radical.



1.1 Infrared Spectometers

Raman Spectroscopy

Though not an infrared source, Raman spectroscopy can be used to
probe rotational-vibrational transitions. When light of frequency vo
(usually from a visible wavelength laser or mercury arc lamp) irradiates a
sample, it is scattered. The frequency of the scattered light can either be at
the original frequency (Rayleigh scattering) or at some shifted frequency
Vs = V0 £ Vinternal (Raman scattering). The frequency Vinternal is an
internal frequency corresponding to rotational, vibrational, or electronic
transitions.

One advantage of the method is the ability to use visible laser
technology to probe infrared transitions. Since visible laser technology is
very advanced compared to that in the infrared, this is an enormous
advantage. The other advantage of the method is its ability to collect
information about the entire spectrum of a molecule simultaneously when
coupled with an interferometer. The disadvantage of the method is that
Raman scattering is relatively weak (typically less than one photon out of a
million incident upon a sample is Raman scattered). Detection therefore is

often difficult and requires long integration times.

Color-Center Lasers
A color center laser operates on the principle that optical absorption

in certain crystals will excite an electron trapped by an anion vacancy in



those crystals and that the relaxation of this excited state will lead to
emission at longer wavelengths than the pump wavelength.

Color center lasers typically operate in the 0.82 to 3.5 um spectral
region [1,2] with powers ranging from a few milliwatts to several watts [3].
They can be operated in continuous wave (cw) mode with a linewidth on
the order of a MHz, and have proven to be a very versatile and useful
source within their wavelength range. Beyond its limited tuning range in
the mid-infrared, it's other drawback is the need for constant liquid
nitrogen cooling of the color center crystal to prevent reorganization of the

color centers with degradation of the crystal and the laser performance.

Spin-flip Raman Lasers

The Spin-Flip Raman Laser (SFRL) is based on stimulated Raman
scattering of pump radiation from a fixed frequency source by conduction
electrons in low-temperature semiconductors. The doubly degenerate
energy levels in the conduction band are split with electronic spins parallel

and antiparallel to an applied magnetic field. The scattering frequency is

where vp is the pump laser frequency, g* the effective Lande factor, UB
the Bohr magneton, and B the magnetic field strength. In InSb, for

example, g* = -50. When pumped near the energy of the direct band gap,
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the threshold energy dramatically decreases and threshold pump powers as
low as 5 mW have been observed.

InSb cw lasers pumped with a CO laser have a demonstrated tuning
range of 5.0 - 6.5 um, a linewidth of less than 1 kHz [4,5], and a power
conversion efficiency in excess of 50% for the Stokes lines [6,7] (5% for
the anti-Stokes lines). A pulsed InSb SFRL has a demonstrated tuning
range of 9 - 14.6 um using magnetic fields of up to 10 Tesla [8], had an
output powers of up to 1 Watt for Stokes lines [9], and a bandwidth of less
than 0.03 cm-1 [10], though it should be noted that the authors attribute the
linewidth to problems with the pump laser. HgCdTe or InSb crystals can
be pumped with a CO; laser and InAs by a HF laser in order to extend the
tuning range to longer and shorter wavelengths, respectively.

The drawback of the Spin-Flip Raman laser is the equipment startup
cost: a single-frequency CO or CO3 laser, a liquid helium refrigeration
system, and a superconducting magnet capable of at least 1 Tesla and up to
10 Tesla. The latter was the limiting factor at the time of its original
development, but magnet technology has progressed sufficiently in the last
25 years that the required magnetic fields are now routine (a 500 MHz
NMR contains a 14 Tesla magnet while the Spin-Flip Raman laser is largely
limited to field strengths less than 10 Tesla).

CO and CO; Lasers
Tunable single-frequency radiation can be generated from CO and

CO2 lasers centered near 5.3 and 10.6 um, respectively. Using a dispersive



element within a low-pressure laser cavity, it is possible to tune the lasers
to operate in cw mode on a single CO or CO7 rotational-vibrational
transition. Lines in this operation are spaced by approximately 4 cm-!,
making this source unsuitable for most spectroscopic investigations. The
traditional method of overcoming this limitation is to electrooptically
modulate the laser radiation (frequency v)]) with tunable microwave
radiation (vp) in a CdTe or GaAs crystal to generate laser sidebands at
frequency vi £ vm. Applied to both CO [11] and CO3 [12] lasers, it allows
tuning of almost a wavenumber on either side of the laser lines and S0%
wavelength coverage within the tuning range of both lasers.

True continuous tuning of CO and CO> lasers is accomplished by
increasing the pressure in the laser tube to 10-20 atmospheres and using
pressure-broadening to allow continuous tuning between the most intense
laser transitions. Because the discharge becomes filamentary at voltages
below threshold, continuous-wave operation is impossible and pulse
durations must be kept shorter than the arc formation time [13]. The
smallest laser linewidth achieved is 0.018 cm-1, which is too large for

high-resolution spectroscopy.

Time Resolved Fourier-transform Spectrometers
Fourier-transform infrared spectrometers (FTIRs) are the

workhorse of most infrared spectroscopic applications. Their wavelength

coverage is limited only by detector responsivity and the power

distribution of blackbody sources. The resolution of the instrument (Av) is



determined by its maximum retardation Amax (the maximum change in
pathlength which is a typically twice the distance traveled by the mirror).

AV = (Amax)-1
For complete resolution of lines differing in position by 0.010 cm-! (the
Doppler width of lines is typically 0.007 cm-!) without apodization, a
I meter retardation is required. This is routinely available in research
grade instruments.

Because the typical lifetime of a free radical studied in this
laboratory is far shorter than either the scan time of a Fourier-transform
spectrometer or the repetition rate of an excimer laser, spectroscopy on
many free radicals is impossible using a standard Fourier-transform
spectrometer in the classic pump-probe experiment. Using a microwave
discharge to initiate atom extraction and creating a constant concentration
of free-radicals is one method of conducting free radical spectroscopy, but
because radical concentrations generated in atom abstraction are rather
low, the lifetime of the radical has to be on the order of a millisecond in
order to increase the concentration of most radicals to a detectable level.

Fourier-transform spectrometers can be used to collect both
spectroscopic and kinetic information about free radicals in a pump-probe
experiment using a technique called Time-Resolved Fourier Transform
Spectroscopy (TRFTS). There are two main approaches under this
heading: step scan and continuous scan. In a step scan method, the
scanning mirror is fixed at a precisely known position while transient
absorptions are recorded and then the mirror is stepped to another position

and the process repeated. The data is processed in the traditional fashion



by performing the FFT on all points taken at a fixed time delay from the
pump source. A continuous scan is conceptually similar; the mirror is
continuously scanned and the data stored as a function of mirror position
and time and sorted after the entire scan is completed. This latter method
is computationally more challenging but avoids the problems associated
with maintaining a constant mirror position. Products are commercially
available to turn a standard FTIR into a time-resolved instrument of either
type at a relatively low cost [14,15].

Although the source brightness is low compared with laser-based
sources, the Fourier-transform spectrometer has the advantage of
simultaneously acquiring information about the entire spectrum as limited
by the responsivity of the detectors used. Because it relys on a black-body
source, the minimum detectable absorption is on the order of magnitude of

1%.

Lead-Salt Diode Lasers

Lead salt diode lasers cover the 3-30 um wavelength range with
relatively good output power (~1-10 mW) and quantum noise limited
amplitude stability [16]. Because these diode lasers are based upon a
Fabry-Perot cavity, they have a rather short continuous tuning range
(typically less than 1 cm-!) and will not operate between cavity modes
(typically spaced by 4 - 5 cm-1). A good total tuning range for these lasers
is 100 cm-!. They must be cryogenically cooled to less than 100 K and

exhibit irregular tuning characteristics upon heating and cooling. Often, a



diode laser capable of tuning to a particular frequency will be unable to do
so after a heating and cooling cycle.
Because of the above technical difficulties associated with diode

lasers, multiple diode lasers are necessary to cover each 100 cm-! region.

1.2 Nonlinear Frequency Conversion

The above sources all suffer from severe wavelength limitations, an
inability to tune continuously, or a low spectral brightness that leads to low
sensitivity. In light of this, scientists have experimented with an additional

source for infrared spectroscopy - nonlinear frequency conversion.

1.2.1 Difference Frequency Generation

Difference frequency generation (DFG) is a stimulated nonlinear
optical process in which the conversion of a photon of light at frequency Vp
into two photons of light at frequencies vs and Vi such that the sum of the
frequencies of the two created photons equals the frequency of the original
photon (Vp = Vs + Vi) is stimulated. In this fashion, a portion of tunable
visible laser light can be converted to tunable infrared light. The process
relies on the high intensity of laser sources for radiation at Vp and either vy
or vj.

By utilizing visible laser technology, DFG has the same frequency
stability and tunability as the well developed visible laser technology. The

method suffers from relatively low output power (usually measured in
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nano or microwatts) and a relatively complex setup. In addition to the
benefits of the visible laser technology, DFG offers tunability from the

visible wavelengths to 30 um and requires no cryogenic cooling.

1.2.2 Optical Parametric Oscillators (OPOs)

Optical parametric oscillators are based on the same principles as
difference frequency generation. The large difference between the two
methods is that in difference frequency generation two laser beams are
used to stimulate the production of a third beam whose frequency is equal
to the difference in the frequencies of the two input waves. In an OPO,
only the high frequency beam is used as a drive source. The other two
beams are created in the crystal by placing it in a resonant cavity and
amplifying the spontaneous emission. An OPO can be singly, doubly, or
triply resonant depending on the number of beams amplified in the cavity.

The obvious advantage of OPOs is the need for only a single pump
source, versus the two necessary for DFG. Its primary disadvantage is the
high threshold intensity needed for operation that often precludes
continuous-wave operation. Part of the need for a high threshold intensity
is caused by absorption in the nonlinear crystals and part is due to the
difficulty in manufacturing mirrors with appropriate broadband coatings
for all appropriate wavelengths.

To date, the production of a cw OPO capable of locking to a
single-frequency has eluded scientists. The current record at this time is an

instrument capable of locking to a line for ~50 milliseconds [17].
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In the next chapter the theory of difference frequency generation

will be developed from first principles and the implications of the theory

discussed.



Chapter 2 - Difference Frequency Generation

Difference Frequency Generation (DFG) is the optical process of
stimulating the conversion of a high frequency light photon into two lower
frequency photons the sum of whose frequencies is equal to the original
frequency. The purpose of this text is to derive the equations governing
the DFG process, explain their application to the present experiments, and
discuss the basic assumptions that went into their derivation. The reader is
urged to refer to the references or one of the numerous texts written on the

subject for a more complete physical description.

2.1 The Index of Refraction

The basis for all nonlinear optical processes is the fact that when an
electrical field is applied to a molecule, a polarization is induced. Consider
a single electron and a nucleus. As a weak applied electric field oscillates,
the polarization of the molecule oscillates at the same frequency as the
driving field. This oscillating dipole radiates an electromagnetic wave with
the same frequency but with a phase dependent on the restoring force of
the electrons in the molecule and differing from the phase of the initial
wave. If we take two parallel waves with the same initial phase and
frequency and let one of these waves pass through N atoms, at a point on
the other side of these atoms the two waves will still have the same
frequency but the phase difference will be proportional to N. Since the
number of atoms in a given distance is fixed by the density of a material,

the phase delay induced by a material is determined by its thickness d.
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Thus, the wave inside the material appears to propagate more slowly than
one in a vacuum and is material dependent. The ratio between these
velocities is known as the index of refraction of the material.

Of course, in the above we have assumed the interaction between
atoms is isotropic. This sometimes not the case and the optical anisotropy
leads to an index of refraction that is dependent on the orientation of the
input light polarization with respect to the crystallographic axes. If the
index of refraction of the crystal is invariant upon rotation about one
crystallographic axis but not the other two, the crystal is called uniaxial and
the unique axis the optical axis. If there are two such unique axis, the
crystal is biaxial.

In this text, we will restrict the discussion of birefringence to
uniaxial crystals as research to date in this laboratory has involved uniaxial
crystals exclusively. The direction of polarization perpendicular to the
optic axis is known as the ordinary direction and the other direction of
polarization extraordinary. The indices of refraction are denoted n, and
Ne, respectively. When (ne - ng) > 0, the crystal birefringence is said to be
positive, and when (o - ny) < 0, the crystal birefringence is said to be
negative.

As earlier mentioned, when a uniaxial birefringent crystal is rotated
by an angle 8 about one of the two identical axis, the index of refraction
experienced by light polarized in the ordinary direction is invariant to the
rotation, but the index experienced by the wave in the plane of the

extraordinary axis changes according to the following formula:
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eff 1
ne ()= sinZ0 c0s20 (2.1.1)

ne2(A) T ng2(h)

where 6 is the angle of the beam in the crystal with respect to the optical
axis
ne and n, are the extraordinary and ordinary indices of refraction

of the crystal

To this point it has been tacitly assumed that the light propagates
only in the forward direction and that the emitted wave propagates only in
the forward direction. The latter occurs because any radiation not radiated
in the forward direction is out of phase with the radiation in that same
direction from other dipoles and does not build up. Only in the forward

direction are the dipoles correctly phased.

2.2 Wave Propagation and Polarization

In order to proceed with the development of nonlinear optics, we
must now introduce the mathematical form of the dependence of the
induced polarization on the applied field strength. Classically, the induced
polarization P(t) by a wave at frequency ® in the crystal over time is given

as:

P(t) = go-x(V-E(t) (2.2.1)
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where the constant of proportionality (1) is known as the linear
susceptibility and is a second-rank tensor and the polarization and electric
field terms are vector quantities. Nonlinear optics is based on the fact that
the polarization responds in a nonlinear fashion to large applied electric
fields. The polarization is most often expressed as a power series in the

field strength E(t):
P =eo-(x VD E® + x@ E2) + D E31) + ... ) (2.2.2)

where the variables %(%) and x3) are known as the second- and
third-order nonlinear optical susceptibilities and are third- and fourth-rank
tensors respectively. For the purposes of this text, we will assume that the
third-order and higher nonlinear optical susceptibilities are negligible and
that their effects can be ignored.

In a first approximation, we can imagine a light source whose

electric field strength is represented as
E(t) = Ee7®' 4 complex conjugate (c.c.) (2.2.3)

is incident upon a crystal whose second order nonlinear susceptibility is
nonzero. Note: in this text, the imaginary number V-1 is denoted by j as is

standard in most of the nonlinear texts. The polarization is given by

Pt) = 80'()(“) E(t) + 2x(2) EE" + (x(® E2e-jot + c.c.))
= g0-(PM(ty) + PA)(v)) (2.2.4)

where P2)(t) = 2x(2)-£o-EE* + (x?)-g9-E2e-iwt + c.c.)
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P(Z)(t) is known as the second order nonlinear polarization; it is this term
that is the basis of the present discussion.
Now consider what happens when two distinct light sources at

frequencies ®] and w7 are incident upon the crystal. The electric field is:
E(t) =EeJ01' + Ejei®2t 4 ¢ c. (2.2.5)
and the second order nonlinear polarization is given as

PQ)(t) = xP-gp- (E12e72i01t + Ep2e-2i02t 4 2E | Eqe-(@1+ @)t (2.2.6)
+ 2E1Ex%e (01- 0t 4 ¢ c) + 2% (2.gg-(E*E| + E2E2*)

The complex amplitudes of the various frequency components of the above
polarization describe various second-order nonlinear optical mixing

processes and are respectively:

PR2w)) = )((2)-80-E12 + c.c. Second Harmonic Generation
PQRw3) = )((2)430-E22 + c.C. Second Harmonic Generation
Pw; + ) = 2x(2)-eo-E1E2 + c.c. Sum Frequency Generation

P(w] - w2) = 2x(2)-eo-E1E2* + c.c. Difference Frequency Generation

P(0) = 2x(?)-¢0-(E|E1* + E2*E3)  Optical Rectification
(2.2.7)

The last term describes a process called optical rectification by which a
static electric field is created within the nonlinear crystal. As is does not
lead to the generation of electromagnetic radiation (its second time

derivative vanishes), the process will no longer be considered. The rest of
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the above terms describe oscillations of the polarization in a material
caused by incidence of radiation at up to two distinct frequencies.
According to Larmor’s theorem from electromagnetism, accelerated
charges generate electromagnetic radiation. Thus, in a very superficial
way, the method for conversion of two photons of light into sums and
differences of their frequencies has been thus far described.

The theory of difference frequency generation will now be

developed in a more complete and rigorous fashion.

2.3 Difference Frequency Generation

The equations detailing the transfer of power between the drive

sources and the output wave will here be derived.

2.3.1 Maxwell's Equations and the Paraxial Wave Equation

To consider the form of the wave equation for the propagation of
light through a nonlinear optical medium, begin with Maxwell’s equations
in the MKS form

VeD =p (2.3.1)

VeB =0 (2.3.2)
JB

VxE=-5 (2.3.3)

VxH=0D/ot+] (2.3.4)
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We will now assume we are operating in a medium where the polarization
vector P depends nonlinearly upon the local value of the electric field

strength:
D=¢goE +P (2.3.5)

and we will treat the magnetic field and induction differently, writing:

The definitions of the above variables follow those of Flygare [18] and are
as follows: E and H are the electric and magnetic field vectors,
respectively, D is the electric induction or displacement field, € is the
relative electric permittivity (dielectric constant) of the system, B is the
magnetic induction or magnetic flux density and Wp the relative magnetic
permeability of the medium, €g is the permittivity of free space, Lo the
permeability of free space, p is the electric charge density, and J is the
electric current density. For an isotropic medium, the scalars € and Up are
used in place of € and up. €= up =1 for a vacuum and Hp is very near
unity for most substances.

Assume that there are no free space charges (p = 0) and that there is
no free current (J = 0). Take the curl of the curl-E Maxwell equation
(Equation 2.3.3), insert Equations 2.3.4 and 2.3.6, and interchange the
order of space and time derivatives on the right-hand side of the resulting
equation; and one can obtain the equation

VXVXEz'jtT:'uO'U-p‘ L

9?D 9’E 93%P
{8087‘ a@} (2.3.7)
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The left hand side of the above equation can be transformed by an identity

operation from calculus to:
VxVxE=V(VeE) - V2E (2.3.8)

In classical linear optics the first term on the right side of the
equation is exactly equal to zero because the Maxwell equation
VeD = p =0 (Equation 2.3.1) implies that VeE = 0. In nonlinear optics,
however, this term is nonvanishing due to the relation between the electric
induction, the electric field, and the polarization given in Equation 2.3.5.
This term can be shown [19] to be small when the slowly-varying
approximation is valid. Under the slowly-varying-amplitude
approximation, the second derivative of the electric field amplitude with
respect to the longitudinal coordinate is much smaller than the first
derivative. This assertion is valid when the fractional changes in the
electric field amplitude in a distance of the order of magnitude of an
optical wavelength is much smaller than unity.

Combining Equations 2.3.7 and 2.3.8 and the slowly-varying-
amplitude approximation, we find that:

9°E %P
- VE + eohobp 37 = MoMp 52

(2.3.9)
But €0-1uo = ¢-2 and Hp is, to a fair approximation, unity for most
substances. Now the electric field and polarization at each frequency

(simply indexed by the subscript n) is represented by






