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Experimental Techniques in
Nonlinear Absorption

Nonlinear absorption plays an important role in the applications of nonlinear

optics. In some devices it is detrimental, limiting the usefulness of device

operation at high intensities. Such is the case of all-optical waveguide switches.

On the other hand, devices such as optical limiters rely on strong nonlinear

absorption for effective performance, as discussed in the last chapter. Nonlinear

absorption has also been employed to enhance the optical spectroscopic study of

materials. The phenomena produced by nonlinear absorption can in turn be used

to measure the associated materials parameters. This chapter describes several

such characterization methods.

As in all nonlinear optical characterization methods discussed in previous

chapters, linear properties of materials, such as linear index of refraction and

linear absorption coefficient, must be known in most cases. Standard

measurement techniques [1] can be used to obtain these, or in many cases they

can be taken from the literature.

Measurement methods discussed in this chapter generally yield nonlinear

absorption coefficients (e.g., b, g), or Imðxð3ÞÞ; depending on which parameter

occurs most naturally in the theory. The relationships between these parameters

are given in Chapter 9. Microscopic parameters of the medium, such as the two-

photon cross-section s2, excited state cross-sections (e.g., ss, sT, seff), and so

forth, can be obtained from the measurements if the concentration or molecular

number density of the sample is known.

The following techniques are discussed:

Transmission measurements
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Three-wave mixing

Two-photon fluorescence

Photothermal techniques

Degenerate four-wave mixing

Heterodyned Kerr effect measurements

Chirped-pulse pump–probe technique

The last two methods are useful for determining both the real and the imaginary

components of the third-order susceptibility. The former of course relates to the

nonlinear refractive index, while the latter yields the two-photon absorption

coefficient.

I. TRANSMISSION MEASUREMENTS

The most obvious effect of nonlinear absorption is a change in the transmission of

a material with increasing intensity or fluence. If this change can be measured,

then the equations given in Chapter 9 can be inverted to obtain the two-photon

absorption coefficient b, the excited state cross-section sex, etc. Thus this

technique can be used to characterize two- and three-photon absorption materials

and excited state absorption materials.

The advantages of this method include its straightforward experimental and

analysis techniques. In addition, it is directly amenable to pump–probe methods

for studying wavelength and time dependencies. Its chief disadvantage is that it

involves measuring a small change in a large background, since the nonlinear

transmittance change is generally a small fraction of the linear transmittance.

This is reflected in a large uncertainty in the extracted nonlinear coefficients.

Nevertheless, under certain conditions the change is significant, and the

technique is a popular one because of its simplicity.

A. Theory

Multiphoton absorption. Although in principle all multiphoton absorption

coefficients could be measured, those of order higher than two- or three-photon

absorption are generally too small to measure. With the exception of gases and

some semiconductors, the direct measurement of higher-order coefficients would

require intensities of such magnitude that the material would be damaged.

In most cases, a Gaussian beam is employed in the measurement. Two

situations are considered. In both cases the sample length is assumed to be small

compared to the Rayleigh length of the Gaussian beam. In one case, the sample is

fixed, and the intensity is increased in the experiment. In the second case, the

beam power or energy is held constant, and the sample is translated along the

beam to increase the intensity incident on the sample. This is the Z-scan
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technique discussed in Chapter 7; it is often used for nonlinear refractive index

measurements.

The measured nonlinear transmittance is normalized with respect to the

linear transmittance (measured at very low intensity). For two-photon absorption,

this normalized transmittance is given by

TN ¼ 1

aqðzÞ
Z 1

21
ln½1þ qðzÞf ðxÞ�dx ð1Þ

where

qðzÞ ¼ bð12 RÞI0Leff
1þ z2

ð2Þ

and z ¼ z=zR with zR being the Rayleigh range. R is the Fresnel reflectance of the

front sample surface, I0 is the on-axis intensity at the focus of the incident beam in

air, and

Leff ¼ 12 expð2aLÞ
a

ð3Þ

with a the linear absorption coefficient and L the sample thickness. Finally, for a

Gaussian-shaped pulse, f ðxÞ ¼ expð2x2Þ; while for a hyperbolic secant squared

pulse, f ðxÞ ¼ sech2ðxÞ; and

a ¼
ffiffiffiffi
p

p
Gaus

2 sech2

(
ð4Þ

For fixed sample measurements, z ¼ 0 and the on-axis intensity I0 is varied. In

the Z-scan technique, I0 is held fixed while z is varied. In either case, the data are
fitted to Eqs. (1–4) to extract b. Under arbitrary conditions, Eq. (1) must be

solved numerically. However, when q0 ¼ bð12 RÞI0L , 1 the following

approximation may be used:

TN ¼
X1
m¼0

½2qðzÞ�m
ðmþ 1Þ3=2 ð5Þ

for Gaussian pulses, and

TN ¼
X1
m¼0

½2qðzÞ�m
mþ 1

Ym
n¼0

2ðm2 nÞ þ dmn
2ðm2 nÞ þ 1

� �
ð6Þ

for hyperbolic secant squared pulses, with dmn ¼ 1 for m ¼ n and zero otherwise.
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For three-photon absorption, the normalized transmittance is given by

TN ¼ 1

apðzÞ
Z 1

21
ln½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2ðzÞf ðxÞ

p
þ pðzÞf ðxÞ�dx ð7Þ

where

pðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gð12 RÞ2I 2ðzÞL0eff

q
ð8Þ

and

L0eff ¼
12 expð22aLÞ

2a
ð9Þ

Again, f(x ) describes the pulse shape as given above, and Eqs. (7–9) must

generally be solved numerically to extract the three-photon absorption coefficient

g. When p0 ¼ ½2gð12 RÞ2I20L0eff�1=2 , 1; the following approximations may be

used:

TN ¼
X1
m¼1

ð21Þm21 p2m22ðzÞ
ð2m2 1Þ! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2m2 1

p ð10Þ

for a Gaussian-shaped pulse, and

TN ¼
X1
m¼1

ð21Þm21 pm22ðzÞ
ð2m2 1Þ!

£
Ym
n¼1

4ðm2 nÞ þ dmn
4ðm2 nÞ þ 1

� �Ym
n0¼1

4ðm2 n0 2 1
2
Þ þ dmn0

4ðm2 n0 2 1
2
Þ þ 1

" #
ð11Þ

for a hyperbolic secant squared pulse. Again, for fixed sample measurements,

z ¼ 0 and I0 is varied, while with the Z-scan technique, I0 is held fixed and z is
varied.

In two-photon spectroscopy, pump–probe methods are often employed. It

is generally allowable to assume that Ie q Ip; where Ie is the pump (excite) beam

intensity, and Ip is the probe beam intensity. The self-induced two-photon

absorption coefficient bee is measured in a separate single beam experiment as

described above. The two-beam two-photon absorption coefficient bep, defined in

Chapter 9, Table 4, is measured in the pump–probe experiment. Two cases are

generally considered. The first is such that bee is negligible (e.g., when the pump

photon energy is less than half the band gap energy in a semiconductor). The

second case is when bee is nonnegligible, and two-photon loss due to the pump

beam alone must also be considered.
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When self-TPA by the pump can be ignored, the normalized probe

transmittance is given by (for pulsed Gaussian beams)

TN ¼
X1
m¼0

½2GðzÞ�mh
ðmþ hÞm! ffiffiffiffiffiffiffiffiffiffiffiffimþ 1

p ð12Þ

for a Gaussian pulse, and

TN ¼
X1
m¼0

½2GðzÞ�mh
ðmþ hÞm!

Ym
n¼0

2ðm2 nÞ þ dmn
2ðm2 nÞ þ 1

� �
ð13Þ

for a hyperbolic secant squared pulse, where

GðzÞ . 2

ffiffiffiffiffi
le
lp

s
bepð12 ReÞIeðzÞL ð14Þ

and

h ¼ we

wp

� �2

ð15Þ

is the ratio of the beam areas (pump-to-probe). These equations apply to the case

where the pump and probe have essentially the same time behavior (i.e., derived

from the same laser). For the situation in which the probe is a cw beam, refer to

the formulas given in Chapter 9, Table 4. Also, when the probe beam is small

compared to the pump beam, the formulas for the normalized transmittance

become essentially independent of h.
When self-TPA by the pump cannot be safely ignored, then the normalized

probe transmittance is given by

TN ¼ h

a

Z 1

21

Z 1

0

1

1þ qeðzÞyf ðxÞ
� �r

yh21dydx ð16Þ

where

qeðzÞ ¼ beeð12 ReÞIeðzÞLeff ð17Þ
and

r ¼ 2

ffiffiffiffiffi
le
lp

s
bep

bee

ð18Þ

while f(x ) again describes the pulse shape. These equations must be solved

numerically to extract bep. Under certain restricted conditions, other

approximations may be used. For these and conditions where the probe is a cw

beam, refer to the formulas in Chapter 9, Table 4.
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Excited state/free carrier absorption. Single beam excited state absorption

experiments with organic materials and free carrier absorption experiments with

semiconductors are very similar. For purposes of analysis, it is preferred to

operate in a regime where the incident fluence is small compared to the saturation

fluence, which was defined in Chapter 9. For excited state absorption, this depends

on the photon energy and the ground state absorption cross-section. Therefore this

parameter is readily computed from linear absorption measurements and should

be known a priori. For free carrier absorption, the critical fluence depends instead

on the free carrier absorption cross-section. This cannot be known a priori and

must await the results of the nonlinear absorption experiment. Once a value is

extracted for the free carrier cross-section, the critical fluence should be

calculated and checked against incident fluence values used in the experiment to

assure that any approximations utilized in the data analysis are valid.

For ESA and FCA it is useful to define a normalized change in

transmittance DTN ¼ 12 T=T0; where T0 is the linear transmittance. For ESA,

this quantity is given by

DTN ¼ ðseff 2 s0ÞaLeffð12 RÞFðzÞ
4"v

ð19Þ

where seff is the effective excited state cross-section defined in Chapter 9 for a

five-level model of a polyatomic molecule. It is a combination of excited singlet

and triplet cross-sections. When the incident laser pulse width is shorter than the

first excited singlet state lifetime, then seff reduces to s1, the excited singlet–

singlet cross-section. On the other hand, when the incident pulse width is long

compared to the singlet lifetime, seff becomes fTs2; the effective triplet–triplet
cross-section, where fT is the triplet quantum yield. Thus, in terms of the

measured normalized transmittance change,

seff ¼ s0 þ 4"vDTN

aLeffð12 RÞFðzÞ ð20Þ

where F(z) is the incident fluence (in air).

With FCA, it is useful if the incident laser pulse is short compared to the

free carrier relaxation time. Then an analytical expression for the transmittance

can be obtained, as given in Chapter 9, Table 4. Under this condition for FCA, a

similar relation holds for the normalized transmittance as in Eq. (19). The free

carrier cross-section is thus given by

sc ¼ 4"vDTN

aLeffð12 RÞFðzÞ ð21Þ

Often of interest in ESA is the excited state spectrum as a function of time.

The time-delayed pump–probe method lends itself to this type of measurement.
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From these experiments it is possible to obtain both the excited singlet–singlet

and triplet–triplet cross-sections as functions of wavelength. Generally, the

pump (or excite) beam is fixed at a single wavelength while the wavelength of a

weak probe beam is varied. In ESA pump–probe experiments, the nonlinear

absorption of the pump cannot be ignored, even when the incident fluence is well

below the saturation fluence.

To simplify the analysis, the incident fluence is kept below the saturation

fluence, and the probe fluence is assumed to be small compared to the pump

fluence. Then a simple analytical expression for the transmittance can be

obtained. These expressions can easily be extended to all probe wavelengths. In

this case, it is helpful to express the results in terms of a change in the optical

density (OD). Optical density is defined by OD ¼ 2logðTÞ; where the base 10

logarithm is used. The change in OD is simply DOD ¼ 2logðT=T0Þ:
To obtain the singlet–singlet excited state cross-section, the instantaneous

ðt ¼ 0Þ transmittance is measured, using a pulse much shorter than the excited

singlet lifetime. The instantaneous change in optical density is then given by

DODð0Þ ¼ a
p
0L

e
eff

2:3

s
p
1 2 s

p
0

s
p
0

se
0Fe0

"ve

ð22Þ

From the measured optical density the excited singlet cross-section is then

extracted:

s
p
1 ¼ s

p
0 1þ 2:3

a
p
0L

e
eff

"ve

se
0Fe0

DODð0Þ
� �

ð23Þ

Similarly, by sending the probe pulse through a long delay line that produces a

delay time long compared to the excited singlet lifetime ðt!1Þ; the optical

density DODð1Þ produced by pure triplet–triplet absorption can be obtained.

The physical parameter that can be extracted in this case is

fTs
p
2 ¼ s

p
0 1þ 2:3

a
p
0L

e
eff

"ve

se
0Fe0

DODð1Þ
� �

ð24Þ

To obtain s2 uniquely requires an independent assessment of the triplet quantum

yield (i.e., branching ratio for the fluorescence and intersystem crossing rates).

Two-photon assisted ESA. At sufficiently high intensities, excited state

absorption from a two-photon pumped state can be observed [2]. Under certain

conditions it is possible to measure this excited state absorption cross-section in

addition to the TPA coefficient.

When the incident pulse width is short compared to the decay time of the

two-photon pumped excited state, the number density for the excited state is
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given by

NexðIÞ ¼ b

2"v

Z t

21
I 2ðt0Þdt0 ð25Þ

An effective (intensity dependent) TPA coefficient can be defined as

beffðIÞ ¼ bþ sðIÞ ð26Þ
where

sðIÞ ¼ sexNexðIÞ
I

ð27Þ

To obtain an analytical expression for data analysis, the quantity in Eq. (27) is

replaced by its average over space and time:

ksl ¼
R1
21
R L
0

R1
0
sðIÞI 2ðr; z; tÞ r dr dz dtR1

21
R L
0

R1
0
I 2ðr; z; tÞ r dr dz dt ð28Þ

As a further approximation, the intensity I(r, z, t ) used in finding this average is

assumed to be given by TPA alone. Then an effective TPA coefficient

parameterized by the incident peak on-axis intensity can be found:

beffðI0Þ ¼ b 1þ sexteffI0

2"v
Gðq0Þ

� �
ð29Þ

where G(q0) is some function of q0 ¼ bð12 RÞI0Leff ; and teff is an effective

integration time. For example, if IðtÞ , sech2ðt=tÞ; then teff ¼ 2t=3:
An analytical approximation for G(q0) can be found by first solving for ksl

exactly (numerically) and then finding a good polynomial fit to the exact curve.

Over the range 0 # q0 # 3; the following approximation to third order holds

extremely well:

Gðq0Þ . 12 0:33q0 þ 0:096q20 2 0:012q30 ð30Þ

Given the effective TPA coefficient, the nonlinear transmittance can be

computed using the formulas given above for TPA. A series of measurements at

different incident intensities will yield beff as a function of I0. Fitting these data to

Eqs. (29–30) allows the simultaneous extraction of b and sex. Figure 1 illustrates

how well the approximate effective TPA transmittance matches the exact

transmittance for two-photon assisted ESA for different values of the excited

state cross-section.
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B. Experimental

Amajor objective of a nonlinear transmission experiment is to maximize the ratio

DT/T0. Sample, laser, and beam geometry all come into consideration when

designing an experiment.

Thick samples offer increased sensitivity for low concentrations of

absorbing species and for low intensities [3]. Sometimes low concentrations

are unavoidable because of low solubility in available solvents (for solution

samples). Low intensities are sometimes desired to avoid complications of

excited state absorption from two-photon pumped states. Thick samples

require a larger quantity of material, however, and also demand that the laser

beam be collimated over a longer distance. This sets a lower limit on the

spot size, which in turn limits the incident intensity for a given pulse energy.

With thin samples, one can get by with a much smaller quantity of material,

but harder beam focusing is generally required to make up for the decreased path

length. Although this makes beam control easier and eases pulse energy

restrictions, it makes ESA more likely and potentially presents a laser induced

surface damage problem. Thin samples can offer the convenience of high

sensitivity with minimal material in some circumstances, however, and are in the

form desired for Z-scan measurements. For ease of analysis in the latter case,

Figure 1 Transmittance as a function of bI0L for material exhibiting excited state

absorption from a two-photon pumped state. The solid line is exact theory, while the

dashed line is the approximate model discussed in the text.
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the sample should be thin enough that the beam shape within the sample does not

change significantly due to diffraction or self-focusing (self-defocusing).

When contemplating lasers for nonlinear transmission experiments, several

things should be considered. First, picosecond pulses achieve higher peak

intensities at lower energies than nanosecond pulses. This can be important for

both sensitivity and damage considerations. The laser wavelength is also

important and needs to be chosen depending on the energy of the two-photon

allowed states under study, or possibly on the band gap of semiconductors being

examined. It is often advantageous to operate the laser at a low pulse repetition

rate to avoid sample heating. Thermal effects can cause a blooming of the beam,

which under certain circumstances may cause some energy to miss the sensitive

portions of detectors due to beam clipping. If not noticed, this will appear to make

the material more nonlinearly absorbing than it actually is.

Thick sample experiments. An example of a thick sample experimental

diagram is given in Fig. 2. In a thick sample (,10–20 cm) care must be taken to

insure that the laser beam is reasonably collimated over the length of the sample.

This requires a confocal beam parameter longer than the sample. For distances

farther away from focus than a Rayleigh range, the beam diverges too rapidly to

stay well collimated within the sample. Therefore samples this thick are not

amenable to Z-scan measurements.

The basic objective of a nonlinear transmission experiment is to measure

incident and transmitted laser pulse energies and form their ratio to obtain the

sample transmittance. This requires the use of calibrated beam splitters, as shown

Figure 2 Thick sample nonlinear transmission experiment.
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in Fig. 2, to accurately sample the incident and transmitted energies. The front

sample surface reflectance must also be known to account properly for the true

energy incident in the bulk of the sample. Energy probes (silicon or pyroelectric)

or photodiodes calibrated to energy meters are required. Care should be taken to

insure that all of the transmitted energy (or a calibrated sample of the beam) is

collected by the energy probe. Refocusing lenses or large area (, l cm2) probes

are generally used for this purpose. Calibrated neutral density filters are

sometimes required to keep the probes within their linear operating regime over a

wide dynamic range.

In a thick sample experiment, the incident laser energy is varied, and the

transmittance found as a function of incident energy. This incident laser energy

can be varied by an appropriate attenuator system, such as a half-wave-

plate/polarizer combination as shown in the figure.

For ESA and FCA measurements, the on-axis beam fluence is a key

parameter. Therefore the beam spatial profile must be characterized. A TEM00

Gaussian is usually preferred to facilitate the analysis, although other approaches

have been used. For example, Tutt and McCahon [4] used a technique wherein

they image the output of the amplifier rod in a Nd:YAG laser onto their sample.

This yields an approximate top-hat profile that considerably simplifies the

analysis.

For Gaussian beams, the beam profile must be carefully measured. For

beam diameters greater than or on the order of 100mm, this is most easily

accomplished using a CCD camera coupled to a frame grabber and image

digitizer system. Beam analysis software is available that will fit the data to a

Gaussian profile and yield statistics about the beam (including the goodness of

the fit). The most crucial parameter is the 1/e 2 beam diameter 2w in two

orthogonal directions. The on-axis fluence, assuming cylindrical beam symmetry,

is then given by

F0 ¼ 2E

pw2
ð31Þ

where E is the measured pulse energy.

For smaller beams, a scanning knife edge, slit, or pinhole can be used to

characterize the beam. A pinhole scan, in both the x- and the y-direction, yields

the most information about the beam. In all cases, the object is mounted on a

translation stage and scanned orthogonally to the beam, with an energy probe

sampling the transmitted energy. The data can then be fitted to a Gaussian profile

to find the 1/e 2 beam diameter. For slits and pinholes, the size of the aperture

should be small compared to the beam size to avoid convolution effects.

In TPA and 3PA experiments, the crucial parameter is the on-axis peak

intensity, so the pulse profile and width are required. For nanosecond pulses, a

fast photodiode coupled to a wide bandwidth (500–1000MHz) transient digitizer

Experimental Techniques in Nonlinear Absorption 637

Copyright  2003 by Marcel Dekker, Inc. All Rights Reserved.



(for low repetition rate lasers) or sampling oscilloscope (for high repetition rate

lasers) can be used. With picosecond lasers, an autocorrelator or streak camera is

required. Often the pulse shape can be approximated by and fitted to either a

Gaussian or a sech2 function. In either case, the full width at half maximum pulse

width (tFWHM) is the typical characteristic measured. The on-axis peak intensity

is found from

I0 ¼ 4
ffiffiffiffiffiffiffiffi
ln 2

p
E

p3=2w2tFWHM

ð32Þ

for a Gaussian pulse and

I0 ¼ 2 lnð1þ ffiffiffi
2

p ÞE
pw2tFWHM

ð33Þ

for a sech2 pulse.

An example of nonlinear transmittance data due to two-photon absorption

in a thick cell (10 cm) experiment [5] is given in Fig. 3. In this particular case, the

sample is a 0.2M solution of diphenylbutadiene in chloroform, and the incident

intensity was kept low enough to avoid two-photon assisted ESA. Note that the

solution is dilute enough that the sensitivity of the experiment is low even for this

cell thickness.

Examples of nonlinear transmittance data in an ESA experiment [6] are

shown in Fig. 4. The sensitivity of ESA experiments, since they couple directly to

Figure 3 Energy transmittance at 532 nm (10 ns) due to two-photon absorption as a

function of incident peak, on-axis irradiance for a 10 cm cell containing a 0.2M solution of

diphenylbutadiene in chloroform. (From Ref. 5.)
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the linear absorption of the material (i.e., basically a two-step resonant process),

is much higher, and consequently thinner samples may be used. For the data in

Fig. 4, the sample cells were 1 cm thick, even though the solutions were in the

millimolar concentration range.

Thin sample experiments. A Z-scan nonlinear transmission experiment for

thin samples is illustrated in Fig. 5. Closed aperture Z-scans were discussed in

Chapter 7. For nonlinear absorption measurements, an open aperture

configuration must be used. In fact, care must be taken that all of the energy is

Figure 4 Energy transmittance at 532 nm (30 ps) due to excited state absorption as a

function of incident on-axis fluence for a 2.59 mM solution of C60 in toluene.

Figure 5 Z-scan experimental setup. (Adapted from Ref. 7. q 1990 IEEE.)
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collected by the detector, since Z-scan measurements are very sensitive to

nonlinear refractive effects that will spread the transmitted beam. An additional

large aperture collecting lens before the detector may be required, especially

since nonlinear absorption can produce thermal lensing in some cases, which may

lead to strong defocusing of the beam.

The same characterizations of beam and pulse parameters described above

are also required for Z-scan measurements. However, since the Z-scan analysis

explicitly assumes Gaussian beam propagation, it is important to assure that the

incident beam follows this behavior. This can be done by measuring the beam

spot size as a function of distance from the focusing lens, on either side of the

focal position, and verifying that this follows the ð1þ z2Þ1=2behavior of a

Gaussian beam, as illustrated in Fig. 6. Another check on the Gaussian nature of

the beam is to perform a closed aperture Z-scan on a standard Kerr material, such

as CS2, as described in Chapter 7, and measure the distance between the peak and

the valley of the normalized transmittance curve. For a Gaussian beam, this

distance should be approximately 1.7zR [7]. The Rayleigh range zR can be

determined independently by measuring the 1/e 2 radius w0 at focus and applying

the formula zR ¼ pw2
0=l:

An example of open aperture Z-scan data [7] in a TPA material (ZnSe) is

given in Fig. 7. The data can be fitted to the equations given above using a single

parameter variation to extract b. At high intensities it is possible to observe ESA

from a two-photon pumped state [8], as illustrated in Fig. 8. Note that the

effective TPA coefficient increases with increasing on-axis peak intensity at the

Figure 6 Spot radius (1/e 2) of a focused Gaussian beam as a function of position along

the axis. The theoretical fit corresponds to the propagation of a Gaussian beam.
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Figure 7 Z-scan data in ZnSe at 532 nm. (a) Open aperture illustrating two-photon

absorption. (b) Closed aperture illustrating combined effects of two-photon absorption and

nonlinear refraction. (From Ref. 7. q 1990 IEEE.)
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focal position. The sample in this particular case was molten diphenyl-butadiene

in a 1mm thick cell.

An example of pure ESA Z-scan data for a phthalocyanine solution [9] is

shown in Fig. 9. ESA is verified by the strict fluence dependence of the nonlinear

absorption. For two different pulse widths with identical pulse energy, the Z-scan

traces virtually overlap [9]. On the other hand, TPA depends on the peak on-axis

intensity and would be different for the two pulse widths. The minimum in the

Z-scan trace corresponds directly to the focal position where the on-axis fluence

is a maximum. Using Eq. (20), the excited state cross-section can be determined.

Pump–probe experiments. The experiments described above involve

single wavelength, single beam techniques. To perform two-photon or excited

state spectroscopy, a tunable or broadband source is required. Generally, it is

simpler to have one strong pump source at a fixed wavelength to reach the

nonlinear regime, and derive the tunable or broadband radiation from a weaker

source. This is the basis for pump–probe two-beam experiments.

These types of experiments can be employed for both TPA and ESA

studies. The relatively weak probe can be a tunable laser or even narrow spectral

band incoherent light derived from a monochrometer. An increasingly popular

approach, however, is to generate a continuum of frequencies with a short pulse

Figure 8 Open aperture Z-scan data at 532 nm (35 ps) in molten diphenylbutadiene at

various on-axis peak irradiances illustrating two-photon absorption followed by excited

state absorption.
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of light derived from the pump laser [10]. This technique allows a full nonlinear

absorption spectrum to be generated on a single laser shot, and offers the potential

for observing how the spectrum changes in time after the pump pulse has excited

the medium. This white light transient absorption experiment will be described

here.

A typical white light pump–probe experiment is illustrated in Fig. 10. The

laser system will typically consist of a mode-locked Nd:YAG laser that

synchronously pumps a dye laser. A portion of the 1064 nm beam (, a few nJ) is

directed into a Nd:YAG regenerative amplifier where it is amplified up to

approximately 50mJ at a pulse repetition rate of ,10Hz. The output is

frequency doubled and used to pump a dye amplifier (typically three

amplification stages). The dye amplifier is used to amplify the output of the

dye laser. A gain of,106 is typical. Hence the final output pulse has an energy of

,1–2mJ with a pulse width of a few picoseconds. In some cases, the pulse can

be shortened to a few hundred femtoseconds.

A portion of the pump beam is picked off by a beam splitter and directed to

a cell containing water, a heavy water mixture, or perhaps ethylene glycol. The

intense short pulse generates a continuum of frequencies, which can cover several

hundred nanometers, by the nonlinear process of self-phase modulation [11].

Figure 9 Open aperture Z-scan data at 532 nm in a 1.3 mM solution of chloroaluminum

phthalocyanine in methanol illustrating excited state absorption. The squares correspond

to 29 ps pulses and the triangles to 61 ps pulses, both at 1.16mJ. This demonstrates that the

nonlinear absorption is strictly fluence dependent, not intensity dependent, and thus ESA,

not TPA. (From Ref. 9, Fig. 3, Copyright q Springer-Verlag 1992.)
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This process was discussed in Chapter 6. A notch filter can be placed directly

after this white light continuum generation cell to filter out the residual light at the

pump frequency.

The probe pulse is sent through an appropriate delay line for time delay

experiments. This is better done before the continuum generation to avoid

dispersive broadening of the pulse. The pump and probe beams are then made to

overlap in the sample. It is usually desired that the probe be smaller in size than

the pump to examine a more uniform excitation region [10]. A typical spot size

for the pump beam is,100s of mm. Reflective optics work better for focusing the

continuum probe to avoid chromatic aberrations.

A portion of the continuum pulse is split off directly after the white light

generation cell and is used as a reference. Both the reference and the beam

transmitted through the sample are collected using optical fibers and coupled to a

grating spectrometer. Both dispersed beams are then sent to a dual photodiode

array or separate locations on a CCD camera. If the beams are registered

properly, the wavelength of the spectrum can be correlated to pixel position, and

Figure 10 White light continuum pump–probe transient absorption spectroscopy

experiment.

Chapter 10644

Copyright  2003 by Marcel Dekker, Inc. All Rights Reserved.



the strength of the signal at each pixel is proportional to the intensity of light at

that wavelength.

By establishing a baseline signal with the sample absent, the two spectra

with the sample present can be compared to find the nonlinear spectral

transmittance of the sample. With prior knowledge of the linear transmittance of

the sample (e.g., from spectrophotometer data), the DOD(l, t ) can be computed

and used in conjunction with Eqs. (23) and (24) to determine the excited state

cross-sections for an ESA experiment. Care should be taken to keep the pump

fluence below the saturation fluence so that the approximations used to simplify

this analysis remain valid. Also, the probe intensity should be small (,1%)

compared to the pump. With further knowledge of the pulse widths and pulse

shapes, Eqs. (12–18) can be employed to determine TPA coefficients in a two-

photon spectroscopy experiment.

II. THREE-WAVE MIXING

Three-wave mixing (TWM) is an older name for the now traditional coherent

anti-Stokes Raman scattering (CARS) [12]. However, the interest is not in the

Raman spectra but in the interference between Raman and other two-photon

resonant processes. This technique is also very closely related to the nearly

degenerate three-wave mixing technique, discussed in Chapter 7, Section 2,

which is used for characterizing the third order susceptibility of materials.

In the TWMmethod, two beams of frequencies v and v 2 Dv are made to

overlap in the sample and produce a new beam at frequency v þ Dv. The

objective is to measure the intensity of the beam at this new frequency, which is

proportional to the absolute square of the third order susceptibility. When

coupled with ordinary Raman scattering measurements, the imaginary part of the

susceptibility can be found, and hence the TPA coefficient.

The advantages of this technique include its generation of a signal with a

low background, in contrast with nonlinear transmissions methods. Since the

process is phase matchable, significant signals can be produced, and even cw

lasers may be employed if photon counting is used [12]. The phase matching

geometry is like that employed in a CARS experiment (see below).

One principal disadvantage of the technique is that the generated signal is

often close in frequency to that of the incident lasers. The generated beam must

be spatially and spectrally resolved from the much more intense pump beams.

Furthermore, the technique requires further knowledge of the real part of the

susceptibility and the differential Raman scattering cross-sections for both the

solvent and the solution.
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A. Theory

For Raman scattering due to one mode energetic enough that only the ground

state is significantly populated at room temperature, the Stokes shifted beam

intensity is related to the intensity of the incident beam at frequency v by

Iðv2 DvÞ
IðvÞ / Im

Aj

Dv2 vj 2 iGj

� �
ð34Þ

where vj is the center frequency of the jth Raman resonance, and 2Gj is the full

width at half maximum of the jth Raman resonance, assuming a Lorentzian line

shape. The scattering amplitude is given by

Aj ¼ Nðdsj=dVÞmax

12hcv4
s

ð35Þ

N is the molecular density, ls ¼ 2pc=vs is the mean scattered wavelength, and

ðdsj=dVÞmax is the maximum angle dependent absolute differential scattering

cross-section for the jth Raman mode, integrated over the scattering frequency.

The parameters vj and Gj for each resonance can be found by fitting the

relative Raman spectra obtained experimentally to the imaginary part of a sum of

complex Lorentzians [12]. Raman spectra of the neat solvent and the solution

under study are collected. The scattering amplitude Aj for all resonances is scaled

to resonances for which ðdsj=dVÞmax is known.

In the TWM experiment, with all laser line widths small compared to the

widths of Raman resonances, the anti-Stokes line is generated with

Iðvþ DvÞ / j3xð3Þxxxxð2v2 Dv;v;v;2vþ DvÞj2I 2ðvÞIðv2 DvÞ ð36Þ
where xð3Þxxxxð2v2 Dv;v;v;2vþ DvÞ is the third order susceptibility

governing the process, assuming all beam polarizations are parallel. As discussed

in Chapter 7, Section 2, if the generated signal is compared with the TWM signal

produced in a reference material (e.g., CS2), then the susceptibility of the sample

is determined by

xð3Þxxxx ¼
n

nref

� �2
Lref

L

12 Rref

12 R

� �2
Iðvþ DvÞ
Irefðvþ DvÞ
� �1=2

½xð3Þxxxx�ref ð37Þ

R is the surface Fresnel reflectance, and L is the thickness of the sample or

reference. For v constant or variable over a small range, for which the variation

of the two-photon absorption cross-section s2 is negligible, the susceptibility has

the following contributions:

xð3Þ ¼ xð3Þ
0

NR þ ixð3Þ
00

NR þ
j

X Aj

Dv2 vj 2 iGj

ð38Þ
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Note that the Raman resonances contribute to the signal as well as ordinary third

order susceptibility components, which are nearly resonant at 2v. The primed

component is the real part of this susceptibility and is related to the nonlinear

index of refraction (Chapter 6). The TPA coefficient is proportional to the

imaginary component given as the double-primed symbol. This latter coefficient

will be due only to the solute if the solvent is judiciously chosen to have

negligible TPA at the measurement wavelength.

The phase matching condition for the TWM experiment is given by

kðvþ DvÞ ¼ 2kðvÞ2 kðv2 DvÞ ð39Þ
The phase matching diagram is illustrated in Fig. 11. If the sample thickness is

such that L , jDkj21
; where Dk is the phase mismatch, then collinear phase

matching is allowed, as in the case of nearly degenerate three-wave mixing

(Chapter 7, Section 2).

TWM data at v þ Dv are fitted to Eqs. (36) and (38) by varying xð3Þ
0

NR and

xð3Þ
00

NR : The imaginary part, xð3Þ
00

NR ; is determined uniquely by accounting for Aj, vj,

and Gj from independent Raman scattering measurements. The weakest spectral

regions occur where the real parts of the solute and solvent susceptibilities nearly

cancel, leaving the signal determined primarily by the imaginary part of the

susceptibility for the solute [12]. Since these areas contain the most information

about xð3Þ
00

NR ; the photon counting time should be increased here to keep the signal

quality equal to that of the stronger spectral regions. The two-photon cross-

section is then given by

s2 ¼ 3xð3Þ
00

NR

ph

10n2l2N
ð40Þ

B. Experimental

The experimental setup for this technique is very similar to that shown in

Chapter 7, Fig. 11 for nearly degenerate three-wave mixing. Nanosecond lasers

may be used, since thermal and electrostriction processes are not expected to

Figure 11 Phase matching diagram for the three-wave mixing two-photon absorption

measurement technique.

Experimental Techniques in Nonlinear Absorption 647

Copyright  2003 by Marcel Dekker, Inc. All Rights Reserved.



contribute to the generation of the unshifted frequency. Two different

wavelengths must be used. For two-photon spectroscopy using the TWM

technique, tunable lasers are normally desired to center the frequencies on

specific Raman resonances and to find cancellation of the real parts of the solvent

and solute susceptibilities.

The two beams are adjusted to overlap spatially and temporally in the

sample. Phase matching can be achieved by adjusting the angles and focusing

lenses to maximize the generated signal. If the anti-Stokes shifted frequency is

too large for collinear phase matching, then a configuration like that in Fig. 12,

from Anderson et al. [12], may be used. This achieves the CARS phase matching

as shown schematically in Fig. 11. The beams are lightly focused into the sample

or reference to a diameter of the order of a few hundred micrometers.

The sample and reference are irradiated simultaneously in separate beam

paths. The two anti-Stokes shifted beams are then separated spatially and passed

through a double monochrometer. The output signals are physically separated

and detected by PMTs connected to boxcar integrators. When cw lasers of several

hundred milliwatts of power are used, long counting times are required. By

blocking each beam successively and measuring the residual energy from the

other beam, an average background signal can be subtracted from the desired

signals. Following background subtraction, average signal energy or intensity

values from both the sample and the reference are computed. These values can

then be used in Eq. (37) to compute the desired susceptibility.

Before performing the final data fit according to the prescription given in

the previous section, Raman spectra from the neat solvent and the solution must

be collected in an independent experiment. The same lasers are used, and the

Raman signal is collected at an angle of 908 with respect to the incident laser.

With care, an accuracy of,15–20% in the value of s2 may be obtained with the

TWM measurement technique over the spectral region desired.

Figure 12 Focusing arrangement for achieving phase matching in the three-wave

mixing experiment.
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III. TWO-PHOTON FLUORESCENCE

Two-photon fluorescence, or two-photon excitation as it is sometimes called, was

one of the earliest forms of two-photon spectroscopy, complementing two-

photon absorption spectroscopy. Single photon fluorescence emission from two-

photon excited states is measured. Strong fluorescence at a particular frequency

indicates strong TPA at one-half that frequency, assuming no frequency shifts in

the molecule under study.

The objective of this technique is to measure the two-photon fluorescence

intensity (usually by photon counting methods) as a function of the energy of the

incident photons. Comparing the fluorescence intensity to that of a reference

material allows an estimation of the TPA cross-section s2. The fluorescence

spectrum shows the origin of two-photon allowed states

(s2 @ 1 £ 10250cm4s=photon–moleculeÞ: In addition, measurements using

incident light of linear and circular polarization allow a determination of the

polarization ratio, defined by

V ¼ scir
2

slin
2

ð41Þ

This ratio gives information regarding the symmetry of excited vibronic states

[13].

The advantages of this technique include its convenience for spectroscopy,

when tunable laser sources are used. It also allows the measurement of the signal

against a low background, in contrast to nonlinear transmission methods. Its

disadvantages include a low signal level (photon counting regime), and that some

materials have very low quantum fluorescence yields. The quantum yield may

also vary with wavelength. Moreover, available calibration methods may result in

large errors in the absolute value of the TPA cross-section [14]. These errors are

less significant when measuring V.

A typical experimental arrangement is shown in Fig. 13 [15,16]. The

wavelength of the excitation laser is chosen for the two-photon spectral region

desired. If the material under study exhibits strong self-absorption in the UV

region, then the laser wavelength must be restricted to the red and near-IR

spectral regions. For near-IR wavelengths, a Ti:sapphire laser may be used. Dye

lasers are frequently used, however, with cyanines used for IR output, and

oxazines for the red spectrum. The laser is usually pulsed to obtain a high peak

power for the nonlinear excitation.

The laser is directed and focused into the sample. A tight focus is normally

used, such that the sample length is much greater than the laser confocal

parameter. This avoids strong two-photon excitation or fluorescence of the

sample windows. The fluorescence emission is collected at 908 with respect to

Experimental Techniques in Nonlinear Absorption 649

Copyright  2003 by Marcel Dekker, Inc. All Rights Reserved.



the incident laser beam, with the collection volume restricted to the center of the

sample. Red and near-IR filters are used to attenuate any linearly scattered laser

energy, and the fluorescence is detected with a PMT (photomultiplier tube).

(Often, the light incident on the PMT is defocused to avoid saturation of the tube.)

An identical reference arm is set up to calibrate the system, and the

measurement of the fluorescence is compared to the reference to obtain the TPA

cross-section. The reference is a well-characterized two-photon absorber (e.g.,

sodium fluorescein in water [16]). The incident laser energy and pulse waveform

are measured to obtain the incident excitation intensity. The output of the PMT is

amplified and the peak height, assumed proportional to the fluorescence intensity,

is measured. Normally, an average of $10 shots is obtained.

To verify that the signal is due to two-photon fluorescence, a plot of logðILÞ
vs. logðIFÞ is generated at several representative wavelengths, where IF and IL are
the fluorescence and laser intensities, respectively. A slope of 2 in these plots

indicates that the signal is due to two-photon excitation [15–17]. Finally, a plot of

lnðIF=I2LÞ as a function of wavelength yields the two-photon excitation spectrum

[17–19], and a comparison of these data with the reference will yield an

estimation of s2 at each wavelength.

A combination of polarizers, half-wave plates, and quarter-wave plates in

the laser beam allows for polarization studies. After measuring s2, for both linear

Figure 13 Two-photon fluorescence experimental setup.
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and circular polarization, the polarization ratio V is obtained. A value of V ¼
3=2 must be obtained for a transition to a vibronic state of Bg symmetry, and less

than 3/2 for an Ag state [16].

IV. PHOTOTHERMAL METHODS

Some, if not most, of the energy absorbed through either a linear or a nonlinear

process is converted to heat. This internal change in energy of the material is

measurable either as a direct change in temperature or in an optical property that

depends on temperature. Thus temperature changes can be related back to

absorption coefficients. Two photothermal methods for measuring nonlinear

absorption are considered here. One monitors changes in the refractive index of

the material due to temperature excursions, while the second one involves a direct

measurement of the temperature change.

A. Thermal Blooming

Thermal contributions to the nonlinear refractive index were discussed in

Chapter 6. Energy absorbed by the medium from an optical beam with a

symmetric radial profile and a peak intensity or fluence on-axis produces a

radially symmetric temperature distribution. A radial index profile results from

this temperature gradient. The ensuing distortion of the beam is called thermal

lensing. Normally, the change in index is negative for a rise in temperature, and

the lensing induced is like that of a defocusing lens. The beam expands in both

the near and the far field as a result, and the phenomenon has been referred to as

thermal blooming.

For small temperature changes in the medium at the focus of a laser beam,

changes in the far-field intensity distribution can be observed. Thus thermal

blooming was developed as a sensitive technique for measuring small linear

absorption in materials [20]. Long et al. [21] further developed a two-beam

pump–probe thermal blooming method. A strong pump beam with a tunable

wavelength was used to measure the spectral absorption of a material, while a

weak fixed wavelength beam was used to monitor the thermal lens that

developed. Twarowski and Kliger [22] subsequently extended this two-beam

method to the case of m-photon absorption.

The objective of a thermal blooming experiment is to induce a thermal lens

in a material by nonlinear absorption (e.g., TPA) from a strong pump beam, and

then monitor changes in the on-axis intensity of a probe beam in the far field. The

changes in the far-field intensity can be related to the nonlinear absorption

coefficient in the medium. The advantages of this technique are that it involves a

simple experimental setup, and that experimental conditions related to
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assumptions and approximations in the theory of the measurement are easily

satisfied. The far-field intensity is sensitive to the nonlinear absorption and can

easily be detected. Disadvantages include the alignment and overlap of the

common focus of two beams of different wavelengths. Additional thermal

parameters of the material must also be known or measured to calibrate the

experiment. Also, the quantum fluorescence yield must be measured if it is too

large to be neglected.

Theory. The optical configuration of the sample for a thermal blooming

experiment is shown in Fig. 14. The sample is situated near the focus of the lens,

and an aperture in the far field limits the amount of transmitted light that reaches a

detector. The experimental setup is very similar to the Z-scan technique discussed

in Chapter 7.

Several assumptions are required in the theory of this measurement [22].

First, the fraction of light absorbed is assumed to be small enough that the light

absorbed per unit length is constant over the sample path. A thin sample is

assumed such that the radius of the pump beam is also approximately constant

over the sample path. Since the amount of light absorbed is small, it is assumed

that the temperature change is also small ðDT ! 1Þ so that an approximate

expansion of the refractive index with temperature can be used: nðTÞ .
n0 þ ðdn=dTÞDT : Both pump and probe beams are taken to be TEM00 Gaussian

modes, and the pinhole aperture in the far field is small compared to the far-field

probe beam 1/e 2 radius. The distance d to the aperture is larger than the induced

focal length in the sample, and the aperture is definitely in the far field (d @ zR;
where zR is the Rayleigh range of the focused probe beam).

For m-photon absorption, the maximum change in the time dependent on-

axis probe intensity occurs when the sample is placed at the position z0 ¼
22ð2mþ 1Þ21=2zR; where the origin z ¼ 0 is taken to be at the waist of the

common beam focus [22]. With the pump pulse centered at time t ¼ 0; and its

pulse width small compared to the thermal time constant of the medium,

Figure 14 Thermal blooming experimental geometry.
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the relative change in the on-axis far-field probe intensity from t ¼ 0 to t ¼ 1 is

given by [22]

Ipðd; 0Þ2 Ipðd;1Þ
Ipðd; 0Þ .

2mþ3m2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mþ 1

p 2mþ 1

2mþ 2

� �mþ1
dn

dT

LDsmhcH

pm21w2m
0e kTl

2
e

ð42Þ

where L is the sample thickness, D is the thermal diffusivity of the sample, sm is

the m-photon absorption cross-section, h is Planck’s constant, c is the speed of

light, kT is the sample thermal conductivity, le is the pump (excite) beam

wavelength, and w0e is the radius of the pump beam waist. H is a quantity defined

by

H ¼ le
hc

� �mZ
½PðtÞ�mdt ð43Þ

where P(t ) is the instantaneous pump power. For a Gaussian-shaped pump pulse

of energy E;H ¼ ðp=mÞ1=2ðle=hcÞmtðE=p1=2tÞm with t the 1/e half-width of the

pulse. The m-dependent prefactor in Eq. (42) has a value of 33.1 for m ¼ 2

(TPA), and 127.6 for m ¼ 3 (3PA). Once the relative change in on-axis intensity

at the far-field z ¼ d has been measured, Eq. (42) can be inverted to find sm.

Experimental. A typical experimental configuration is illustrated in

Fig. 15 [23]. Care should be taken with respect to the geometry of the experiment

and the conditions of the sample so that all of the assumptions listed in the

theoretical discussion above are satisfied.

The pump laser is usually tunable (e.g., a dye laser) to obtain the m-photon

spectrum of the sample. The probe laser is preferably a cw laser with a fixed

Figure 15 Thermal blooming experimental arrangement for measuring nonlinear

absorption.
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wavelength to facilitate timing synchronization with the pump and a constant

probe focus. Both beams are focused into the sample at the same spot with

comparable beam sizes. Suitable probes monitor the incident pump and

transmitted probe pulses. The incident pump energy is also measured. Finally, a

filter is in place at the far-field probe detector to selectively attenuate the pump

signal to an acceptably low value. The time dependent probe signal transmitted

through the far-field aperture is captured and digitized.

With the probe signal captured, a plot of the quantity {IpðtÞ=½IpðtÞ2
Ipð1Þ�}1=2 vs. t should yield a straight line. The slope of this line is tth/2m, where

tth ¼ w2
e=4D is the thermal time constant of the sample. Thus a measurement of

this slope will yield the thermal diffusivity D of the sample [23].

A plot of the quantity ½Ipð0Þ2 Ipð1Þ�=Ipð0Þ vs. E should be quadratic for

TPA [23]. This will be true if the temporal profile of the pump pulse is constant

from pulse to pulse. Once this quantity is measured, Eq. (42) is inverted to obtain

the two-photon cross-section s2.

Fang et al. [24] have extended these techniques with the use of sync-

pumped picosecond dye lasers. Although these lasers have a low peak power,

their high repetition rate results in an integration of TPA by the individual

picosecond pulses due to the relatively slow thermal decay in the medium. The

low peak power also ensures that competing nonlinear effects (e.g., the Kerr

effect) are absent. The high pulse-to-pulse stability of sync-pumped dye lasers

results in a high signal-to-noise ratio for the detection of far-field intensity

changes. Chopping the beam also allows for sensitive phase detection schemes

like those used in ordinary linear photothermal measurements. A single photon

transition in the material can also be used to calibrate the measurement of s2 [24].

The experimental configuration is similar to that described above. The pump laser

beam is chopped, however, and the probe laser intensity is monitored using a

lock-in amplifier.

B. Laser Calorimetry

The laser calorimeter is a device developed to measure small absorption in

samples. This instrument is capable of detecting absorptions less than one part in

105 using a 1W laser (linear absorption) [25]. When TPA is present, the

calorimeter can be used to measure the total absorption (linear plus nonlinear)

and hence determine the TPA coefficient. The advantage of this technique is that

it measures a large change (the added absorption due to TPA) in a small quantity

(total absorption). Its chief disadvantage is that care must be taken to ensure that

the sample is thermally isolated from its surroundings to avoid thermal losses that

introduce inaccuracies into the measurement. This complicates the experiment.

A typical experimental setup is shown in Fig. 16 [25]. The sample, in an

evacuated chamber, is fitted with a thermocouple probe to monitor temperature
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changes. A chart recorder or digitized voltage signals can be used to monitor the

temperature rise of the sample due to a sequence of incident Q-switched pulses.

The calorimeter responds to the total average power absorbed. The incident pulse

energy, pulse width, and spot size are also recorded to obtain the peak on-axis

intensity.

For small total absorption ½i:e:; ðaþ bIÞLp 1�; the total absorption as a

function of incident intensity will be a straight line. The vertical intercept yields

a, while b is determined by the slope [25]. For high index materials, reflection

from the rear surface of the sample can significantly affect the computed

absorption coefficients. Bass et al. [25] describe a numerical computation

technique to account for this in the data, assuming only a single rear surface

reflection.

V. DEGENERATE FOUR-WAVE MIXING

Degenerate four-wave mixing (DFWM), described in Chapters 6 and 7, has been

developed for characterizing the third order susceptibility of materials. As

discussed in Chapter 7, the standard DFWM technique only measures the

modulus of xð3Þ: However, it was shown in a set of experiments on diphenyl

polyenes that TPA produces a double peak response in the phase conjugate signal

Figure 16 Experimental setup for a laser calorimetry measurement of two-photon

absorption. (Adapted from Ref. 25.)

Experimental Techniques in Nonlinear Absorption 655

Copyright  2003 by Marcel Dekker, Inc. All Rights Reserved.



produced by nanosecond pulses [26]. A theoretical analysis of this effect reveals

that the minimum between the two peaks of the pulse does not go to zero if the

imaginary part of the susceptibility is nonzero. At the particular point in time

when this minimum occurs, the phase conjugate signal is due to scattering of the

pump beams from a pure two-photon absorption grating [26].

The objective of the DFWM technique with nanosecond pulses, for

measuring TPA, is to monitor the signal at the minimum between the two peaks

of the phase conjugate pulse as a function of pump energy. The phase conjugate

reflectance from this pure amplitude grating will be proportional to the imaginary

part of xð3Þ; which is of course proportional to b.
This technique has several advantages in its favor. First, it utilizes the

standard DFWM experimental method. The generated signal is strong and easy to

detect, i.e., energy probes can be used instead of the photomultiplier tubes

required in fluorescence techniques. It measures a large signal relative to a weak

background in contrast to nonlinear transmission methods. The experiment is

calibrated in the usual way with a nonabsorbing nonlinear material (e.g., CS2).

Finally, as discussed in Chapter 7, the real part of the susceptibility can also be

obtained from the same data. Its chief disadvantage lies in the pulse detection and

monitoring using a streak camera, as described below.

A. Theory

The theory of DFWM was given in Chapter 6. The process may be examined in

terms of real-time holography. In this picture, the interference of the probe and

the two pump beams (forward and backward pumps) writes gratings in the

medium due to its nonlinear refractive index. This produces a scattering of

the pump beams in the direction of the conjugate beam, counterpropagating to the

direction of the probe beam. Since xð3Þ is complex, in general, these gratings

consist of a combination of phase and amplitude gratings. The amplitude grating

depends on the imaginary part of xð3Þ and thus on the TPA coefficient b.
Strong TPA will modify the linear optical properties of the medium. The

cascading of third order optical properties like TPA with linear optical properties

(e.g., the index of refraction) yields an effective fifth order nonlinear process. The

spatial dependence of these optical modulations is determined by the interfering

optical fields. Hence additional TPA induced optical gratings will be

superimposed on the usual gratings present in the DFWM experiment.

These new gratings are assumed to be pure phase gratings and also scatter

the pump beams in the direction of the phase conjugate [5]. Thus the signal

measured carries information about the TPA induced gratings as well as the

ordinary xð3Þ gratings of the medium. The dynamical processes associated with

the formation of these gratings have finite decay times. Two possibilities have

been considered: population gratings (creation of excited species) and thermal
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gratings [5]. For optical pulses with pulse widths short compared to these decay

times, the time dependence of the induced optical modulation is independent of

the particular type of induced grating (i.e., population or thermal).

Assuming Gaussian-shaped pulses (usually valid for Q-switched

nanosecond lasers), the time dependence of the index modulation due to TPA

induced processes can be analytically determined. A time dependent phase

conjugate reflectance is defined by

RðtÞ ¼ IcðtÞ
Ip0

ð44Þ

where Ic(t ) is the time dependent conjugate wave intensity and Ip0 is the peak

value of the time dependent probe intensity. The conjugate reflectance then

depends on the pump energy Epump, which is assumed equal in each pump beam

and is given by [5]

RðtÞ ¼ 6Lffiffiffiffi
p

p
10n2clw2t

� �2

ð{xð3ÞR ½GðtÞ þ AEpumpHðtÞ�}2

þ {xð3ÞI GðtÞ}2ÞGðtÞE2
pump ð45Þ

In this expression, L is the sample thickness, w is the 1/e 2 beam radius, and G(t )

is the pulse shape given by

GðtÞ ¼ exp½2ðt=tÞ2Þ� ð46Þ
with t the pulse 1/e half-width. xð3ÞR and xð3ÞI are the real and imaginary parts of the

third order susceptibility, and

HðtÞ ¼
ffiffiffiffi
p

p
tffiffiffi
8

p
� �

½1þ erfð ffiffiffi2p t=tÞ� ð47Þ

with

erfðxÞ ¼ 2ffiffiffiffi
p

p
Z x

0

expð2u2Þdu ð48Þ

being the error function.

The parameter A in Eq. (45) depends on several experimental parameters,

and R(t ) will have a minimum within the laser pulse profile if A is negative. The

temporal position tmin of this minimum is given by the solution of the equation

GðtÞ þ AEpumpHðtÞ ¼ 0 ð49Þ
and is thus a function of the pump energy. By measuring tmin as a function of

Epump, the parameter A may be determined.
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Now, by the definition of tmin,

RðtminÞ ¼ BG 3ðtminÞE2
pump ð50Þ

where

B ¼ 6Lxð3ÞIffiffiffiffi
p

p
10n2clw2t

 !2

ð51Þ

The parameter B can be obtained by measuring R(tmin) as a function of pump

energy and fitting the data to Eq. (50). The measurement can be calibrated by

measuring the peak conjugate reflectance of a standard material (e.g., CS2) that

does not exhibit TPA and hence has a single peak phase conjugate pulse. For the

reference material,

Rrefð0Þ ¼ BrefE
2
pump ð52Þ

The imaginary part of the susceptibility is then found from

xð3ÞI ¼
ffiffiffiffiffiffiffiffi
B

Bref

r
n

nref

� �2
Lref

L

� �
jxð3Þrefj ð53Þ

where the subscript ref always refers to a reference quantity. Finally, the TPA

coefficient is related to xð3ÞI by

b ¼ 3pxð3ÞI

10n2cl
ð54Þ

With the imaginary part of the susceptibility and the parameter A thus

determined, the pulse shape can be fitted to Eq. (45) to determine the real part of

the susceptibility. This was discussed in Chapter 7.

B. Experimental

The DFWM experimental technique for measuring xð3Þ was described in

Chapter 7. The experimental method described here utilizes a setup similar to that

shown in Fig. 17 [5]. The light source in this case is a seed-injected Q-switched

laser producing smooth nanosecond pulses. The shutter selects pulses for the

experiment at a ,1Hz rate to avoid cumulative pulse effects. The polarizer/half-

wave plate combination sets the total energy in the pump and probe beams, while

the actual beam energies are then determined by calibrated beam splitters in the

experiment. Probe and conjugate pulse energies are measured with calibrated

energy meters.

The theory given in Section A above assumes plane waves of infinite

extent, whereas the experiment employs finite beams with Gaussian spatial
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Figure 17 Degenerate four-wave mixing experiment for measuring two-photon absorption. (From

Ref. 5.)
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profiles. Since the phase conjugate beam is due to a superposition of third order

and effective fifth order effects, its temporal profile is dependent on the local

intensity. Each space point of the beam will have its own temporal profile,

although this will vary only as a function of the radial coordinate, since the beam

has axial symmetry. To obtain good agreement with the theory, the on-axis

temporal profiles of the probe and phase conjugate beams must be compared, for

both the sample and the reference. This comparison requires a good registration

of the temporal and spatial profiles of both beams, which can be obtained by the

method described below.

Probe and phase conjugate beams are directed to a streak camera as

illustrated in Fig. 18. The beams are first centered on the streak camera slit and

are individually attenuated to produce comparable amplitude streaks and prevent

saturation of the streak camera photocathode. The voltage signals obtained from

the streak camera are then referenced to the pulse energy measurements. To

obtain the necessary time and space references, the probe polarization is set

orthogonal to the polarization of the pump beams, and the streaks for the probe

and phase conjugate beams are recorded. This is done each time the pump energy

is changed. Under these conditions no TPA induced gratings can be written in the

sample, and the phase conjugate signal is due only to the xð3Þxyyx component of the

susceptibility [5]. Thus the time and space dependencies of the phase conjugate

signal show a smooth, single peak behavior. This allows the on-axis spatial and

peak temporal positions of both beams to be uniquely determined and registered,

as illustrated in Fig. 19 [5]. With these signals recorded and stored in computer

memory, the probe polarization is again set parallel to the pump polarization, and

measurements are repeated at the same pump energy. The same procedure is used

for measurements of the reference material.

The first part of the data analysis is to determine tmin as a function of Epump.

With the probe and phase conjugate signals temporally and spatially registered,

the time pixel associated with tmin is located by striking a horizontal line through

Figure 18 Streak camera setup for the DFWM experiment shown in Fig. 17.
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the temporal waveform and seeking the minimum signal voltage level for which

the line intersects the waveform at three points. The middle intersection point is

identified as tmin [5]. Fitting a plot of tmin as a function of Epump to the solution of

Eq. (49) yields the parameter A. With this parameter determined, a pump energy

dependent tmin can be determined to obtainG(tmin) for the later data analysis. This

allows a smoother fit of data for R(tmin).

To determine the parameter B from Eq. (50), the voltage signal levels must

be calibrated against the pulse energy measurements. Since the beams are

centered on the camera slit, the streak camera integrates the beam over the slit

width Dy. The recorded signal S(x, t ) is proportional to the beam intensity

Sðx; tÞ ¼ bDyIðx; 0; tÞ ð55Þ

where b is a constant and Iðx; y; tÞ . Iðx; 0; tÞ over the narrow slit width.

Assuming axial symmetry for the beam implies that

b ¼ 2p

EDy

Z 1

21

Z 1

0

Sðx; tÞxdxdt ð56Þ

Figure 19 Illustration of the probe and phase conjugate streaks in the experiment of

Figs 17 and 18, illustrating the time and space registration of the peak on-axis signals.

(From Ref. 5.)
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The integration can be performed numerically withZ 1

21

Z 1

0

Sðx; tÞxdxdt

.
1

2
DxpixelDtpixel

x2pixels

X
t2pixels

X
Sðx2 x0; t2 t0Þjx2 x0j

ð57Þ

where (x0, t0) are the pixels defining the origin.

Now

RðtminÞ ¼ Icð0; 0; tminÞ
Ipð0; 0; 0Þ .

bp

bc

Scðx0; t0 þ tminÞ
Spðx0; t0Þ ð58Þ

With R(tmin) determined by Eq. (58), this quantity is then plotted as a function of

pump energy. The data are then fitted to Eq. (50) to determine the parameter B.

An example of these data for a solution of diphenyl butadiene in chloroform is

given in Fig. 20 [5]. Similar procedures are used to find Bref for the reference

measurement. Then Eqs. (53) and (54) may be used to find the imaginary part of

the susceptibility and hence b.

Figure 20 R(tmin) as a function of pump energy in the measurement of TPA by DFWM.

(From Ref. 5.)
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C. Picosecond Measurements

The experiment described in the two sections above requires the use of

nanosecond pulses. This is because the TPA induced phase gratings that interfere

with the ordinary xð3Þ gratings take time of the order of nanoseconds to develop.

Thus at some point in time the TPA induced gratings cancel the ordinary phase

gratings, leaving only the contribution to the phase conjugate signal from the pure

TPA amplitude gratings.

In a solution, it is also possible to get a cancellation of the pure phase

gratings due to the solvent and solute having real hyperpolarizabilities of

opposite sign [27]. Then the cancellation is good over the whole pulse, even in the

picosecond case, and occurs at a particular concentration of the solute. This can

be seen in the full expression for the effective susceptibility of a solution:

jxð3Þeff j ¼ f 4½ðNsvgsv þ Nsl;rÞ2 þ ðNslgsl;iÞ2�1=2 ð59Þ

In this expression, the subscripts sv and sl stand for solvent and solute,

respectively. N represents the concentration (number density) and g the second

hyperpolarizability of the solvent and solute. The subscripts r and i signify real

and imaginary parts, respectively, and f is the local field factor (see Chapters 6

and 7). It is assumed that the imaginary part of the solvent hyperpolarizability is

zero, i.e., the solvent exhibits no appreciable TPA. Note that if the real parts of

the solvent and solute hyperpolarizabilities have opposite signs, they will cancel

each other at some concentration. Then the phase conjugate signal will be due to

the imaginary part of the solute hyperpolarizability alone.

The objective of this method then is to perform an ordinary DFWM

experiment, as described in Chapter 7, using picosecond pulses, and measure the

effective susceptibility as a function of concentration. These data are fitted to

Eq. (59). Normally it will be possible to assume that the solvent number density

remains approximately constant. This is true if the solute hyperpolarizability is

much larger in magnitude than that of the solvent. The minimum in the curve that

fits the data will yield the imaginary part of the second hyperpolarizability of the

solute [28].

The advantage of this technique lies in its simplicity, i.e., it is a standard

xð3Þ characterization method and enjoys all of the advantages of that method. Its

chief disadvantages are that it requires several lengthy measurements for

different sample concentrations (which may be limited by solubility problems)

and that it requires that the real parts of the solvent and solute

hyperpolarizabilities have opposite signs, which may not be known a priori.
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VI. HETERODYNED KERR EFFECT MEASUREMENTS

Optical Kerr effect measurements for characterizing the nonlinear refractive

index were described in Chapter 7. Actually, in such an experiment, only the

modulus of the third order susceptibility is measured. If the material has a

substantial imaginary component of the susceptibility, then nonlinear dichroism

(related to TPA) as well as nonlinear birefringence (related to the nonlinear

index) will contribute to the signal measured. In ordinary Kerr effect

measurements, there is no way to separate the real and imaginary parts of the

susceptibility and uniquely characterize them.

Orczyk et al. [29] developed an optical heterodyned measurement

technique that allows this separation to be performed. The method employs a

local oscillator beam that mixes with the Kerr effect signal. Appropriate optical

phase adjustments between this local oscillator and the nonlinear response of the

medium may be used to enhance selectively the contribution from either the real

or the imaginary part of the third order susceptibility.

The obvious advantage in this technique is that it allows the use of a

standard xð3Þ characterization method, but with the added significance that the

real and imaginary parts can be separated and measured through simple

experimental adjustments. It also has the advantage that it measures a relatively

large signal against a small background. One disadvantage is the complication

added by the heterodyning method. Also, it does not allow a measurement of the

xð3Þxxxx component; hence it does not give a measure of b but rather the two-photon

equivalent of a dichroic absorption coefficient. These coefficients come into play

in orthogonally polarized pump–probe beam experiments (see Chapter 9).

A. Theory

The theory of optical Kerr effect measurements was given in Chapter 7. Recall

that in such an experiment, a strong linearly polarized beam pumps the medium,

and a weak beam probes changes in the birefringence. For an isotropic medium,

the initial birefringence is zero. The probe polarization is generally set at an angle

of 458 with respect to the pump polarization. The transmitted probe is sent

through another polarizer that is oriented at 908 with respect to the input probe

polarization. Induced birefringence (as well as induced dichroism) produces a

small component of the probe field in the direction of this polarizer axis.

In the method developed by Orczyk et al., this last polarizer is rotated by a

small angle f from true othogonality and hence passes a small portion of the

probe component in the direction of the original probe polarization. This field,

which is approximately equal to the value of the incident probe field, constitutes

the local oscillator field (at the same frequency of the desired cross-polarized

signal field). If the third order susceptibility is complex, the part of the desired
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signal field that is due to the imaginary part of xð3Þ is in phase with the local

oscillator field. The part of this field due to the real part of xð3Þ is p/2 radians out

of phase [29].

The introduction of a quarter-wave plate between the sample and the final

polarizer (analyzer) in the experiment imposes a fixed p/2 phase bias between the
local oscillator and the Kerr signal. Thus the net field that would be detected after

passage through a sample of thickness L and after the analyzer is [29]

EðLÞ / ELOð0Þsinfþ EKðLÞcosf ð60Þ

without the quarter-wave plate, and

EðLÞ / ELOð0Þsinfþ iEKðLÞcosf ð61Þ

in the presence of the quarter-wave plate, where the LO and K subscripts refer to

local oscillator and Kerr signal quantities, respectively. The detected intensity is

proportional to EðLÞE* ðLÞ and hence contains terms proportional to cos2 f;
sin2 f; and sinf cosf: For small f, only terms to first order in f need to be

retained. The net result is that with and without the p/2 phase bias present, the

detected intensity contains f dependent terms given by [29]

I0 / xð3ÞR IpumpIprobeð0Þf ð62Þ

and

Ip=2 / xð3ÞI IpumpIprobeð0Þf ð63Þ

respectively. Thus simply removing or replacing the quarter-wave plate in the

experiment allows independent measurements of the real and imaginary parts of

an effective xð3Þ ¼ xð3Þxyxy þ xð3Þxxyy:
Thus, in the experiment, the net heterodyned signal is measured as a

function of f over a small range of angles. The data are then least-squares fitted

to an equation of the form IðLÞ ¼ aþ bf: The experiment is repeated with a

known reference material that exhibits only a real susceptibility. Finally, the real

and imaginary parts of xð3Þ for the sample can be determined from

ðxð3Þxxyy þ xð3ÞxyxyÞR ¼ IrefpumpI
ref
probe

IpumpIprobe

 !
Lref

L

� �
n

nref

� �2
b0

bref0

 !
ðxð3Þxxyy

þ xð3ÞxyxyÞref
ð64Þ
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and

ðxð3Þxxyy þ xð3ÞxyxyÞI ¼
IrefpumpI

ref
probe

IpumpIprobe

 !
Lref

L

� �
n

nref

� �2 bp=2

brefp=2

 !
ðxð3Þxxyy

þ xð3ÞxyxyÞref
ð65Þ

where the subscripts 0 and p/2 on the b coefficient refer to the situation of the

quarter-wave plate absent and present, respectively.

B. Experimental

A typical experiment is illustrated in Fig. 21 [29]. This experimental setup is very

similar to the optical Kerr gate experiment described in Chapter 7. The main

differences are the introduction of the quarter-wave plate before the analyzer and

the use of phase sensitive detection by chopping the pump beam and detecting

with a lock-in amplifier.

The laser source used by Orczyk et al. was an amplified colliding pulse

mode-locked dye laser producing 60 fs pulses at an 8 kHz rate. Typical pulse

energies are ,50mJ. The beam is split into two parts, with the pump beam a

factor of,30 stronger than the probe. Pump and probe polarizations are set at an

angle of 458. The quarter-wave plate is selected or deselected depending on the

measurement of real or imaginary xð3Þ components.

Figure 21 Heterodyned optical Kerr effect experiment for measuring the real and

imaginary parts of xð3Þ: (Adapted from Ref. 29.)
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Data are collected as a function of the analyzer angle f and fitted to a

straight line. Measurements are then repeated with the reference. A typical

reference material may be CS2. Orczyk et al. used tetrahydrofuran, for which

xð3Þxxxx ¼ 3:7 £ 10214 esu and n ¼ 1:4070 [29].

Pfeffer et al. [30] have employed a similar technique for measuring the real

and imaginary parts of xð3Þ using the optical Kerr effect. Their analysis is

somewhat different, although the underlying physics is much the same. In their

experiments, the probe is the white light continuum generated by focusing

frequency doubled 33 ps pulses from a Nd:YAG laser into a D2O cell. The Kerr

signal is then fed to a spectrometer coupled to an optical multichannel analyzer.

They were thus able to obtain a two-photon spectrum of the sample in a single

pulse. (See Ref. [30] for details.)

VII. CHIRPED-PULSE PUMP–PROBE TECHNIQUE

A pump–probe technique using chirped pulses for measuring xð3Þ; based on two-
beam coupling, was described in Chapter 7. The technique involves measuring

the transmittance of a weak probe pulse when the sample is pumped by a strong

pulse. The transmittance is measured as a function of the delay time between

pump and probe. As the delay time is varied, the transmittance traces out a

dispersion-like curve, and an analysis of the curve yields third order

susceptibility. In the nondepleted pump, the small signal regime, the difference

between the peak and valley (Tmax and Tmin, respectively) in the transmittance

curve is directly proportional to xð3Þ (or, a combination of xð3Þ components). In

this section, the two-beam coupling treatment is extended to the case of a

complex third order susceptibility (i.e., where two-photon absorption is present).

The advantages of this method are that it allows simultaneous measurements of

real and imaginary xð3Þ components as well as the response time of the real

nonlinearity. It can also be performed with relatively long pulses (i.e., long

compared to the response time of the medium). In fact, long pulses simplify the

analysis. Its chief disadvantage is that it requires characterization of the laser

chirp (for real xð3Þ and response time measurements), or calibration against a

reference with known response time.

A. Theory

Tang and Sutherland [32] presented a general theory for pump–probe

experiments using chirped pulses, where xð3Þ is, in general, complex. Consider

here two beams of orthogonal polarization, derived from the same laser, that

cross at an angle 2u in a third order nonlinear medium. The beams consist of

chirped pulses with instantaneous frequency vðtÞ ¼ v0 þ bt; where b is the chirp
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coefficient. The pump (excitation) pulse has energy Ee and is much stronger than

the probe pulse. The probe pulse is delayed from the pump pulse by a time td, and
the time response of xð3Þ is assumed to follow a Debye relaxation equation with

time constant tm. An extension of the treatment in Chapter 7, Section VI leads to

the following equation for the probe intensity:

dIp

dz
¼ ½gðtdÞ2 2bep�Ieðt þ tdÞIpðtÞ ð66Þ

where

gðtdÞ ¼ 6p

10n20clcosu
Reðxð3Þxxyy þ xð3ÞxyxyÞ

2btmtd

1þ ð2btmtdÞ2
� �

ð67Þ

and bep is the two-photon absorption coefficient for the probe beam induced by

the pump (excitation) beam, given by

bep ¼
3p

10n20clcosu
Imðxð3Þxxyy þ xð3ÞxyxyÞ ð68Þ

The laser is assumed to have Gaussian spatial and temporal profiles, so that

Ie;pðr; tÞ / exp½22ðr=we;pÞ2� exp½2ðt=tLÞ2�; where 2tL is the laser 1/e pulse

width. The beams may have different spot sizes, but they have the same time

dependence since they are derived from the same laser. The pulse energies are

measured, and the probe pulse transmittance is defined by T ¼ EpðLÞ=Epð0Þ;
where L is the sample thickness. Assuming a nondepleted pump and gIeL ! 1;
the probe transmittance is given by

TðtdÞ ¼ 1þ DTrðtdÞ þ DTaðtdÞ ð69Þ

DTrðtdÞ ¼ 2gðtdÞLffiffiffi
2

p
p3=2ðw2

e þ w2
pÞtL

Ee expð2t2d=2t
2
LÞ ð70Þ

DTaðtdÞ ¼ 2
4bpeLffiffiffi

2
p

p3=2ðw2
e þ w2

pÞtL
Ee expð2t2d=2t

2
LÞ: ð71Þ

A plot of Eq. (71) is given in Fig. 22. When tL @ ð2btmÞ21; i.e., for relatively
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long laser pulses,

tmax 2 tmin ¼ 1

btm
ð72Þ

Reðxð3Þxxyy þ xð3ÞxyxyÞ ¼
ffiffiffiffiffiffi
2p

p
10n

2
0clcosuðw2

e þ w2
pÞtL

12EeL
exp½ðt2max=2t

2
LÞ�

� ðTmax 2 TminÞ
ð73Þ

bpe ¼
ffiffiffi
2

p
p3=2ðw2

e þ w2
pÞtL

4EeL
exp½ðt2max=2t

2
LÞ�½12 ðTmax þ TminÞ=2�: ð74Þ

Note that tmax is a measured quantity corresponding to the value of td at Tmax.

Hence, the nonlinear susceptibility elements and the TPA coefficient can be

found even when the chirp coefficient or the material response time is unknown.

Note further by Eq. (72) that either the chirp coefficient or the response time can

be obtained from a simple measurement if the other quantity is known.

Figure 22 Transmittance as a function of probe delay time for a chirped-pulse pump–

probe experiment measuring both the real and imaginary parts of xð3Þ:
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B. Experimental

An experimental arrangement for this method was given in Fig. 24 of Chapter 7.

Both beams are derived from the same laser by the appropriate use of beam

splitters. The laser wavelength and pulse width should be selected for the time

scale of the particular phenomenon in the sample under study. To simplify the

analysis, as described above, the pulse width should be chosen to be large

compared with the inverse product of the chirp coefficient and material response

time. A description of the experimental method is given in Section VI of

Chapter 7. The experiment is basically the same as detailed there. An additional

analysis (as discussed above) yields the two-photon absorption coefficient as

well.
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