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A new method for the direct measurement of two-photon-absorption (TPA) coefficients relative to known
inverse Raman cross sections is reported. The method is independent of the laser-beam parameters utilized in
the experiment. The TPA cross section of TiO,, GaP, CdS, and SrTiO; due to simultaneous absorption of a
photon at 14403 cm™' and a photon at 17248 cm ™! was determined relative to the cross section of the 2855
cm™! Raman mode of liquid cyclohexane. Accurate Raman cross sections may also be measured by the

proposed method.

INTRODUCTION

With the development of high-power lasers, it
has become possible to investigate many non-
linear (NL) optical processes. In particular, the
two-photon-absorption (TPA) process by which
two photons are simultaneously absorbed has been
explored extensively. The selection rules for the
TPA transitions are, ingeneral, different from
those of the one-photon transitions, and therefore,
the measurement of the TPA properties of a ma-
terial system is complementary to the linear mea-
surements. A lot of information on the symmetry
of the material eigenstates, including states wHich
are unseen in linear spectroscopy, may be obtained
from the relative values of the different compo-
nents of the TPA tensor.!

Information about the magnitude of the transition
matrix elements, the density of states, and the
energy eigenvalues may be obtained from absolute
measurements of the TPA coefficient and especially
from its frequency dependence.? Unfortunately,
these latter measurements are known to be dif-
ficult because of the strong dependence of the TPA
process on the parameters of the laser used. This
fact is reflected by the large scattering of the re-
ported results in the literature.?

New techniques for absolute measurement of the
TPA coefficient have been recently reported.>*° In
the first kind of technique, the value obtained for
the TPA coefficient is based on a good knowledge
of the laser’s parameters.** These measurements
can be performed only with those particular lasers
which may be quite well characterized, and there-
fore the spectral region of the measurement is
very limited. The second kind of technique, which
is independent of the laser parameters, is based
on absolute calibration of the TPA coefficient by
other known NL cross sections. This type of mea-
surement may be carried out at different laser
frequencies. This was done in Ref. 5 using the

second-order NL susceptibility of quartz as the

NL reference. A disadvantage of this specific cali-
bration is the assumption that the quantum ef-
ficiency for the induced fluorescence by the absorp-
tion of one photon at 2w is identical with the ef-
ficiency associated with TPA of two photonsatw. In
Refs. 6-9 the calibration of the TPA cross section
is done in relation to well-known Raman scattering
cross sections. In contrast with all the other class-
ical TPA techniques, this measurement, which
utilizes a NL parametric mixing technique, is not
associated with real material transitions and there-
fore stepwise multiphoton transitions do not inter-
fere in the measurement” and the value for the TPA
coefficient may be unambiguously obtained.

Another simple normalization technique has been
proposed recently'® which is very useful for ob-
taining relative values of TPA coefficients of dif-
ferent materials independent of the properties of
the laser used.!! This method may give absolute
TPA coefficients by using reference materials
whose TPA coefficients have been measured by,

for example, the method of Ref. 7.

The purpose of this paper is to report on a new
method for the direct calibration of the TPA co-
efficient relative to well-known inverse Raman
cross sections.®!>13 By this method we cali-
brated the TPA of CdS, GaP, SrTiO,, and TiO, at
31660 cm™ relative to the Raman cross section
of the strong 2855-cm™ CH mode of liquid cyclo-
hexane. Moreover, the dependence of the mea-
surement on the laser parameters could be elimin-
ated in a two-channel normalization experiment in
ways similar to those used in Ref. 10, and thus
very accurate and reliable TPA coefficients were
obtained. This general method may also be used
for the calibration of absolute Raman cross sections.

THEORY

When two laser beams, a strong beam at w,
and a weaker probe beam at w, interact in a NL
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material system, the strong beam induces a
change in the complex refractive index at the probe
frequency. The real part of this change is pro-
portional to #‘®, the seli-focusing coefficient,'*'?
while the imaginary part of this change is re-
sponsible for NL loss or gain at wp.'* The net gain
or loss at w, is proportional to the imaginary part
of the NL third-order susceptibility x*’ (-w p,
wp,w, ,—w,). Neglecting higher-order processes,
the probe intensity may be described by*

dl p

—= =-plp- BLp, (1a)

where
ﬂ= 327rzwp/(cznPnL) Imx(”(—wp, wp’ Wy, _wL) B (lb)

I, andn; (i =P,L) are the laser intensities and the
refractive indices at w, and w;, respectively; ap
in the linear absorption coefficient at wp; and ¢
is the speed of light.

It is clear from Egs. (1) that the NL process is
enhanced whenever x® reaches a resonance.!®
We are dealing here with systems which are trans-
parent at both w,; and w,, and therefore only the
resonances of x®’ which are associated with two-
photon transitions (i.e., TPA or Raman) of the
material system will be taken into account. For a
system occupying the ground state, loss at w, (or
a positive contribution to Imy®’) occurs in the TPA
case, i.e., when wp+w, is close to two-photon
transitions of the material. Raman transitions,
however, may contribute to both gain and loss at
wp. When w; - wy is close to a Raman transition,
and w; >wp, the Raman contribution to Imx® is
negative and is associated with gain. This gain is
responsible for the strong amplification in the
stimulated Raman effect.” When w,>w,, the sign
of the Raman contribution to Imy‘® is positive and
the Raman transition is associated with absorption
at w,. The latter process, which is usually called
the inverse Raman effect,® %6 is used in this work
for the absolute calibration of the TPA coefficients.
The cross section of the inverse Raman effect is
a measurable quantity since it is directly propor-
tional to the spontaneous Raman cross section.

We will now explain the details of the calibration
procedure. We first solve Eq. (1) for a slab of
NL material of thickness d and get for the trans-
mitted energy

Ip(x,y,2=d,t)
=(1-Rp)Iy(x,y,2=0,t —npd/c)
X exp{~[apd+ By Iy (x,9,2=0,t ~n d/c) ]},

(2)
Bets = (1- RL)(]- — et )B/al, ’

where B is the TPA coefficient or the inverse Ra-

man absorption coefficient and a;, R;, andn;

(i =P,L) are the one-photon absorption coef-
ficients, the reflectance and the refractive indices,
respectively. In solution (2) we assume that only
linear attenuation, and no back reflection, affects
the strong beam at w,. The total transmitted en-
ergy of the probe pulse E, is given by the integra-
tion of I, over the pulse duration and the pulse
cross section. Neglecting the dispersion of the
refractive index, which is a good assumption for
long pulses and thin samples, we get for E,:

E,=exp(-apd)(1- Rp)?
xffdrdxdyIP(x,y,z=0,T)

Xexp[ =By I1(%,¥,2=0,7)] . 3)

This expression clearly demonstrates the im-
portance of the spatial and temporal overlap of
the laser pulses in the measurement of B.

Similarly to Ref. 10, we define p(I,), the ratio
between the transmitted energies of the probe
beams through two different samples A and B for
identical laser pulses

EA

T

=K x<exp(—a‘},d‘) f f Ipexp(-BA,I,)dr dxdy)

><<exp(-af,d5) ffIPexp(—Bf“IL)d'rdxdy>.1 ’
(4)

where K is a constant independent of the laser in-
tensity. Note that p is a complicated function of
I, and the beam overlap. If the strong laser beam
is attenuated in sample A by a filter of trans-
mission F, the factor I, in the numerator of Eq.
(4) should be replaced by FI,. It is clear that
when F obeys the relation

F=85/Bés » (5)

the two integrands in Eq. (4) are identical and the
ratio p is independent of I, and the characteristics
of the beam overlap. Therefore, since F can be
found experimentally by checking the dependence
of p on I, the ratio B5,/B%, can be evaluated.

EXPERIMENT AND RESULTS

The TPA measurements reported here were
calibrated using the 2855-cm™ mode of cyclo-
hexane. In Fig. 1 we illustrate our measurement
of the inverse Raman absorption cross section of
cyclohexane in the region 3000>w, - w, >2800
cm™, This measurement was done by measuring
the attenuation of the variable-frequency dye-laser
probe beam®!®!° for a normalized intensity of the
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FIG. 1. Inverse Raman absorption coefficient for
parallel probe and laser polarizations vs wp—w, in a
10-cm cyclohexane cell (points), and the corresponding
spontaneous Raman spectrum measured with a 5145-A
laser and 0.4-cm™! spectrometer slits (solid line).

strong ruby laser beam. With the narrow line-
width lasers used, the measured spectrum of 8,
fits quite well a measurement of the spontaneous
Raman scattering which is also presented in Fig.
1. The coincidence between the two spectra is a
good check for the reliability of the experimental
system.

The absolute Raman cross section of the 2855-
cm™ mode of cyclohexane measured in the blue
(r,=4880 A) and reported by Colles and Griffiths?®
is used for calculating x®(-wp,wp,w,,~w,) using
the relationship**

1 do
X (w0, wp, —w;) ‘xc_oiw_LE‘ (6)

No correction for the small dispersion of x® was
introduced in the calculation of the inverse Raman
absorption coefficient 8 from x‘®). The cross sec-
tion measurements in Ref. 20 are based on the
Raman cross section of the 992-cm™ mode of
benzene reported by Skinner and Nilsen.?! The lat-
ter cross section is slightly larger than the one re-
ported by Kato and Takuma.? Therefore, the val-
ue of B for cyclohexane given here (8=0.0019 cm/
MW) may be somewhat high. Considering also ex-
perimental reproducibility, an uncertainty of
about +20% for the cyclohexane inverse Raman ab-
sorption coefficient 8 seems to be reasonable.

The TPA measurements were done using a two-
channel normalization technique!® and the conven-
tional TPA technique.®'%!° The experimental set-
up for the two-channel normalization measure-
ments is shown in Fig. 2. A multimode ruby laser
is used as a source for the strong beam at w, and
for pumping (after doubling the frequency) a visi-
ble dye laser (w,). An intracavity telescope in the
dye laser is used for narrowing the output below
0.5 A.?* The beams of the ruby and the dye laser

are combined by a dichroic mirror (DM). A glan
prism (GS) splits the collinear beams into the cy-
clohexane cell (S,) and the examined sample (Sp).
After filtration by the cutoff filters (F,;), the two
probe beams are detected by two HP 5082-4220
diodes. A plate of ground glass (G) is inserted in
front of each diode in order to minimize the effect
of the nonuniformity of the laser beam and the
diode’s active area. The signals are amplified,
digitized and punched on a tape which is later ana-
lyzed by a computer.® The relative intensity of
the ruby laser beam in the samples (i.e., the val-
ue of F) may be varied by rotating the double
Fresnel prism (DFP) used as a half-wave plate.
For a given value of F, the ratio p(I;) is mea-
sured for different ruby intensities which are ob-
tained by inserting filters (VA) in the ruby beam.
An iris in front of the splitting prism GS is a crit-
ical component in the TPA measurement. By pro-
per setting of this iris the overlap integral [Eq.
(3)] is maximized.

Figure 3(a) shows our results for p for CdS-
cyclohexane and for CdS-TiO,. It is seen from the
figure that the appropriate values of F for which p
is independent of I, are 2.2<F<2.56 and F=1.4
for CdS-C.H,, and CdS-TiO,, respectively. Using
Eq. (5) and the linear data of the samples given in
Table I, we obtain the values Bg4g = 0.056 £ 0.006
cm/MW and ﬁc‘,,s/;ﬁ.,.m2 =2.4. In a similar way we
normalized g of SrTiO, versus cyclohexane,
Bsrriog = 0.003+0.001 cm/MW.

Using the conventional TPA technique we mea-
sured the TPA coefficients of CdS, TiO,, and GaP
relative to the inverse Raman cross section of
cyclohexane. The TPA coefficients were obtained
by comparing the transmission of the samples at

DYE LASER

Do

FIG. 2. Two-channel normalization experimental
setup. GP and GS are glan prisms, DFP is a double
Fresnel rhomb used as a half-wave plate, P is a polar-
izer with polarization axis at 45° to the vertical, DM is
a dichroic mirror, S, and Sy are the cyclohexane cell
and the examined sample, respectively, F; are cutoff
filters, VA is a variable filter, G are ground glass
plates, and D 4 and D g are photodiodes with the attached
electronics.
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FIG. 3. (a) p, the ratio between the transmitted ener-
gies in the samples CdS-cyclohexane and CdS-TiO, vs
ruby laser intensity. Each value of F corresponds to a
setting angle @ of the DFP. (b) B, vs ruby intensity,
as we measured by the conventional TPA technique.
Each data point represents the average of ~ 10 laser
shots except the TiO, and cyclohexane with ~ 50 shots.

wp for different values of I;. In order to minimize
the drift in the experimental conditions, the sam-
ples were mounted on a special holder which al-
lowed us to switch samples rapidly. The results
of this measurement are shown in Fig. 3(b) and
are tabulated in the fifth column of Table I. For
comparison the results of the two-channel normal-
ization measurements are listed in the fourth
column of this table. The error bars in Fig. 3 re-
present the standard deviation of p and B,,,. The
uncertainty in the data points for cyclohexane and
TiO, shown in Fig. 3(b) are relatively small be-
cause of the large number of laser shots (~50)
averaged at each of these data points.

The value Bggs=0.071+0.015 cm/MW and the

ratio Beeg/Brio, = 2.6 £ 0.6 obtained by the conven-
tional TPA tec?mique fits very well the results of
the two-channel normalization measurement. The
uncertainty in the former measurement is, of
course, larger than that of the two-channel exper-
iment.

Our measured value for B,, of TiO, at w +wp
=31660 cm™ is about seven times larger than the
value B,,=0.0034 cm/MW obtained by Waff and
Park®® (who used a Nd-glass laser and flash lamp)
at the same two-photon energy, and about three
times larger than 8,,=0.0065 cm/MW, obtained by
Penzkofer and Falkenstein®® at 2w=31950 cm™
using a picosecond laser source. (B,, and B, re-
present the TPA coefficient for linearly polarized
photons, polarized along the x axis and the z axis
of the crystal, respectively.) No TPA data at
wp+wp~ 32000 cm™ for the other crystals inves-
tigated in this work have been published in the
literature.

A comparison of our TiO, results with those of
Refs. 24 and 25 should be carefully made. We
note that the most fundamental physical quantity
to be compared is x® and not 8, which includes a
trivial frequency factor [see Eqs. (1)]. The large
deviation of the result of Ref. 24 probably origi-
nates from the severe complications which arose
in their experiment in the determination of the
overlap integral [Eq. (3)]. The deviation of the re-
sults of Ref. 25, however, cannot be explained by
the different laser frequencies used, by the small
difference between the two-photon energies or by
the different electric field polarizations used,
which according to Ref. 24 result in the ratio
Bu/B.=1.25. Dispersion in the TPA coefficient
which originates from the one-photon denomina-
tors in x® is also unlikely as an explanation for
this deviation since the measurements were done

TABLE I. Sample properties and TPA results.

o? d Reflectivity Be g4
(em™Y (cm) (%) (em/MW) (em/MW) Crystal orientation ©
cds 0.06 0.47 17 0.056+ 0.006 0.071+0.015 Ell(110); %l {001)
GaP 1.45 0.4 28 0.25 £0.07 Ell(111); 2|l l011)
TiO, 0.07 0.9 23 0.023+ 0.004 0.027+0.006 Ellloo1]; || [100]
SrTiOq 0.30 0.8 16 0.003+0.001 E|llii0]; % || [oo1]
Cyclohexane <0.01 4 0.0019f 0.0019f Liquid phase

 Absorption constant at the ruby laser wavelength 6943 10\, measured in a Cary 14 spectrophotometer.

b Calculated from index of refraction data.

¢ Our results using the two-channel normalization measurements presented in Fig. 3(a).
d _Qur results using the conventional TPA measurements [Fig. 3(b)].
¢ E represents the electric field of the lasers and k is the propagation direction of the lasers.

f Based on the data of Ref. 20, see text.



16 ABSOLUTE DETERMINATION OF THE TWO-PHOTON... 1715

with laser frequencies far enough from the band
gap (3.75 eV)** to ensure no resonant behavior.'®
Also, no [x®P contribution to x*,°"** a contribu-
tion which depends on the beam polarization and
propagation vector, is expected in TiO, which ex-
hibits inversion symmetry. Two steps sequential
one-photon absorption contributions to 8 and ab-
sorption caused by two-photon generated holes
may, however, influence differently the measure-
ments in the nanosecond and picosecond re-
gimes.*"?® We conclude, therefore, that the lat-
ter effects and the possibility that the laser pulses
in Ref. 25 were not well characterized may explain
the deviation of their TiO, TPA results from ours.

DISCUSSION AND CONCLUSIONS

The TPA coeifficient and the Raman cross sec-
tion are important material parameters. Accurate
values of TPA coefficients and especially their
spectral dependence will be useful for stimulating
further theoretical calculations of two-photon
phenomena. In particular, existing theoretical
models of matter such as the “empirical pseudo-
potential method” 2” may be checked by comparing
the theoretical g based on the specific model with
the experimental one. We note that one-photon
spectroscopy above the material band gap shows
surface effects because of the small penetration
depth. The TPA measurement, however, reflects
in the same spectral region only the bulk proper-
ties of the material. Therefore, a comparison of
the TPA experimental results with theoretical
models is more direct than in the one-photon case.
Experimentally, accurate TPA coefficients may
be used for the characterization of pulsed laser
beams.?® This may be done by checking the inter-
action of the strong beam with a probe beam whose
parameters are well known (cw dye laser beam,
for example) in a NL absorber. The measured
value of E , [see Eq. (3)] may give important in-
formation on the spatial and temporal properties
of the strong beam. In particular, absolute peak-

power values, which are very important in multi-
photon processes, may be obtained by this method.
Accurate Raman cross sections may be used for
measuring average concentrations of molecular
species over long atmospheric paths using stimu-
lated Raman gain!® or inverse Raman loss experi-
ments.

The calibration method described here is very
useful for reliable measurements of TPA coeffi-
cients. Raman cross sections may also be cali-
brated by the same method. In this case, inverse
Raman absorption as well as stimulated Raman
gain may be utilized in the measurement. The use
of a probe beam in the absorption measurement
has an advantage over the standard one-beam TPA
methods. In the one-beam case, any small loss in
the laser beam caused by other NL processes may
strongly influence the measured cross section.
Such perturbations which influence the strong
laser beam have only a minor effect on the probe
beam.

In conclusion, we have described a technique
which allows simple measurement of TPA coeffi-
cient and Raman cross section, relative to known
inverse Raman cross sections. The use of the
two-channel normalization experiment enables one
to eliminate the dependence of the NL absorption
on the laser intensity, thereby removing the usual
problems associated with absolute intensity mea-
surements. Additionally, this normalization alle-
viates sources of errors due to irreproducible
laser pulse spatial and temporal profile, allowing
the measurement to be made with simple uncon-
trolled lasers.
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