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Abstract: We observe mixed two- and three-photon absorption in bulk
rutile (TiO,) around 800 nm using the open aperture Z-scan technique. We
fit the data with an extended model that includes multiphoton absorption,
beam quality, and ellipticity. The extracted two- and three-photon
absorption coefficients are below 1 mm/GW and 2 mm’/GW?, respectively.
We observe negligible two-photon absorption for 813-nm light polarized
along the extraordinary axis. We measure the nonlinear index of refraction
and obtain two-photon nonlinear figures of merit greater than 1.1 at 774 nm
and greater than 12 at 813 nm. Similarly, we obtain three-photon figures of
merit that allow operational intensities up to 0.57 GW/mm”. We conclude
that rutile is a promising material for all-optical switching applications
around 800 nm.
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1. Introduction

Rutile (titanium dioxide) is a wide-bandgap semiconductor, advantageous for many optical
applications due to its high refractive index, birefringence, and transparency for wavelengths
> 400 nm. In addition, it is naturally abundant, and highly stable. Rutile also has a large Kerr
nonlinearity (1, = 9x10™"* m*’W) [1]. These properties make rutile a promising material for
nonlinear all-optical applications such as ultrafast switching, logic [2] and wavelength
conversion [3].

Even with a high Kerr nonlinearity, two- and three-photon absorption (2PA and 3PA,
respectively) impose limitations for nonlinear optical devices that rely on high intensities [4].
For semiconductors, we expect 2PA (3PA) to occur for photon energies equal to or greater
than the half- (third-) bandgap energy (E,) [5, 6]. The half- (third-) bandgap energy
corresponds to 800 nm (1200 nm) in rutile (E, = 3.101 eV) [7]. We expect device properties to
be strongly wavelength dependent around 800 nm due to the transition from pure 3PA to
mixed two- and three-photon absorption.

Studies have quantified pure 2PA in bulk rutile for visible wavelengths (532-750 nm) [8—
10] and 3PA for near-infrared wavelengths (1054 pm) [11]. In bulk rutile, two-photon
absorption was observed via weak luminescence for pump wavelengths near 800 nm, however
two-photon absorption coefficients were not reported [12]. Meanwhile, the nonlinear
properties of TiO, films [13-20] and TiO, composites [15, 16, 18, 19, 21, 22] have been
extensively investigated. Of these thin film studies, those that address pure-phase TiO, near
800 nm report effective two-photon absorption coefficients that vary in both magnitude and
sign [14, 15, 17-20]. However, there are no reports on two-photon absorption in the bulk
material using similar laser parameters for comparison. In addition, 3PA near 800 nm in bulk
rutile has not been reported. Therefore, our understanding of multiphoton absorption in bulk
rutile is incomplete and requires further study around 800 nm.

In this paper, we investigate multiphoton absorption near 800 nm in bulk rutile using the
open aperture Z-scan technique [23]. We develop a theoretical model to fit the experimental
data and extract two- and three-photon absorption coefficients for different wavelengths and
crystal orientations. Using the extracted multiphoton absorption coefficients, we discuss
nonlinear absorption processes near rutile’s half-bandgap and evaluate its applicability as a
material for all-optical devices.

2. Experimental

We perform open-aperture Z-scan measurements using two commercially available 1-mm-
thick single-crystal rutile samples grown using the floating zone method [24]. One sample is
cleaved along the (001) plane and the second is cleaved along the (100) plane. The (001)-cut
allows for measurements with the incident laser beam polarized along the ordinary axis of the
crystal (E L c¢), while the (100)-cut allows for polarization along both the ordinary and
extraordinary axes (Ellc).
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Our experimental setup is similar to that described in [23]. We use a chirped-pulse
amplified Ti:Sapphire system with pulse durations 7 > 50 fs, energies up to 3 pJ at a repetition
rate of 250 kHz. We measure the pulse duration using frequency-resolved optical gating
(FROG). The beam is spatially filtered to obtain a Gaussian shape then focused through a lens
with a 0.15-m focal length. A scanning slit detector on a single axis stage measures the caustic
(beam width versus z-position). The caustic determines the beam waist (wq,, wq, in the x and y

directions, respectively), quality factor (M?*) and ellipticity (wo/wo,). A reference detector
before the lens allows us account for small power fluctuations [25]. We adjust the central
wavelengths, 4, of the fs-pulses by spectrally filtering the seed using a physical aperture
within the pulse-stretcher before the amplifier. Without filtering, the spectral width, A4
(FWHM), is 30 nm at 4, = 800 nm with a pulse duration of 50 fs. With filtering, we obtain
narrow-band spectra centered at either 774 nm or 813 nm with spectral widths of 4 and 10 nm,
respectively. Table 1 presents a summary of the measured laser parameters.

We carry out a set of open-aperture Z-scan measurements at the three different central
wavelengths for each sample/orientation. Each measurement set consists of five different Z-
scan curves for different incident powers. Measurements taken at low irradiances (< 0.06
GW/mm?®) characterize linear signal caused by sample imperfections. We use this signal to
remove the linear response from the four higher-power measurements [23].

Table 1. Measured Laser Parameters*

2
Ao 2he AL T Woame  Zoav M W0/ Wyo Io max

(nm) (eV) (nm) (fs) (um) (mm) (GW/mm?)
774 3.20 4 290 33 44 <1.13 0.78 0.21
813  3.05 10 174 36 5.0 <1.18 0.92 0.32
800  3.10 30 50 28 3.1 < 1.06 0.95 1.04

*Measured laser parameters for measurements taken at spectrally filtered center wavelengths of 774 and 813 nm as
well as unfiltered measurements at 800 nm. Here, 4, is the center wavelength, 25w is the two-photon energy, A/ is the
measured bandwidth (full-width at half-maximum), 7 is the pulse duration, wo v is the average beam waist, zoav iS the

average Rayleigh distance, M % is the beam parameter product, w.o/wyo is the ellipticity and Iomax i maximum peak
on-axis irradiance for the highest power measurement used for analysis.

The intensity dependent attenuation coefficient is approximately given by a(l, 1) = ag + o,
I+ o3 I, where [ is the intensity, oy is the linear attenuation coefficient (a =0 for A = 800 nm
in rutile), a, is the 2PA coefficient, and a3 is the 3PA coefficient. These coefficients are
wavelength dependent. We extract multiphoton absorption coefficients by numerically fitting
the measured data to a theoretical model that takes into account the experimental beam and
sample parameters (see Appendix A). Our mixed multiphoton absorption model has four
degrees of freedom (a,, a3, waist position, and astigmatism). Using this model, we fit the
multiple Z-scan curves taken at different peak irradiances simultaneously to extract a single
value of a, and a; for a given wavelength and polarization.

3. Results and discussion
3.1 Open aperture Z-scan measurements

We show open aperture Z-scan measurements of bulk rutile for different incident wavelengths
and pulse durations in Figs. 1 through 4. Figure 1 (left) shows a typical experimental open
aperture Z-scan curve in rutile for 800-nm, 50-fs pulses with Ellc. Figure 1 (right) shows the
transmittance change (AT = 1-T, at the focus) as a function of the peak on-axis irradiance for
the same sample and pulse duration (referred to here as a AT-plot). Figure 2 shows data
collected using 4o = 774 nm and an input beam polarized with E | ¢ and Ell ¢ (Figs. 2, left and
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right, respectively). Similarly, Figs. 3 and 4 show measurements and fits for 4, = 813 nm and
Ao = 800, respectively.
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Fig. 1. The left plot shows open-aperture Z-scan measurements of bulk rutile (open circles)
using a 50-fs pulse with 4o = 800 nm for the extraordinary (Ell ¢) polarization (peak on-axis
irradiance of 0.95 GW/mm?). Theoretical fits for pure two-photon [23], three-photon [31], and
our mixed multi-photon absorption models are shown in dashed, dotted, and solid lines,
respectively. The right plot shows the change in transmittance (AT = 1 — T) at the focus as a
function of peak on-axis irradiance for the same sample, wavelength, and pulse duration. Data
is shown in open circles with error bars. Theoretical fits for pure two-photon, three-photon and
mixed two- and three-photon absorption are shown in dashed, dotted, and solid lines,
respectively.

The primary sources of uncertainty in our Z-scan measurements are the noise of the laser
and sample imperfections. We measure laser noise to be £1-2%. Using low intensity and by
adjusting the sample position, we reduce the linear background variations caused by sample
imperfections to less than 1%. To reduce the overall noise, we use a reference photodiode,
drift detection, temporal averaging, and background subtraction. These methods suppress the
normalized transmittance variation to £0.0015. Consecutive scans resulted in measurements
that were within this transmittance variation. To characterize the repeatability of our
technique, we analyzed four measurement sets using E L c, taken over non-consecutive days
for both the (001)- and (100)-cut. We could not compare these measurements on a point-for-
point basis, consequently, we analyzed these measurement sets using our mixed two- and
three-photon model (see Appendix A) and determined the standard deviation of a, and a;. We
obtain a standard deviation of 5% for a, and 18% for as. In addition, we have tested our
system using CS, with a 50-fs pulse at 800 nm and we obtain a 2PA coefficient of 0.06
mm/GW using standard analysis. This value falls within the range of values obtained for CS,
in previous studies using 110-fs pulses [26, 27] and thermal methods [28, 29].

Sample damage [30] and thermal effects [28, 29] can mask electronic nonlinearities. We
verified that no damage or alterations occurred to the sample by comparing low irradiance
scans taken directly before and after each high intensity measurement set. We performed
thermally managed Z-scan [28, 29] using our bulk rutile samples in both open- and closed-
aperture configurations. By utilizing an optical chopper and fast photodiodes to resolve pulse-
to-pulse transmittance changes, we did not observe cumulative (i.e. thermal) changes in the
signal. Similarly, measurements taken at 10 kHz produced equivalent measurements to those
taken at 250 kHz, confirming that no cumulative effects were present.

3.2 Justification and fitting of the mixed-multiphoton absorption model

To establish the optimum fitting procedure, we first fit our data with standard open-aperture
Z-scan models and compare to our mixed-multiphoton absorption model. Figure 1 (left)
presents a typical experimental Z-scan curve that is fit using a pure 2PA-model [23], a pure
3PA-model [31] and our mixed-multiphoton model (dashed, dotted, and solid lines,
respectively). In Fig. 1 (right), we show an experimental AT-plot which is fit using a pure
2PA-, 3PA- and our mixed-multiphoton model (dashed, dotted, and solid lines, respectively).
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Comparing a pure 2PA to a pure 3PA model, we find that fitting individual Z-scan curves
appears to favor the 2PA model. However, a 2PA model predicts a very different AT behavior
with increasing irradiance. Three-photon absorption better fits the high intensity AT data, yet
is insufficient for low intensity data and individual Z-scan curves. We see that our mixed-
multiphoton model provides an excellent fit to both Z-scan curves and AT-plots. These
observations highlight two important points. First, neither a pure 2PA- nor a pure 3PA-model
can describe the data sufficiently, necessitating a mixed-multiphoton absorption model.
Second, both curve fitting and the AT-plot method provide complimentary information. Curve
fitting is advantageous because signal away from the focus always contains the lowest order
absorption, such as 2PA. However, curve fitting can mask higher order absorption and is
susceptible to beam distortions. In contrast, the AT-plot provides a fast measure on higher
order absorption processes. Yet, this method may overlook lower order absorption if sufficient
low irradiance data is not included.

Quantifying mixed two- and three-photon absorption requires a balance between the curve
fitting and the AT-plot methods. It also requires further constraint to account for the additional
fitting coefficients. Consequently, we use a more robust method whereby we fit an entire
measurement set, consisting of several full Z-scan curves taken at different peak irradiances,
using a single set of parameters. This technique produces equivalent results to the AT-plot
method within the uncertainty.

We tested the optimization algorithm by using various starting points while keeping all
other parameters at experimentally determined values. These variations included starting both
0, and a3 at zero as well as other magnitudes and signs of a,, a3 and the astigmatism. Other
combinations, such as two- and four-photon absorption (with astigmatism) could produce
reasonable fits in some, but not all cases (notably the 8§13-nm data set). We found that
including two- and three-photon absorption in our model resulted in good fits for all
experimental data while minimizing the number of fitted parameters.

We quantitatively compare the fit quality using standard 2PA [23] and 3PA [31] models to
our mixed-multiphoton model. Fitting a full data set (for example, a 50 fs pulse, Ellc) using a

2PA or 3PA model produces R® values of 0.974 and 0.925 for + 4 Rayleigh distance
(respectively). We fit the same data set with our mixed-multiphoton model and observe an R’
of 0.991 (solid lines, Fig. 4 right). We performed a similar analysis with the 813-nm data set

(Ellc) and obtain R* values of 0.841, 0.944 and 0.950 (2PA, 3PA and mixed-multiphoton

models, respectively). From this analysis, the R correlation shows that the mixed-multiphoton
model fits the data better than either a pure two- or three-photon absorption model in all cases.
Therefore, we conclude that our mixed-multiphoton model is adequate for fitting our
experimental data and use this model to fit the Z-scan data in Figs. 2—4 (shown in solid lines).

Two additional fitting parameters were included in the two- and three-photon absorption
fitting method. We fit the beam waist location, which aligns the model to the experimental
waist position. We found that fitting the astigmatism resulted in a significant improvement in
fit quality that we could not achieve by other means (i.e. using additional multiphoton
absorption terms or fitting the waist). However, the fit astigmatism is relatively large, ranging
from 25% to 100% of the measured Rayleigh distance. We find the largest fit astigmatism
using 50-fs pulses. Meanwhile, the measured astigmatism is only up to 12% of the Rayleigh
distance. This discrepancy represents the largest source of uncertainty within our analysis. By
including the effects of fitting with and without the astigmatism, we estimate the uncertainty
to be £ 15% in a, and a factor of 2 for a;.

3.3 Two- and three-photon absorption coefficients

Table 2 summarizes bulk rutile two- and three-photon absorption coefficients. Overall, a,
ranges from less than 107 mm/GW to 0.9 mm/GW ( # 15%). Comparing 774 nm to 813 nm
measurements, we find that the 2PA coefficients at these two wavelengths differ considerably.
At 774 nm, a, is 0.54 mm/GW (E L ¢) and 0.89 mm/GW (Ellc). At 813 nm and Ellc, a; is

below the measureable limit. For E L ¢, we extract a value of 0.08 mm/GW. Lastly, two-
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photon absorption coefficients for 800 nm are between the 774 nm and 813 nm coefficients.
Rutile has typical values of a3 on the order of 1 mm’/GW? as shown in Table 2. The values of
a3 at 800 nm are 0.2 mm’’GW>. We observe 4 to 9 times higher three-photon absorption
coefficients for 774 and 813 nm wavelengths. The difference in a; between 774-nm and 813-
nm measurements is less than a factor of two and is therefore within the experimental
uncertainty (considering both orientations).

1.02 . .

normalized transmittance

v 0.05 GW/mm? v 0.05 GW/mm?
0.96 [~ 40.10 GW/mm? | - 2010 GW/mm? —|
Elc 00.15 GW/mm? Ellc 00.15 GW/mm?
774 nm 0021 GW/mm? 774 nm 00.21 GW/mm?
094 1 1 1 1 1 1
-4 -2 0 2 4 4 -2 0 2 4
z/zp z/zy

Fig. 2. Open-aperture Z-scan measurements of bulk rutile using a 290-fs pulse with 1 = 774
nm for ordinary (E L ¢) and extraordinary (E|ll¢) polarizations (left and right, respectively).

Solid lines are a fit across all irradiances shown. Fit parameters are o, a3, average z, and the
astigmatism.

These values of a, and o3 in bulk rutile are consistent with values obtained under similar
conditions [11]. Our degenerate 2PA coefficients around 774 nm are in good agreement with
other nondegenerate two-photon absorption measurements (using a 1054-nm pump and a 612-
nm probe producin% an effective a, coefficient of 1-5 mm/GW) [11]. Similarly, our values of
a3 (0.2-2 mm*/GW?) are within the range of measurements taken at 1054 nm (0.5 mm’/GW?)
in the same study.

Recently, both negative and positive 2PA coefficients of significantly higher magnitude
have been measured in TiO, thin films in the 750-830 nm range [14, 15, 17-19]. However,
the thin films investigated vary widely in growth methods, composition, and crystalline phase,
thus making it difficult to compare directly to the bulk measurements reported here.
Furthermore, while our values are consistent with other bulk measurements, there are
inconsistencies with reported thin film values in both sign and magnitude for polycrystalline
rutile [14] and anatase TiO, [14, 15, 18, 19]. Thin films are more challenging to measure than
bulk samples, and often require intensities approaching the damage threshold to achieve
sufficient signal-to-noise, which may lead to linear effects that appear as nonlinear signal [30].
Therefore, further investigation of TiO, thin film versus bulk nonlinearities is required.

We find that the 2PA coefficients decrease significantly between 774 and 813 nm. These
wavelengths correspond to two-photon energies of 24w = 3.20 eV and 3.05 eV, respectively.
These two-photon energies lie on opposite sides of rutile’s indirect bandgap (3.101 eV) [7].
Although we observe no effective 2PA for Ellc at 813 nm, we still measure a small 2PA-

signal for E L c. Other studies attribute weak absorption at 3.062 eV, which is only present for
E 1l c, to a direct forbidden bandgap [7, 12, 32]. This energy is within the two-photon
bandwidth of the 813-nm pulse and is likely the cause of the small 2PA-signal observed.
Between these two effects, the resonance at rutile’s indirect bandgap is the largest source of
2PA. This analysis implies that using wavelengths further red-shifted from the two-photon
resonance (longer than 800 nm) should result in reduced 2PA.
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Fig. 3. Open-aperture Z-scan measurements of bulk rutile using a 174-fs pulse with 1y = 813
nm for ordinary (E L ¢) and extraordinary (E|ll¢) polarizations (left and right, respectively).
Solid lines are a fit across all intensities shown. Fit parameters are a,, a3, average zo and the

astigmatism.
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Fig. 4. Open-aperture Z-scan measurements of bulk rutile using a 50-fs pulse with 4y = 800 nm
for ordinary (E L ¢) and extraordinary (E |l ¢) polarizations (left and right, respectively). Solid
lines are a fit across all intensities shown. Fit parameters are a,, a3, average zo and the
astigmatism.

The measurements at 800 nm using a 50-fs pulse require additional interpretation. We find
the 2PA coefficients using 800-nm light lie between the values obtained at 774 nm and 813
nm. As shown in Table 2, as the wavelength increases, a, decreases monotonically as it passes
through the two-photon resonance at the band-edge. This behavior at 800 nm may be partially
due to the pulse’s extended spectrum (785-815 nm, FWHM). This bandwidth includes
spectral components experiencing both higher (774 nm, A4 = 4 nm) and lower (813 nm, AA =
10 nm) 2PA. This implies that the extracted values of a, are a convolution between the pulse
spectrum and the two-photon absorption spectrum.

We also observe that the three-photon absorption coefficients measured using a 50-fs
pulse are 4-10 times smaller than for either 774 or 813 nm. This reduction is unexpected
given that the 3PA coefficients do not change significantly between these wavelengths. This
reduction is likely due to the model not taking dispersive and nonlinear pulse broadening into
account. In the normal group velocity dispersion-regime, with rutile’s positive n,, a pulse
broadens temporally during propagation. This broadening decreases the peak intensity and
leads to reduced multiphoton absorption. Dispersive broadening is significant if the dispersion
length is shorter than or comparable to the sample length. Using the group velocity dispersion
for rutile’s extraordinary axis (8, = 1250 fs’/mm) and a pulse duration of 7 = 50 fs, we
calculate a dispersion length of 7/f, = 2 mm, reducing the peak intensity by 40% over the
sample length. In contrast, pulse broadening is negligible for a 174-fs (290-fs) pulse where the
dispersion length is 2.4 cm (6.7 cm), resulting in a peak reduction of less than 1%. This
intensity reduction has a more pronounced effect on 3PA than on 2PA owing to the I- versus
I*-dependence. Taking dispersion into account, the uncertainty in the 800-nm measurements
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increases to = 80% in o, and a factor of 6 for a;. Because of the large uncertainty introduced
by both dispersive and spectral convolution effects at shorter pulse durations, it is difficult to
draw strong conclusions on the time-dependence of nonlinear processes in rutile using the
present analysis.

Table 2. Nonlinear Absorption Coefficients, 2PA Figures of Merit and Maximum
Intensities from 3PA*

ordinary polarization (E 1 c) extraordinary polarization (E [l c)

o e mo L @ no L
(m) (V) (mm/GW) (mm*GW?) a,A (GW/mm?) (MM/GW)  (mm*/GW?) a4 (GW/mm?)
774 3.20 0.54 1.1 1.9 0.93 0.89 1.8 1.1 0.57
813 3.05 0.08 0.8 12.1 1.20 <107 0.9 >10° 1.10
800  3.10 0.15 0.2 6.6 4.90 0.09 0.2 11.0 4.90

*Fitted nonlinear absorption coefficients, calculated 2PA figures of merit and maximum intensities from 3PA (using
n, = 7.9 x 107" m¥W [33]). Here, 1o is the center wavelength, 27w is the two-photon energy, a, is the 2PA
coefficient, az is the 3PA coefficient, ny/(ax4) is the 2PA figure of merit and 1 i{:xA is the maximum intensity

calculated from the 3PA figure of merit, 1 < [no/(asAlmax)] [4]. The uncertainty for measurements at 774 nm and 813
nm is = 15% for o, and a factor of 2 for a3. For 800 nm, the uncertainty is + 80% for o, and a factor of 6 for as.

3.4 Nonlinear figures of merit

Multiphoton absorption has important implications for nonlinear optical devices. Material
performance is quantified by the nonlinear figures of merit [4]. The 2PA figure of merit
(FOM) is given by no/(ax4) and the 3PA FOM is given by no/(aszAly,y), where I,y is the peak
operational intensity. Both FOMs should be greater than unity for all-optical applications. By
setting the 3PA FOM equal to one, we calculate the intensity at which 3PA becomes a limit,

P4 = ny/(a3A). We measured the nonlinear index of refraction around 800-nm (50-

given by I~
fs pulse) using closed-aperture Z-scan and obtain a value of 7.9 x 107" m*W for both
polarizations using standard analysis methods [33]. Although theory predicts a resonant
enhancement of the nonlinear index near the half-bandgap [5], we did not measure a
significant deviation from values reported at 1064 nm [1], which may be due to dispersive
broadening as explained in the previous section. Therefore, the calculated nonlinear figures of
merit should be considered a lower limit. Using the nonlinear index and multiphoton
absorption coefficients, we evaluate rutile as a candidate material for all-optical applications

around 800 nm by calculating its nonlinear figures of merit.

Table 2 shows the calculated 2PA FOMs and I.™* for each measurement. The 2PA FOMs
at 774 nm are the lowest observed (1.9 and 1.1 for EL ¢ and Ellc, respectively). At 813 nm,
we obtain a FOM of 12.1 for E L ¢ and greater than 10° for Ellc. Calculated 17 is lowest for
Ellc using 774 nm, with a value of 0.57 GW/mm®, and greater than 0.93 GW/mm® for all
other measurements.

All 2PA figures of merit calculated are greater than 1.1, which implies that rutile is
compatible with all-optical applications. Measurements at 813 nm show extremely large
FOMs, which is favorable for devices. We observe that 2PA can be neglected at 8§13 nm
(Ellc) and expect similar results for E_L ¢ at longer wavelengths [34]. These FOMs imply

compatibility with popular femtosecond pulsed sources such as Ti:Sapphire and fiber lasers.
Although 2PA may be negligible for certain wavelengths, we must still avoid significant

3PA by operating below I’** . For the largest 3PA measured, 7" is 0.57 GW/mm’ (Ellc, 774

nm). This limit is far below thin-film damage thresholds for TiO, [35, 36] and provides a
reasonable upper limit for integrated photonic devices [37-40].
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4. Conclusion

We observe mixed two- and three-photon absorption in bulk rutile around 800 nm. By fitting
open aperture Z-scan data to a numeric model, we separate the effects of mixed multiphoton
absorption. Two- and three-photon absorption coefficients are below 1 mm/GW and 2
mm?*/GW?, respectively. Two-photon absorption falls below our measurement capabilities for
174-fs pulse with a central wavelength of 813 nm (Ellc). We determine 2PA FOMs greater

than 1 above and below rutile’s half-bandgap. We expect superior performance for 4y > 813
nm, where the 2PA FOMs are greater than 12.1. Additionally, 3PA is sufficiently small to
enable all-optical applications for intensities below 0.57 GW/mm®. From the low two- and
three-photon absorption, we conclude that rutile TiO, is a promising material for all-optical
applications such as switching and logic near 800 nm.

Appendix A: theoretical model

Several reports of modeling multiphoton absorption using the Z-scan method exist in the
literature [23, 31, 41-44]. Models including single nonlinear absorption mechanisms such as
pure 2PA [23], higher-order nonlinear absorption [31], and mixed multiphoton absorption
[41-43] have been presented. In contrast to single absorption processes, mixed multiphoton
absorption is only occasionally observed [45] and measured [46—48]. Non-idealities, such as
ellipticity [44] and laser beam quality [49, 50], can obscure interpretation of mixed
multiphoton data by changing the shape of the Z-scan curve. For example, beam ellipticity
reduces the total signal and can cause asymmetry [44]. Meanwhile, the beam quality factor,

M?, reduces the apparent Rayleigh distance by 1/M* while maintaining the waist [49-51].
Mixed multiphoton absorption is particularly sensitive to such shape changes [41-43]. These
effects are not included in the previous models. Thus, we develop a mixed multiphoton
absorption model that includes these non-idealities here.

We apply an open aperture Z-scan derivation using an elliptical beam, similar to that
presented in Ref [44]. and highlight the differences. We start with Equation 10 for an elliptical
Gaussian beam from reference [44]:

x,y,2,P(t)|= 2P(1) exp| — 22y : '
IinI: A ,P( )] ﬂ'Wx(Z)Wy(Z) p{ wz(z) wZ(Z):| (A1)

x y

Here, z is the sample position, x and y are the transverse spatial coordinates, P(¢) is the
instantaneous power as a function of time, and w.(z) and wy(z) are the beam widths as a
function of the sample position, z. We include the beam quality factor through the width as

follows:
2 M 32“0 ’ 2
w,(2) =W’ +| = | (2-2,) - (A.2)

W o

In this equation, w,, is the beam waist, M,, is the beam quality factor [51], zy is the
location of the waist and 4, is the center wavelength. We use a similar expression in the y-
direction. We define the ellipticity by w,o/wyo and the astigmatism by z,0—z,0. We include 3PA
in the attenuation coefficient, defined for a single wavelength by a(I) = ag + ayl + azl,. Here [
is the intensity, and oy, a,, and a3 are the one-, two-, and three-photon absorption coefficients,
respectively. Rutile is highly transparent for 800 nm, so we set ay to zero. We solve the
following ordinary different equation using standard numerical methods along the sample
length, L:

—:—a(I)I. (A.3)
dz'

Here, z” is the position inside the sample. We solve for each point in x and y at a fixed
sample position (z). Then, we integrate over x and y at the entrance and exit of the sample to
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calculate the transmittance (power out normalized to power in). It should be noted that by
following conventional theory [23], we do not include the effects of self-phase modulation,
self-focusing (e.g. filamentation), or dispersion. We model pulsed transmittance using a
Gaussian shape, given by P(?), integrated over time using:

T(Z) J.P(I)T[Z’P(t)}dt E{)ut(z)
J'P(t) dt E,

In this equation, 7(z) is the observed energy transmittance, 7 [z, P(#)] is the instantaneous
power transmittance, and E;, and E,, are the input and output energies, respectively. We take
into account the reflection from the front surface. Numerical methods require that we
discretize our parameters including the x- and y-position and time. Consequently, we test for
the convergence of all discretization parameters. Additionally, we find excellent agreement
between this model and analytical solutions for two- [23] and three-photon absorption [31].

Unless otherwise stated, we fit each data set (multiple Z-scan traces at different powers)
using this model to a single set of fit parameters, keeping all others fixed to experimental
values. We fit our data using the Levenberg-Marquardt method. Our fit parameters are ay, a3,
the average z-position of the waist (zp) and the astigmatism. From this fit, we determine a
single value for a, and a; that describes the Z-scan traces for all irradiances measured.
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