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Beam deflection measurement of time and polarization
resolved ultrafast nonlinear refraction
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We modify the well-known photothermal beam deflection technique to study ultrafast nonlinearities. Using phase-
sensitive detection we directly measure the temporal and polarization dynamics of nonlinear refraction (NLR) with
sensitivity to optically induced phase changes of approximately 1/20, 000. We use the relative polarization depend-
ence of excitation and probe to separate the isotropic and reorientational components of the NLR. © 2013 Optical

Society of America
OCIS codes:
http://dx.doi.org/10.1364/0L.38.003518

Knowledge of the magnitude and temporal response of
the nonlinear refraction (NLR) and absorption of materi-
als allows for understanding of the physical mechanisms
underlying the nonlinear response. Various experimental
techniques are devoted to measuring the nonlinear opti-
cal (NLO), response. For example, Z-scan [1] provides
the refractive and absorptive components of the NLO re-
sponse, excite-probe [2] provides the temporal response
of the absorption, and optical Kerr experiments (OKE)
[3,4] give the temporal response of the induced
birefringence.

We apply the previously developed technique of photo-
thermal beam deflection, used extensively to measure
weak linear absorption [5,6], to measure the magnitude,
sign, and temporal response of the NLR of materials. In
photothermal beam deflection, a strong CW excitation
beam is overlapped with a weak probe beam that is
slightly shifted in space so that the index gradient in-
duced by the excitation is maximum. This index gradient
deflects the probe beam, whose deflection is measured
by a segmented bi-cell detector that determines the beam
position.

Our application of the beam deflection method mea-
sures the absolute magnitude, sign, and temporal dynam-
ics of the NLR with high sensitivity and with the flexibility
to resolve its tensor elements using different combina-
tions of polarization of light. As an excite-probe tech-
nique utilizing cross-phase modulation [7], a temporal
delay, 7,;, between excitation and probe resolves the dy-
namics of the nonlinear response, and the ultrafast non-
linearities may be distinguished from slower effects. By
independently varying the wavelength or polarization of
the two beams, it can also be used to study the dispersion
of different tensor elements of the nonlinear suscep-
tibility.

This technique is much easier to implement than
the two-color Z-scan [8], which requires careful beam
alignment to ensure collinearity, the derivative method
of cross-induced beam deformation [9,10], or time divi-
sion/spectral interferometry techniques, [11,12], which
are more sensitive to environmental perturbations. It is
also more flexible than OKE, which measures only the
induced birefringence.
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(190.4400) Nonlinear optics, materials; (190.3270) Kerr effect.

Position sensitive bi-cell detectors were previously
used in Kerr lens measurements to detect the spot size
change of the probe beam on the detector, while the
probe and excitation beams were aligned concentrically
at the sample. [13,14] This was used to characterize rel-
ative temporal dynamics without measuring their abso-
lute magnitude.

Assuming no nonlinear absorption (NLA) is present
and the excitation spot size is much larger than the
probe (>3x) beam at the sample plane, we can
approximate the index gradient to be linear in the y
direction and nearly constant in the x direction (see
Fig. 1). Furthermore, we work in the thin sample
approximation, i.e., the sample thickness L < z(, where
2y is the Rayleigh range, and the nonlinear phase shift,
defined as A® = kyAnL, is small (ie., A® « 1). For
the materials used here the depletion of the excitation
beam is also negligible. Thus, we can approximate the
index gradient induced by the excitation as a thin prism
that deflects the beam by a small deflection angle &
[15,16]:

O(x,y,t) = /L_O Vn,(x,y,t) - dz, €Y

where n,(x,y.1) is the spatially and temporally varying
index of the material as seen by the probe. If the angle
between the beams is small (2° in our case) the gra-
dient seen by the probe is nearly constant so that
O(x,y.t) = Vn,(v,y,t)L.

For the general case of NLR induced by a spatially
Gaussian excitation beam,
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Fig. 1. Beam deflection schematic. (a) Probe beam, (b) delay
line, (c) excitation beam, (d) sample and the overlap between
excitation and probe spot, (e) deflected probe beam for positive
nonlinearity, and (f) quad cell detector.
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where An, () is the induced index change given by the
convolution of the material response and the excitation
irradiance, and w, is the spot size (HW1/e2M) of the ex-
citation beam. For y® effects, this index change is pro-
portional to the irradiance.

The maximum deflection occurs when the probe is
placed at x = 0 and y = w,/2, so that

ot) = Any, (1) €)

e«/—

Next, we Gaussian propagate the deflected probe to the
quad cell. The instantaneous irradiance at the detector,
located at a distance, d, behind the sample, is

Ip(xv Y, t—14, d) = p,O(d)
o (- 2y~ ASOF ) (- ). @

2 2
where I,,(d) is the peak irradiance at the detector,
Ap is the wavelength of the probe, w,, is the beam
waist (HW1/eM) of the probe, 7, is the pulse duration
of the probe (HW1/eM), and AS(f) = d-0(t) (for small
deflection angles 6(f)) is the lateral translation of the
probe on the detector. Integrating over the x—y plane
gives us the difference in probe power AP, incident on
the left and right sides of the bi-cell detector:

p) 2
APp(t—Td)EPp(t—Td)-kopr\/;wwL?T_ n,(1), (5)

where P, (¢ - 74) is the power of the probe on the detector,
kyp = 2r/4,, and here we have used the approximation
erf(x) ~ 2x/ /= for small x.

We next integrate over time to determine the normal-
ized signal on the bi-cell detector by

AF (Td) / AP (t—Td)dt// P,(t—-1y)dt
= koL proj_ Any), ©

where (An,) is the time averaged index change over the
temporal profile of the probe, and AE is the energy differ-
ence between the left and right segments. This expres-
sion is accurate for AE),(z4)/E, < 20%, which can be
controlled by adjusting the excitation pulse energy, F
Note that the sign of AE,(z,)/E, gives the sign of
the NLR.

For bound-electronic nonlinearities, the index change
instantaneously follows the excitation irradiance, and
(An,) can be expressed as

(An,) = 2n5(4y. 40) / U1t - 1)L (Hdt/ / YLt - gt
)
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where An,(f) = 2ny(4,;4,) - 1,(£), 1,(f) is the temporal
profile of the excitation irradiance, and ny(4,; 4,) is the
nondegenerate bound-electronic nonlinear refractive in-
dex. Therefore, AE,(7;)/E, is essentially the cross cor-
relation between excitation and probe pulses, if the
group velocity mismatch (GVM) between excitation
and probe pulses is negligible. For temporal Gaussian
pulses, the relation between peak AFE,(7;)/E, and
ny(4y;4,) can be analytically derived from Egs. (6) and

(D) as

AEp — kO.pL\/épr 4”2( e)IeO

B W sz fl+i/e

p
where I, is the peak on-axis irradiance of the excitation
and 7, is the excitation pulse duration (HW1/eM). Note
that the signal is proportional to the ratio w,, ; /w,. This is
due to a smaller w, yielding an increase in irradiance,
while the large w, ( yields a smaller spot on the detector,
thus a larger signal for a given deflection.

For many materials the total refractive index change
may be due to a combination of instantaneous (i.e.,
bound-electronic), and noninstantaneous (e.g., induced
by nuclear movement) responses [17]. Then (An,) and
thus AE,(z;)/E, is proportional to the convolution be-
tween the response function of the material and the cross
correlation of the excitation and probe pulses [18].

The experimental apparatus is a simple modification to
a standard excite-probe setup [2] [Fig. 1(a)]. The excita-
tion pulse was generated from a Ti:sapphire amplified
system (Clark-MXR CPA 2010) producing ~1 mJ, 150-
250 fs (FWHM) pulses at 780 nm operating at a 1 kHz
repetition rate. The probe pulse was set at 650 nm, gen-
erated from the spatially filtered output of an optical
parametric generator/amplifier (OPG/OPA, Light Conver-
sion TOPAS-C) pumped by the same laser system. The
spot size (determined by knife-edge scans) of the excita-
tion, w,, was set to 4-5 times that of the beam waist of
the probe, w, o. The probe was shifted from the peak of
the excitation so that the probe experienced a nearly
uniform maximized index gradient, as shown in
Fig. 1(d). This was accomplished by shifting the
excitation until the maximum deflection signal was
achieved. The beam deflection was observed using an
OSI QD50-0-SD quad-segmented photodiode, which can
simultaneously measure E, and AE,(z;). We detected
AE,(ry) by modulating the excitation at 286 Hz by a
mechanical optical chopper synchronized with the exci-
tation repetition rate. To monitor energy fluctuations of
the probe pulses, a second lock-in amplifier was used to
record E),.

To demonstrate this technique, measurements were
performed on a 1 mm thick fused silica slide, as shown
in Fig. 2. We observed a peak (An,, .,) = 1.58 x 10~ with
excitation and probe copolarized, and peak (A7, cyoss) =
0.51 x 10> with the beams cross-polarized under the
same peak excitation irradiance (I, =51 GW/cm?).
For isotropic media where the bound electronic nonli-
nearity dominates, the ratio An,.,/An, cross, Propor-

tional to Zﬁ)n / Zﬁ)zz’ is 3, and the temporal response
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Fig. 2. Averaged index change (An,) as a function of
delay 7, in fused silica for copolarized (1) and cross-polarized
cases (2), with L=1mm, 1, =780nm, 4, =650nm,
W, = 170 pm, wy,o =35 pm, 7, =2411fs, and 7, =170 fs.
(@) I,y = 51 GW/cm? and (b) inset, I, = 0.35 GW/cm?.

follows the cross-correlation traces between excitation
and probe pulses [19]. Here we measure a ratio of
3.05 £ 0.28. The n, estimated from Fig. 2 in the copolar-
ized case is 0.2 £ 0.05 x 1015 ¢m?/W, as compared to the
literature value of 0.3 x 10715 ¢cm?/W [20]. By reducing
the irradiance to 0.35 GW/cm?, as shown in Fig. 2(b),
we could determine our minimum detectable (An,) . =
3.0 x 1078, corresponding to a minimum induced peak
phase change of ~1/20, 000.

In order to study the temporal response of the nonin-
stantaneous components to NLR originating from the
nuclear response of the material, we performed the ex-
periment on neat carbon disulfide, CS,, in a 1 mm fused
silica cell. The excitation pulse was generated by a multi-
stage Ti:sapphire chirped pulse amplifier system (Coher-
ent Legend Duo+) with 12 mJ output energy at a
repetition rate of 1 kHz. The pulse width was 50 fs
(FWHM), determined by autocorrelation. A small portion
of the excitation pulse (<1%) was focused in a 1 cm water
cell to generate a white-light continuum. 650 nm was
selected as the probe pulse by a narrow bandpass
filter. The probe pulse width was 155 fs (FWHM), deter-
mined by the beam deflection experiment (i.e., cross-
correlation of excitation and probe pulses) performed
with fused silica. To investigate the polarization depend-
ence of the nonlinear response, we inserted a half-wave
plate in the probe to rotate its polarization with respect to
the excitation.

The induced refractive index change An(g), can be
described by the index ellipsoid equation [19] in birefrin-
gent media (here the birefringence is induced by the
excitation). For small index changes this equation
reduces to

An(p) = An, cos?(p) + An, sin® (). ©))

where the excitation is oriented along the x direction,
and An, and An, are the refractive index changes for
copolarized (¢ = 0°), and cross-polarized (¢ = 90°)
cases.
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The ratio An,/An, is determined by the tensor ele-
ments of “y®” (instantaneous or cascaded W :y®M,
e.g., reorientational processes). It is known that in an iso-
tropic medium An,/An, = 3 [19]; however, for CS, the
excitation beam creates an anisotropy due to molecular
reorientation, which leads to An,/An, = -2 [19]. For
neat CS,, where the nonlinearity is dominated by iso-
tropic and reorientational-like nonlinearities [8], Eq. (9)
can be written as

An(p) = Angfeos?(p) + 5 sin(p)
¥ Bngleost(p) —gsind(p)).  (10)

where An;,, and An, are the refractive index
changes along the excitation polarization originating
from isotropic and reorientational nonlinearities,
respectively [9].

We use three different implementations of Eq. (10)
corresponding to ¢ = 0°, 90°, and 54.7°, respectively,
where An is given by

ANy, = Anygy + ANy, ((P = 00)7 (113)
1 1 )
APeross = gAniso - EAnre (p = 90°), (11b)
5 o
Anmagic =S An, (@ =54.7°). (11c)

9

Note, at the “magic angle” (i.e., ¢ = 54.7°), An induced
by reorientational nonlinearities is zero, leaving only the
isotropic term [10]. Figure 3 shows (An,) as obtained
from Eq. (6) as a function of temporal delay between ex-
citation and probe for CS,. Here the noninstantaneous
response time is much longer than the cross-correlation
width. In the copolarized (¢ = 0°) case, other than the
instantaneous electronic response, (Amn,) (noted as
(Amy, o)) shows multiple decay components with differ-
ent decay constants. (An,) keeps the same sign along the
entire decay. The cross-polarized case, (An,) (¢ = 90°,
(Mp cross)), first shows a weaker positive peak (i.e., the
same sign as the copolarized case), followed by a dra-
matic decrease to a negative peak and then a slow decay.
This is an indication of the influence of the reorienta-
tional nonlinearity that is stronger than the isotropic non-
linearity in CS,. At delay times longer than 1 ps, where
reorientational  relaxation dominates, (An,.,) =
—2(An,, ¢10ss), consistent with the ratio calculated for a
reorientational response. Both copolarized and cross-
polarized response traces are very similar to the results
obtained by the nonlinear interferometry technique, as
described in Ref. [11]. Note that (Any,g.) Shows a re-
sponse similar to the cross-correlation traces (not
shown), with a slightly wider FWHM (by ~15%, account-
ing for GVM) which is probably due to a nuclear response
with isotropic symmetry [21].

Based on Egs. (11a) and (11c) and (A%,gc), We can
calculate (Amn,,), and separate (An,) from (Ang),
shown as curves 4 and 5 in Fig. 3(b). While the quasi-
instantaneous response of (An;g,) suggests a dominating
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Fig. 3. (a) Averaged index change ({(An,)) as a function of
delay z; in CS, for (1) copolarized, (2) magic angle, and
(3) cross-polarized cases with L = 1 mm, 4, = 800 nm, 4, =
650 nm, w, = 163 pm, w, o =38 pm, 7, = 50 fs, 7, = 155 fs,
I,,=31 GW/cm?. (b) (4) isotropic nonlinear response
((Anig,)), (B) and reorientational nonlinear response ((A7n.))
based on Eq. (11), and (6) reconstructed ({An,)) for cross-
polarized case in comparison to direct experiment data (3). Note,
curves 3 and 6 are essentially indistinguishable from each other.

bound-electronic nonlinearity with small isotropic nu-
clear response, the relatively slow response of (An,) in-
dicates a nonlinear contribution from purely nuclear
motion. (An,.) rises and then shows a bi-exponential de-
cay with a fast component of 180 fs and a slow compo-
nent of 1.75 ps, respectively. The slow decay component
originates from the reorientational relaxation, consistent
with various literature data [3,11], the fast decay compo-
nent is probably due to the libration of molecules [3], or
the so-called intermolecular interaction-induced
polarizability change [11], or a combination of both proc-
esses [9]. Note the results shown in Fig. 3 are similar to
those measured by a dual-beam thermal lens method
[10], but at a much lower noise level and higher temporal
resolution. By using Eq (11b), we can use (An;,) and
(Any) to reconstruct (An, ..oss) in the cross-polarized
case, shown as curve 6 in Fig. 3(b) (note that curve 6
overlaps curve 3 in the figure). The precise agreement
between the reconstructed curve and the experimental
data unambiguously demonstrates the validity of using
Eq. (11) to separate the different nonlinear mechanisms
of CS, based on their tensor elements. We fit an ny
for the isotropic response of 1.40 #+ 0.35 x 10~ cm?/W
(1.83 £ 0.45 x 1071 ¢cm?/W including GVM. [21]) This
compares to estimates from Ref. [18] for the bound
electronic ny of 2.9 x 1015 cm?/W as well as with our
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Z-scan results for ultrashort pulses of 2.5x
10715 em?/W [22].

In summary, we use a beam deflection technique, de-
rived from photothermal deflection experiments, to mea-
sure the time and polarization dynamics of ultrafast NLR.
The maximum sensitivity to induced phase change
achieved was 1/20,000. By applying this technique to
CS,, we successfully separate the nonlinear response
into its quasi-instantaneous isotropic nonlinearity and
a much slower reorientational nonlinearity. The experi-
mental results unambiguously agree with theoretical sep-
aration of these effects via their nonlinear susceptibility
tensor elements. In the presence of NLA, the absorption
gradient reshapes the irradiance profile to appear as
though a lateral shift has occurred. Extension of this
technique to materials with NLA will be discussed in a

future publication.
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