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Spatiotemporal imaging of sum-frequency generation 
process through second-order nonlinear optical inter-
action in a nonlinear crystal under femtosecond 
pulsed illumination is presented. Two focal points in 
the spatial dimension that result from use of widely 
separated wavelengths (780 and 1560 nm) including 
their appropriate intensity ratios are captured accu-
rately, emphasizing the sensitivity and robustness of 
this detection scheme. Most importantly, cross-
correlation width that is used as characteristic meas-
ure from such techniques remains constant at the two 
focal points. However, this highlights the critical role 
of nonlinear crystal position along beam propagation 
axis during such collinear intensity cross-correlation 
measurements involving different wavelengths. 
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SECOND-order nonlinear optical (NLO) processes in crys-
tals1, such as second-harmonic generation (SHG), sum 
frequency generation (SFG) or optical parametric ampli-
fication, are useful and popular techniques to produce and 
characterize ultrashort laser pulses in different spectral 
regimes. Generation of SFG signal through interaction of 
two short laser pulses in a nonlinear BBO (β-barium  
borate, β-BaB2O4)2–4 crystal commonly involves non-
collinear beam geometry, where two laser beams propa-
gate at an angle inside the crystal; however, collinear 
beam geometry can also be used, depending on the moti-
vation and scheme of the experiment5–8. Unlike non-
collinear cross-correlation scheme, correlating pulses in 
the collinear setup interact over a longer propagation dis-
tance inside the crystal resulting in lower threshold and 
more efficient SFG7. Thus collinear geometry is often 
utilized for characterization of ultrashort pulses in mul-
tiphoton microscopy. Collinear mode provides the tight-
est focus, best spectral and temporal intensity, finest 
spectral resolution and the best possible elimination of 
temporal blurring5. These are crucial for optimization of 
laser pulses at the sample plane of nonlinear microscope, 
which in turn, maximizes the generated nonlinear signal 
on biological samples while minimizing radiation dosage 
resulting in increased specimen lifetime7. 
 Here, we use a collinear Mach-Zehnder type interfer-
ometric set-up to record a spatiotemporal image of SFG 

cross-correlation signal at 520 nm, resulting from the  
interaction of two short laser pulses at 1560 and 780 nm 
inside a BBO crystal. The nonlinear crystal is translated 
along the direction of laser beam propagation (Z-axis) 
and the corresponding temporal correlations at every Z 
position of the BBO crystal are recorded. The main focus 
of the present study is to explore features of spatiotempo-
ral image of second order NLO process by mapping SFG 
intensities in two different dimensions: one is the time 
delay between cross-correlating pulses (time profile) and 
the other is the axis along which BBO crystal is trans-
lated across the focal points (Z-axis) of the combined 
cross-correlating beams (spatial profile). Use of single 
lens to focus input pulses inside the BBO crystal results 
in two foci due to wavelength dependence, which are 
precisely resolved and accurately captured with appropri-
ate intensity ratio on the Z axis. Furthermore, we find that 
the shortest possible temporal correlation is only possible 
at the two focal points, which highlights the spatiotempo-
ral significance of the present work. 
 We use an Er : doped mode-locked femtosecond fibre 
laser (Femtolite C-20-SP, IMRA Inc.), which generates 
50 MHz collinear laser pulses, centred at the fundamental 
wavelength 1560 nm and its second harmonic 780 nm as 
a single output (Figure 1). The 1560 nm pulse is ~300 fs 
wide and has a 40 mW average power, while the 780 nm 
pulse is ~100 fs wide with a 20 mW average power. A 
collinear cross-correlation set-up is built based on Mach-
Zehnder geometry, where two dichroic beam splitters are  
used: the first one separates the two wavelengths, while 
the second one recombines them. 
 
 

 
 

Figure 1. Schematic of the experimental set-up. The inset describes 
the focal point geometry after the first focusing lens. BS, beam splitter; 
M, mirror; L, lens. 
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Figure 2. Spectra of (a) 780 nm and (b) 1560 nm pulse coming out directly from the laser. 
 
 
 The recombined laser pulses, after the second dichroic 
mirror, are focused into a type-I BBO (β-barium-borate) 
nonlinear crystal (0.5 mm) by a single BK7 lens  
(L1, f = 50 mm) to generate cross-correlation signal at 
520 nm. The 520 nm signal is filtered using a 780 nm 
NIR-cut short-pass filter and is collected by a second lens 
(L2) focusing onto a silicon photodiode (PD) detector as a 
function of time-delay between the correlating pulses 
(Figure 1). This is measured with a 500 MHz oscillo-
scope (LeCroy LT354M) interfaced to the computer with 
a National Instruments GPIB card. In order to determine 
the time zero (t = 0) by matching the path lengths  
between the two cross-correlating laser pulses, a retro-
reflector is used in the 780 nm beam path on a motorized 
translation stage (model ESP-300), which can step with a 
minimum resolution of 0.055 μm (0.37 fs). An additional 
translation stage stepping with a minimum resolution of 
0.017 μm has been used to move the BBO across the  
focal point of the first lens (L1). Cross-correlation traces 
are acquired at every Z-position in the BBO crystal as it 
is scanned along the direction of the beam propagation 
(Z-axis) around the focus. The resulting cross-correlation 
intensities have been plotted with respect to both the time 
and the Z-axis to generate a two-dimensional image of the 
second-order NLO signal. All data acquisition is  
performed using LabVIEW programing and subsequent 
analysis is done using Origin and MATLAB. 
 SFG through intensity cross-correlation is a second-
order nonlinear process, where the intensity of the gener-
ated cross-correlation signal (in our particular case 
520 nm resulting from the cross-correlation of 1560 nm 
and 780 nm) can be expressed mathematically as 
 

 2
520 1560 780( ) | ( ) ( ) | dI E t E t tτ τ

∞

−∞

= −∫   

 

     
1560 780( ) ( ) d ,I t I t tτ

∞

−∞

= −∫  (1) 

where I520(τ) is the intensity of the cross-correlation sig-
nal at 520 nm. |E1560(t)| and |E780(t – τ )| are the electric 
fields corresponding to 1560 nm and time delayed 
780 nm pulses respectively. I1560(t) and I780(t – τ ) are re-
spective intensities of 1560 nm and time delayed 780 nm 
pulses. The 780 nm pulses emerging from IMRA laser 
have relatively simple pulse shapes (Figure 2 a), whereas 
pulses centred at 1560 nm show a more complex nature 
with comb-like spectral features over a larger bandwidth 
(Figure 2 b). The effect of exact spectral features is 
within errors of our experimental measurements.  
 We record the spatiotemporal intensity profile of the 
collinear SFG cross-correlation signal generated by 1560 
and 780 nm pulses into a 0.5 mm thin BBO crystal by 
combining the conventional time scans with Z-scan of the 
BBO across the focal points of the combined pulses after 
the second dichroic mirror. In conventional single beam 
Z-scan experiments9,10, position and intensity-dependent 
transmission from the sample are measured by moving 
the sample across the focal point of the lens along the Z-
axis. This measures the nonlinear absorption and nonlin-
ear refraction of the sample at a particular wavelength. In 
our experiments, instead of measuring the effect of a sin-
gle beam, we use two collinear laser beams interacting 
inside the BBO crystal and measure only the intensity of 
the SFG signal, resulting from the phase matching inter-
action of the individual laser pulses while moving the 
crystal across the focal point of L1 along the Z-axis at 
each time delay between the two pulses (Figure 3). 
 Initially, the cross-correlation signal is optimized for 
the maximum temporal and spatial overlap between the 
laser pulses (i.e. t = 0, Z = 0, Figure 4 a and b respec-
tively) and then the position of the BBO crystal is 
changed across Z = 0 and correspondingly the cross-
correlation trace at each individual Z-position is recorded. 
 Figure 5 shows the two-dimensional intensity map of 
the cross-correlation signal at 520 nm, where the SFG 
cross-correlation intensities are plotted with respect to 
both the delay on time axis and individual Z positions of 
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the BBO crystal along the Z axis. Since the interacting 
wavelengths in our case, 1560 and 780 nm, are widely 
separated, it was not possible to find a suitable achro-
matic lens for focusing the two cross-correlating beams at 
the same point inside the BBO crystal. Instead, a non-
achromatic lens was used in the present experiment, 
which makes the beams focused at two different points 
separated by a finite gap on the Z-axis (Figure 3). Conse-
quently, two different maxima appear in the Z-scan trace 
of the BBO as observed in Figures 4 b and 5. 
 Focal length being a function of wavelength, calcula-
tion of focal lengths corresponding to two different wave-
lengths (1560 and 780 nm for our case) with respect to a 
particular non-achromatic bi-convex lens and the separa-
tion between them is possible by using Lens-making for-
mula, which is expressed as 
 

 2
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n d
f R n R
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λ
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where fλ and nλ are the actual focal length and the refrac-
tive index of the lens material respectively, for wave-
length λ, R the radius of curvature and d is the centre 
thickness of the lens. In our experiment, we use a 50 mm 
BK-7 glass biconvex lens to focus both the laser beams at 
the BBO crystal. The respective refractive indices corre-
sponding to 1560 and 780 nm are 1.5 and 1.511. The ra-
dius of curvature and the central thickness of the lens are 
5.2 and 50.6 mm respectively. Calculation using the 
above equation shows that the actual focal lengths of the 
lens should be 52.6 and 50.5 mm respectively, for 1560 
and 780 nm, indicating that 780 nm beam gets focused to 
its minimal spot size position ~2 mm ahead of the focal 
point of 1560 nm (Figure 3). Thus we can explain the  
origin of the two maxima and their separation of 2 mm  
 
 
 

 
 
Figure 3. Details of beam geometry and beam parameters as used in 
the present experiment. W is the Gaussian beam waist for both the laser 
beams as they are coming through an identical beam aperture; f (780) 
and f (1560) are focal lengths of the non-achromatic lens with respect 
to 780 and 1560 nm respectively; ω0,780 and ω0,1560 are respective beam 
waist radii for 780 and 1560 nm beam at the focal points; zR(780) and 
zR(1560) are the Rayleigh ranges of 780 and 1560 nm beam respec-
tively; ωz,780 and ωz,1560 are the respective beam waists radii of 780 and 
1560 nm beam at the focal points of 1560 and 780 nm respectively. 

under the present experimental condition as seen from 
Figures 4 b and 5. 
 The initial Gaussian beam waist of both the laser 
beams is experimentally found to be 2.77 mm as they 
come through an identical beam aperture. The experimen-
tal measurement involved recording the residual intensity 
while a knife edge was translated across either of the la-
ser beams. The measured signal was integrated in both 
cases to result in Gaussian profiles, whose FWHM pro-
vided laser beam-waist values11,12.  
 In order to explain the intensity ratio of SFG signals 
originating at Z = 0 mm and Z = 2 mm, we calculated the 
total effective intensities of 780 and 1560 nm beam at 
each of the two wavelength-dependent focal spots, which 
are proportional to the overall intensities of the generated 
SFG signals at these two points. This particular calcula-
tion is based on Gaussian optics approximations, where 
the beam waists (ω 

0) of 780 nm (ω 
0,780 = 9.05 μm) and 

1560 nm (ω 
0,1560 = 18.85 μm) at their respective focal 

points are calculated as 
 
 0 2 / ,f Wω λ π=  (3) 
 
where ω 

0 is the beam waist at the focal point, λ the wave-
length, f the focal length and W is the initial beam waist 
before the focusing lens. 
 At the focal point of 780 nm beam, we calculated the 
peak intensity of 780 nm (I780) as 
 
 2

780 780 0,780/ ,I P πω=  (4) 
 
where P780 is the peak power of 780 nm beam at the beam 
waist of 780 nm and ω 

0,780 is the beam waist of 780 nm 
beam at the focal point of 780 nm. At the same point, we 
calculate the effective peak intensity of 1560 nm (I1560) 
beam as 
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where P1560 is the peak power of 1560 nm beam at the 
beam waist of 780 nm, and ω 

0,780 and ω 
0,1560 are the re-

spective beam waists of 780 and 1560 nm respectively, at 
the focal points of 780 and 1560 nm beam. ωz,1560 is the 
beam waist of 1560 nm beam at the focal point of 780 nm. 
Thus the effective intensities of 780 and 1560 nm beams 
at the focal point of 780 nm are found to be 1.46 × 1013 
and 2.32 × 1010 Wm–2. As a result, the total effective sum 
of intensities at the focal point of 780 nm is calculated as 
1.46 × 1013 Wm–2. Similarly, we calculated the peak in-
tensity of 1560 nm (I1560) at 1560 nm focal point as 
 
 2

1560 1560 0,1560/ ,I P πω=  (6) 
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Figure 4. Cross-correlation trace recorded (a) on time axis when the BBO is at Z = 0 mm and (b) on Z axis at t = 0 fs. 
 
 

 
 
Figure 5. Representation of 2-D image of the cross-correlation signal 
recorded at each Z positions by moving the BBO across the focal point 
of the lens along the Z-axis. 
 
 

 
 

Figure 6. Cross-correlation traces at Z = 0 mm and Z = 2 mm. 
 
 
where P1560 is the peak power of 1560 nm beam at the 
beam waist of 1560 nm and ω 

0,1560 is the beam waist of 
1560 nm beam at the focal point of 1560 nm. We calcu-
lated the effective peak intensity of 780 nm (I780) beam at 
the focal point of 1560 nm beam as 

 
2 2

0,780 0,1560780
1560 2

,780 ,780,780
exp 2 ,

z zz

P
I

ω ω
ω ωπω

⎡ ⎤⎡ ⎤ ⎛ ⎞⎢ ⎥= × × − ⎜ ⎟⎢ ⎥ ⎜ ⎟⎢ ⎥⎢ ⎥⎣ ⎦ ⎝ ⎠⎣ ⎦
 (7) 

 
where P780 is the peak power of 780 nm beam at the beam 
waist of 1560 nm, ω0,780 and ω0,1560 are the respective 
beam waists of 780 and 1560 nm at their corresponding 
focal points. ωz,780 is the beam waist of 780 nm beam at 
the focal point of 1560 nm. Thus, the effective intensities 
of 780 and 1560 nm beams at the focal point of 1560 nm 
are found to be 6.88 × 109 and 2.24 × 1012 Wm–2. Conse-
quently, the total effective sum of intensities at 1560 nm 
focal point is calculated as 2.25 × 1012 Wm–2. Thus the 
intensity ratio of SFG signals originating at Z = 0 mm and 
Z = 2 mm is calculated as 6.4. In the present experiment, 
the collinear SFG cross-correlation intensity at the focal 
point of 780 nm is 6.2 times higher as compared to that at 
1560 nm focal point as is observed in Figures 4 b and 5 
and correspondingly supports the value obtained from the 
calculation. 
 However, irrespective of the intensity difference, the 
characteristic widths of the cross-correlation traces are 
found identical as measured at the two wavelength  
dependent focal points (Figure 6) at Z = 0 mm and 
Z = 2 mm on the Z-axis. These characteristic widths also 
show good agreement with the width obtained from the 
XFROG (cross-frequency resolved optical gating) trace 
measured at 520 nm (Figure 7 a).  
 Variation in widths of cross-correlation traces recorded 
at different BBO positions on the Z axis (Figure 7 b) 
clearly shows two minima at Z = 0 mm and Z = 2 mm, 
which in turn, indicates that the shortest possible tempo-
ral correlations are only possible at two foci resulting 
from chromaticity of the focusing lens for two wavelengths. 
Thus, for collinear SFG intensity cross-correlation meas-
urement using a single chromatic lens, we show that it is 
important to keep the NLO crystal exactly at one of the 
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Figure 7. a, XFROG trace collected at 520 nm and b, variation of cross-correlation widths as measured at different BBO positions on the Z-axis. 

 
 
two foci of the lens to get the correct cross-correlation 
width, otherwise the measured pulse width is higher than 
the actual width. Since the correlating beams are col-
linearly interacting inside the BBO crystal, the character-
istic width of the SFG cross-correlation mostly depends 
on the position of the crystal on the Z-axis rather than 
other factors, such as crystal orientation, individual beam 
spot sizes, etc. 
 We generated two-dimensional (2D) image of second-
order nonlinear SFG process at 520 nm in a nonlinear 
BBO crystal by using two collinear femtosecond laser 
pulses at 1560 and 780 nm. Scanning the BBO crystal 
across focal point of a lens, SFG cross-correlation signals 
were measured at each individual BBO positions on the Z 
axis and their corresponding plot created a 2D image of 
the second order process. Chromaticity of the lens results 
in two different SFG maxima corresponding to the two 
wavelength-dependent focal spots, which match the 
shortest possible temporal correlation. Analysis of the 2D 
image suggests that though signal intensity depends on 
factors like crystal orientation, individual beam spot 
sizes, etc., characteristic width of the SFG signal is dis-
tinctive of the position of BBO crystal with respect to  
individual focal points of laser beams used. As long as 
the NLO crystal is kept at any one of the two foci on  
Z-axis, the characteristic SFG width and the shortest pos-
sible temporal correlation remain unaltered; thus high-
lighting the spatiotemporal aspect of the experiment. 
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