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We introduce a simple wavefront sensing scheme for aber-
ration measurement of pulsed laser beams in near-infrared
wavelengths (<2200 nm), where detectors are not always
available or are very expensive. The method is based on
two-photon absorption in a silicon detector array for longer
wavelengths detection. We demonstrate the simplicity of
such implementations with a commercially available Shack–
Hartmann wavefront sensor and discuss the detection
sensitivity of this method. © 2017 Optical Society of America
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Wavefront sensing is an important tool in optical testing and is
an essential part of beam characterization for both industrial
and research applications. The ability to perform a real-time
measurement of optical aberrations is critical in many
adaptive optics (AO) systems in which perfecting the image
is realized by active mitigation of those aberrations [1]. The
wide range of AO applications includes astronomy [2], free
space optical communication [3], retinal imaging [4], OCT
[5], and laser scanning microscopy [6,7]. One of the most
common instruments for measuring aberrations is the
Shack–Hartmann wavefront sensor (SHWS) [8], in which
the local slopes of the wavefront are sampled using a microlens
array (MLA), which generates a spot matrix on a camera. The
local slopes are calculated based on the deviation of the spots
from their initial position, resulting in a reconstructed wave-
front. The simplicity of SHWS, which combines an off-the-
shelf camera together with an MLA that can be manufactured
in a mass-production fabrication process, makes it a preferred
and common solution for wavefront sensing. Commercial
versions of SHWS that can be found at relatively low prices
serve as essential building blocks in many AO systems.

When working at wavelengths for which camera detectors
are rare or very expensive, however, it becomes difficult to im-
plement wavefront sensing using SHWS. At wavelengths in the
near-infrared (NIR) region, one can find commercial solutions
based on either phosphorus up-conversion [9] or an InGaAs
camera [10]. Both solutions are more expensive and cover only
a small portion of the NIR spectral region. For broader spectral
response, it is possible to use a mercury cadmium telluride

(MCT) camera [11] as a detector, but this is an expensive,
custom solution, and it is not widely available.

Here, we introduce a two-photon (2P) SHWS that extends
the working spectrum of any conventional SHWS from the
visible range to the NIR. Our solution is based on two-photon
absorption (TPA) in silicon, which allows detection of laser
pulses even when the wavelength of the laser exceeds the linear
spectral detection range of the material. In this way, by using a
silicon-based SHWS, it is possible to measure the wavefront of
a pulsed-laser beam up to 2200 nm with an off-the-shelf, cheap,
commercial product.

TPA in semiconductors is a well-known phenomenon [12]
in which two long-wavelength photons generate one photoelec-
tron in the material. TPA in silicon photodiode (PD) is com-
monly used in autocorrelation for temporal measurement of
short pulses [13] and plays an important role in silicon photon-
ics applications such as fast optical modulators [14], high-speed
optical logic gates [15], and telecom applications [16].

TPAwas studied and demonstrated for laser pulses in silicon
PD [17] and avalanche photodiode (APD) [18]. A silicon TPA
cross section was characterized from 850 nm to 2200 nm [19].
Usually, high peak intensity is needed to generate a TPA signal.
When using subpicosecond NIR laser pulses, the peak power
becomes large enough to generate TPA even for small NA val-
ues. Such NIR pulsed lasers are common in fiber applications
[20] and in multiphoton microscopy [21–24].

To demonstrate our solution, we used an off-the-shelf wave-
front sensor (WFS150-7AR, Thorlabs) [Fig. 1(a)] that consists
of a silicon CCD camera (1280 × 1024 pixels, pixel size of
4.65 μm) and a 39 × 31 MLA with an effective focal length
of 5.2 mm and microlens pitch of 150 μm. The linear spectral
response of the silicon-based camera is limited by the response
of silicon as shown in Fig. 2. We used 3 wavelengths in the
NIR—1550 nm, 1750 nm, and 2000 nm—in order to dem-
onstrate the wavefront sensing performance in wavelengths
outside the linear detection range of an InGaAs camera (which
is limited to approximately 1700 nm).

We used a fiber laser (CAZADERO, Calmar lasers) that
delivers 380 fs pulses at 1550 nm [Fig. 3(a)] with maximal
pulse energy of 0.5 μJ at 4 MHz repetition rate. To generate
1750 nm and 2000 nm pulses, we coupled the light into a 1-m-
long large mode area (LMA) fiber with ∼21 μm mode field
diameter (LMA25, NKT). The high peak power of the coupled
light generates a soliton pulse inside the LMA fiber, which
shifts its central wavelength to a longer wavelength up to 2 μm
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according to the input power [25,26] due to soliton self-
frequency shift (SSFS). By using an input power of
300 mW and by spectral filtering of the LMA fiber output,
we can get soliton pulses at 1750 nm with a pulse duration
of 70 fs [Fig. 3(b)]. By increasing the input power to
1.2 W, the soliton was shifted to 2000 nm with a pulse dura-
tion of 100 fs [Fig. 3(c)]. For demonstration of the 2P SHWS,
we first verify that the silicon-based detector response is indeed
TPA at the longer wavelengths. We used the fiber laser source
at 1550 nm and measured the output signal as a function of the
input power. The results are shown in logarithmic scale in
Fig. 4, where the slopes of the power dependence indicate
the order of the nonlinear optical process. The measurements
were performed for a silicon PD, a silicon CMOS camera, and a
silicon CCD camera, all confirming two-photon response.

We used the illumination source operated at three different
NIR wavelengths with several cylindrical lenses to measure
wavefront aberrations. The results, shown in Figs. 5(a)–5(f ),
demonstrate that 2P SHWS can measure wavefront distortions
introduced by the cylindrical lens at various orientations.
In addition, Figs. 5(g)–5(i) show that the results match the

expected wavefront curvature, which corresponds to a cylindri-
cal lens with a focal length of ∼200 mm.

Since the evaluation of the wavefront relies on geometrical
calculation, the results are completely independent of the de-
tection process. The same image processing and calibration
used for linear detection can be used in 2P SHWS without
any modification.

The main limitation of the 2P SHWS is detection sensitiv-
ity. In the following paragraphs, we will provide a detailed
analysis and discuss the guidelines to optimize detection sensi-
tivity of a 2P SHWS. We will evaluate the sensitivity by quan-
tifying the lowest power needed for 2P SHWS and comparing
it to that for a one-photon (1P) SHWS. The generation of pho-
tocurrents in 1P and 2P has completely different dependence
on the SHWS geometry. For 1P SHWS, due to the strong 1P
absorption of silicon at 400–1000 nm [27], photocurrent
generation and detection occur within several microns of the
detector surface. For 2P SHWS, the photocurrent depends
critically on the axial spot size and detection depth. To maxi-
mize the 2P signal, the device layer for generation and detection
of the 2P photocurrent should be larger than the axial spot size.
We will show that in our current commercial SHWS, the depth
of the silicon layer that generates and detects the TPA signal is
much smaller than the axial spot size. We will then discuss the
approaches to improve the detection sensitivity of the 2P
SHWS by optimizing the design parameters.

To measure the lowest power level for the 2P SHWS, we
reduced the incident power until the spot diagram of the
SHWS was too noisy for wavefront reconstruction. We placed
a 3-mm diameter aperture in front of the SHWS, an aperture
that includes ∼300 microlenses. During all measurements, the
SHWS was set to the maximal gain and exposure time (56 ms
per frame) and averaged over 100 frames (total exposure time of
5.6 s). For 2P SHWS, we measured the minimum power using
illumination sources at 1550 nm, 1750 nm, and 2000 nm. For
1P SHWS, we used a 635 nm CW laser (4/125-635-S-1, OZ
Optics). The results are shown in Table 1.

Fig. 1. Schematics of the experimental setups for (a) generating
longer wavelengths for 2P SHWS demonstration. A fiber laser
(CAZADERO, Calmar lasers) delivers 380 fs pulses with pulse energy
up to 0.5 μJ at 1550 nm at 4 MHz repetition rate. LMA fiber: large-
mode-area photonic crystal fiber (LMA25, NKT). Lens 1:
f � 45 mm, Lens 2: f � 50 mm, (b) axial scanning of TPA re-
sponse of a silicon CMOS camera sensor or a silicon CCD camera
sensor. We used a high NA objective (Zeiss Plan-Neofluar
40 × ∕1.30) oil-immersion objective and overfilled its back aperture.
Lens 3: f � 50 mm lens, Lens 4: f � 150 mm lens. Axial scan is
performed with a motorized stage (MP-285, Sutter Instrument).

Fig. 2. Spectral response of the silicon-based detector (blue) and
InGaAs detector (red), obtained from Thorlabs. Measured spectra
of the fiber laser source at 1550 nm (black), the shifted soliton at
1750 nm (orange), and 2000 nm (purple).

Fig. 3. Measured second-order interferometric autocorrelations of
the laser pulses at (a) 1550 nm, (b) 1750 nm, and (c) 2000 nm. A
deconvolution factor of 1.54 for sech2-pulse was assumed to obtain
the indicated pulse durations.

Fig. 4. Logarithmic plots measured with the 1550 nm laser pulses,
showing the dependence of TPA signal on the incident power.
(a) Silicon PD; (b) silicon CMOS camera; (c) silicon CCD camera.

1142 Vol. 42, No. 6 / March 15 2017 / Optics Letters Letter



The difference between the power limits of 1P SHWS and
2P SHWS is mainly caused by the vast difference in absorption
by the linear and nonlinear processes. The variation of the mea-
sured TPA power limit at different wavelengths is due to the
difference in the TPA coefficient and the pulse width [19].

To compare the minimum power results for 1P and 2P
SHWS, we need to examine the signal dependence on the
geometry in each case. We measured the layer thickness for
the photocurrent generation and detection by using the
1550 nm laser source and scanning the detector axially through
the focus of a high NA, oil-immersion objective [Fig. 1(b)]
[28]. The TPA signals from the scan, shown in Fig. 6, provide
the upper bound of the depth of the device layer for photocur-
rent generation and detection. We conducted the experiment
for a silicon CMOS camera (DCC1545M, Thorlabs) and a sil-
icon CCD camera (STC-MB152USB, Sentech), which has the
same camera sensor model as in our wavefront sensor. The de-
tectors were taken out of its mechanical package in order to
allow the measurement with the oil-immersion objective.
For silicon PD (SM1PD1A, Thorlabs), we used a similar setup
with an air objective (Mitutoyo M Plan Apo 50 × , NA 0.42).
The results, shown in Fig. 6, are ∼400 μm for the silicon PD,
∼30 μm for the silicon CMOS camera, and ∼23 μm for the
silicon CCD camera. All the values are much larger than the 1P
absorption length at 635 nm (∼3 μm) [27].

In the commercial SHWS, the NA of the MLA is small (for
our MLA, the NA is 0.0144), resulting in an axial focal depth
of a few millimeters. Due to the axial confinement of TPA, 2P

photocurrent generation occurs mostly within the focal depth.
However, because the focal depth of the low-NA MLA is
several orders of magnitude larger than the measured thickness
of the camera detection layer, this active layer thickness limits
the TPA signal.

Using the measured sensitivities shown in Table 1, we can
estimate the detection limit of 2P SHWS. We first calculate the
number of photoelectrons using the measured power at
635 nm. The lateral spot radius is ∼20 μm (1∕e2, under
Gaussian approximation), which is much larger than the
4.65 μm pixel size of the camera. For simplicity, we compare
only the number of photoelectrons on the central pixel. The
number of photoelectrons N �1��t� for the 1P process is

hN �1��t�i � η
2P�1��t�
πω2

1hν1
ΔxΔy; (1)

where η is the quantum efficiency, P�1��t� is the power in
Watts, ω1 is the 1∕e2 spot size radius of the beam, h is plank
constant, ν1 is the frequency of excitation light, and Δx, Δy are
the pixel lateral dimensions (in our commercial WS
Δx � Δy � 4.65 μm). For the TPA signal, we use the same
formalism used for nonlinear fluorescence [29]. Since the focal
depth is much larger than the measured thickness (Δz) of the
active layer of the silicon-based camera, the TPA volume is
determined by the pixel volume ΔxΔyΔz, and the TPA signal
N �2��t� is, therefore, given by

hN �2��t�i � 1

2

g �2�p

f τ
ησ2C

�
2P�2��t�∕hν2

πω2
2

�
2

ΔxΔyΔz; (2)

where g �2�p is the temporal coherence factor of the excitation
laser source (0.59 for hyperbolic-secant-squared pulse), f is
the laser repetition rate, τ is the laser pulse width, C is the con-
centration of the silicon atoms, σ2 is the TPA cross section,
P�2��t� is the power in Watts, ν2 is excitation light frequency,
and ω2 is the lateral spot size radius as was determined by the
Gaussian approximation [30].

Assuming that the same number of photoelectrons is needed
per microlens for generating a valid tilt at the detection thresh-
old for 1P and 2P SHWS, we can calculate Δz independently
by using Eqs. (1) and (2), together with the measured mini-
mum power levels listed in Table 1 and the known nonlinear
absorption coefficient of silicon [19,28,31]. We found that
Δz ≅ 23 μm. This result is in good agreement with the

Table 1. Minimum Power for 1P and 2P SHWSOperation

Source Visible
Fiber
Laser

Wavelength Shifted
Solitons

Wavelength [nm] 635 1550 1750 2000
Pulse width [fs] CW 380 70 100
Measured minimum
power per microlens

0.2 pW 6.4 μW 2.3 μW 8.3 μW

Fig. 6. Axial TPA response of a silicon photodiode (PD), a silicon
CMOS camera sensor, and a silicon CCD camera sensor. The full
width at half-maximum (FWHM) of the TPA response of the PD
is 400 μm, 30 μm for the silicon CMOS camera sensor, and
23 μm for the silicon CCD camera sensor.Fig. 5. Measured wavefronts of a 1000-mm-focal-length cylindrical

lens at a wavelength of 2000 nm in different rotational orientations:
(a), (d) 45°; (b), (e) 0°; (c), (f ) 90°. PV: peak-to-valley value. (g)–
(i) Measured wavefront of a 200-mm-focal-length cylindrical lens at
different wavelengths: (g) 1550 nm, (h) 1750 nm, (i) 2000 nm.
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measured value of ∼23 μm for the silicon CCD camera sensor
as shown in Fig. 6, taking into account the focal depth of the
high NA lens (about 10 to 20 μm thick in silicon). The con-
sistency of the 1P and 2P measurements provides a high degree
of confidence that the minimum power measurements listed in
Table 1 are indicative of the detection sensitivity of 2P SHWS
using the commercially available SHWS.

Although in this work we used an off-the-shelf, commercial
wavefront sensor, a few modifications can be done to improve
the TPA signal, allowing wavefront measurement of longer
pulse widths and at lower power levels. Using our measurement
and analysis described above, we can estimate the detection
limit for a well-optimized 2P SHWS.

Signal improvement can be achieved by reducing the focal
depth so that the focal depth is smaller than the thickness of
the active layer. This can be done either by increasing the NA
of the microlens and reducing the lateral and axial spot size,
or by fabricating a thicker active layer so that the axial spot size
is fully confined within the active layer. The NA can be increased
by using a microlens with shorter focal length and larger diameter.
In order to maintain the angular sensitivity and dynamic range of
the SHWS, a larger detector matrix with smaller pixel size may be
needed, as long as the geometrical scaling of the system remains
the same. Increasing the thickness of the layer should not affect
the two-photon response, as shown in Figs. 4 and 6, where the
TPA of a silicon PD with a thick detection layer is shown.

Once such a confinement is achieved, increasing the NA fur-
ther will not enhance the TPA signal. Additional optimization
can be obtained by changing the optical coating of theMLA and
the detector material. An MLA with NA > 0.2 will be suitable
for the current lateral pixel size, but will demand larger detection
depth, whereNA > 0.4 should be suitable for a regular camera.
Using an optimally designed 2P SHWS, the focal volume is
fully confined in the pixel detection volume, and the number
of photoelectrons N �2��t� from the TPA should be [29]

hN �2��t�i � 1

2

g �2�p

f τ
ησ2Cn0

a2hP�2��t�∕hν2i2
8πλ2

; (3)

where n0 is the refractive index of silicon, λ2 is the wavelength of
the excitation light, and a2 is a volume integration factor depen-
dent on the nonlinearity order (a2 � 64 under paraxial approxi-
mation). By comparing Eqs. (2) and (3), we can calculate the
minimum power (Po) for TPA for an optimized 2P SHWS us-
ing the power levels (P) listed in Table 1:

Po � P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32ΔxΔyΔzλ2
πω4

2n0a2

s
: (4)

Using the same pulse characteristics at 1550 nm (380 fs
pulse width, 4 MHz), the theoretical value for minimum power
per microlens according to Eq. (4) should be ∼16 nW, indi-
cating a ∼400-time improvement of the detection sensitivity
compared to the measured result in Table 1. In this case, as-
suming a beam size of 3 mm with 300 microlenses, the min-
imal detected power for such a sub-picosecond pulse beam
should be ∼4.8 μW, which is equivalent to a pulse energy
of ∼1.2 pJ. The power level and pulse energy are compatible
with most short pulse lasers for practical applications such as in
telecom and biomedical imaging.

The wavefront sensing scheme described here is easy to im-
plement without any modification of the SHWS. The ability to
use a cheap, commercially available silicon-based camera as the

detector of a 2P SHWS for NIR wavelengths can be valuable
for many researchers. This concept is not limited only to NIR
lasers, and can be applied to TPA beyond silicon, such as meas-
uring up to 3.4 μm mid-infrared laser sources with TPA in
InGaAs-based 2P SHWS. For wavelength up to 3 μm, it is also
possible to use three-photon absorption as the detection
mechanism [32]. However, this solution is suitable only for
very strong, ultra-short pulses. We anticipate that many laser
users in the NIR region would be able to apply our method
to characterize their systems.
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