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Abstract 
We demonstrate the tailoring of longitudinal electric fields that arise from tight focusing of 
spatially phase-shaped high-order laser beams, and verify their spatial distribution in three 
dimensions. To tailor the three-dimensional (3D) spatial distribution of longitudinal electric 
fields, we precisely control the relative phase delay between the two lobes of a HG10 laser beam 
using a spatial light modulator (SLM) before tight focusing. To verify the longitudinal electric 
fields in the focal volume, we employ 3D microscopic mapping of second-harmonic generation 
(SHG) from a single semiconductor nanowire that is extremely sensitive to the orientation of the 
longitudinal electric field. The technique is direct, general and expected to be useful in 
harnessing and in probing longitudinal electric fields with arbitrary spatial intensity 
distributions in the 3D focal volume. 
Keywords: Second-harmonic generation, 3D microscopy, Semiconductor nanowire, 
Polarization, Longitudinal electric field 
1. Introduction 
There has been much interest in the syntheses and applications of complex light shapes, i.e., 
beams that exhibit unconventional or nonuniform amplitude, phase and polarization properties. 
This interest is anticipated to further bloom thanks to the availability of spatial light shaping 
devices such as liquid crystal-based spatial light modulators (SLMs), deformable membrane 
mirrors and digital micromirror devices. Such instruments provide remarkable levels of 
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versatility that open new ways to perform optical trapping [1–3], microfabrication [4,5], 
microscopy [6–10], vector beam engineering [11–13] and many other applications.  

The interest in engineered vector beams and especially their unique focusing properties is 
also increasing. In fact, the focal fields of vector beams (excluding azimuthally polarized beams) 
can contain nonvanishing electric field components that are parallel to the propagation axis (so-
called longitudinal electric fields) [14]. These longitudinal fields have opened significant new 
ways to improve the sensitivity and performance of many optical systems [15,16]. Also, the 
longitudinal electric fields were found to be critical in the interpretation of many fundamental 
light–matter interactions [17]. In the context of nonlinear optics, such longitudinal electric fields 
have been shown to influence strongly the efficiency of second-harmonic generation (SHG) from 
individual nanostructures [18]. Thus, being able to tailor and to study the polarization 
components of optical fields in the focal volume or a particular optical field component like the 
longitudinal electric field is important.  

To date, complete characterization of 3D vectorial field distributions, especially those 
that arise from the tight focusing of unconventional light shapes, remains a fundamental 
challenge. This capability is hindered by the shortage of techniques to probe directly and reliably 
these beams or their longitudinal electric fields in the 3D focal volume. For example, previous 
techniques to probe and study longitudinal electric fields have been restricted by the inherent 
challenges in the implementation of near-field experiments including the physical properties of 
near-field probes [19–21], applicability of nanoscale surface deformations in photosensitive 
materials [22–24], availability of specialized electromagnetic filters placed before the detector 
[25], and complexity and implementation of indirect nanotomography for focal fields 
reconstruction [26,27]. Recently, we have shown the possibility of directly mapping the 
longitudinal electric fields of spatially phase-shaped HG10 beam along the transversal focal plane 
using far-field second-harmonic generation (SHG) from a single semiconductor nanostructure 
[28]. We aim to develop this work further in order to improve the control of longitudinal electric 
fields, allowing, for example, full tunability of nonlinear optical generation in a single 
nanostructure.   

In this work, we present a general approach to tailor the spatial distribution of the 
longitudinal electric fields that arise from a tightly focused spatially phase-shaped high-order 
laser beam, and verify their spatial distribution in three dimensions. Spatial phase shaping of a 
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HG10 beam was employed in order to generate the tailorable longitudinal electric fields in the 
focal volume. Using 3D microscopic mapping of SHG from a single semiconductor nanowire, 
we are able to directly probe and visualize the 3D spatial distribution of the longitudinal electric 
fields for this particular beam structure.  
2. Materials and Methods 
2.1. SHG Microscopy Setup 
The schematic diagram of the custom-built point-scanning nonlinear optical microscopy setup is 
shown in Fig. 1. Previously, we have used this microscope configuration to investigate the 
polarization-dependent nonlinear optical signals from a variety of nanostructures [29–35]. 
Briefly, a femtosecond laser (wavelength of 1060 nm, pulse length of 140 fs, repetition rate of 80 
MHz) is used as the excitation source. The laser output is collimated and expanded to about 7 
mm using two successive spatial-filtering systems. The resulting beam is then directed onto a 
high numerical aperture (NA) microscope objective (Nikon CFI LU Plan Fluor Epi P, NA of 0.8, 
infinity corrected, 50× magnification). This objective is used to focus the beam into the sample, 
which is mounted on a computer-controlled 3D piezo-scanning system. The same objective is 
used to collect the back-scattered fundamental and nonlinear optical signals from the sample. 
Appropriate optical filters (e.g., dichroic, shortpass and bandpass) are used to discriminate the 
SHG signals from the background. These SHG signals are then directed onto a cooled 
photomultiplier tube.  

 
Fig. 1. Schematic diagram of the point-scanning SHG microscope consisting of a 
femtosecond laser, half-wave plates  (HWP), polarizing beamsplitter (PBS), beam 
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dump (BD), mirrors (M), lenses (L), pinholes (P), mode converter (MC), analyzer 
(A), spatial light modulator (SLM), microscope objective (OBJ), 3D piezo-scanning 
stage (PZ), dichroic filter (DF), shortpass filter (SP), bandpass filter (BP) and cooled 
photomultiplier tube (PMT). 
In order to achieve a raster-scanned SHG map, the SHG from the sample is collected pixel-

by-pixel, i.e., as a function of its relative 3D position with respect to the focused beam. This is 
accomplished using a custom-designed LabVIEW program. All scans in the present work were 
acquired at a collection time of 50 ms and pixel resolution of 0.1 m. An average power of 1 
mW before the microscope objective was used for all these experiments. The average power of 
the laser beam was controlled using a half-wave plate and a polarizing beamsplitter that are 
positioned right after the laser. 

In order to access different vector beams in our setup such as radially or azimuthally 
polarized beams, a commercial doughnut mode converter (ARCOptix S.A.) is used. It is well-
known that a radially polarized beam can be formed by the linear superposition of orthogonally 
polarized HG modes [17,36]. To generate a HG10 beam, a polarizer was used to analyze the 
synthesized radially polarized beam. Shown in Fig. 2 are the experimental 2D intensity profiles 
of the radially polarized beam and the extracted HG10 beam taken with a beam camera. 

 
Fig. 2. 2D intensity profiles of the experimentally synthesized (a) radially polarized 
beam and (b) HG10 beam. In (b), the transmission axis of the polarizer was set along 
the horizontal direction. The images were acquired using a beam profiling camera, 
which was placed before the microscope objective. 

2.2. Phase-shaping scheme 
Our phase shaping scheme, which uses a SLM in the excitation path, is illustrated in Fig. 3. As 
shown, the resulting HG10 beam was initially directed towards a SLM (Hamamatsu X10468‐ 07, 
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phase-only, reflective, pixel resolution of 792×600, fill factor of 98%). Here, the SLM window 
was artificially divided into two subwindows, and the input HG10 beam was made to impinge 
symmetrically on these subwindows. This scheme allowed us to apply an additional and uniform 
phase delay into each lobe of the impinging HG10 beam. While maintaining an added phase delay 
of zero on one lobe of the HG10 beam, appropriate phase delays ranging from 0 to 2were then 
applied on the other lobe. In this manner, the relative phase difference of the lobes can be 
precisely controlled. Note that the finite bit depth of the SLM limits the amount of phase levels 
between 0 and 2. For this demonstration, we selected additional phase delays that correspond to 
0, 2/3, /2, 3/2 and 2, respectively. Previously, we have used this phase shaping scheme to 
control all-optically the SHG efficiency from a single GaAs nanowire at the transversal focal 
plane [28] and to extract the global phase calibration curve of the SLM [37].  

 
Fig. 3. Spatial phase‐ shaping scheme that was performed right before the excitation 
beam enters the microscope objective. The input polarization of the linearly 
polarized HG10 beam is aligned to the orientation of the SLM. In practice, the 
incident angle is less than 10. 

2.3. Sample 
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Our SHG far-field probe is based on an individual vertically-aligned zinc-blende GaAs nanowire 
[28]. These nanowires were grown using selective-area metallo-organic vapour phase epitaxy on 
GaAs (111)B substrates resulting in an array of nanowires. Previously, we discovered that the 
SHG from this particular type of nanowire is primarily driven by the longitudinal electric fields 
at the beam focus [28,30,31]. In this study, the typical length and diameter of the GaAs 
nanowires were about 2.6 m and 55 nm. We carefully chose nanowires that are well separated 
in order to avoid possible coupling between neighboring structures. Whenever applicable, we 
always measured the SHG from the same nanowire in the array. 
2.4. Calculation of focal fields 
Under tight focusing conditions, the vectorial nature of the optical electric field needs to be 
considered. To calculate the 3D spatial distribution of vectorial electromagnetic fields at the 
focal region of lenses, the angular spectrum approach was used [38]. This formalism was 
implemented using Fourier Transform [39,40]. The following formulae were used to calculate 
the respective electric field components: 
                               

                                                   (1)  
                                                                                       (2) 
                                                                                                             (3) 
Here, FT stands for the Fourier Transform operator,     and     correspond to the x and y input 
electric fields of E0 (total input field) before focusing,   is the azimuthal angle, and   is related 
to the NA. The form for     and     can be found on page 61 of Ref. [36]. Phase masks in the 
form                             were then applied to the HG10 mode. The 
           is a 2D matrix of 1 or 0 values corresponding to where the delay is applied on the 
SLM. The focal field calculations were implemented using MATLAB and its 2D fast Fourier 
Transform function (fft2). In these simulations, the experimental conditions were reproduced. 
The pixel resolution of the calculated images is 27 nm in x, y, and z directions and only the 
intensities of the longitudinal electric field component are represented. For the spatially phase-
shaped HG10 beams, corresponding phase masks with uniform phase values were added on one 
of the lobes. Similar to the experimental demonstration, additional phase delays that correspond 
to 0, 2/3, /2, 3/2 and 2were used. 
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3. Results and Discussion 
3.1. 3D longitudinal electric fields of tightly focused HG10 beam  
The second-harmonic response of our vertically-aligned GaAs nanowire is primarily driven by 
the longitudinal electric field component of the input electric field. By scanning an individual 
nanowire at the focal volume of interest, it is possible to obtain information about the 3D spatial 
distribution of longitudinal electric fields that drive the SHG of the nanowire. Therefore, we 
acquired the SHG signals point-by-point in three dimensions by considering two or three 
perpendicular planes (e.g., along xy, xz or yz directions) in relation to the 3D position of the 
nanowire.  

The experimental 3D SHG maps of the nanowire illuminated by a focused HG10 beam are 
shown in Fig. 4a. In the   -plane, the longitudinal electric fields of the HG10 beam exhibit a 
three-lobed intensity pattern. This consists of a middle lobe, which exhibits the strongest 
intensity, and two lobes that are situated symmetrically with respect to the middle lobe. Since the 
input HG10 beam is linearly polarized along y, the lobes are oriented along this direction. These 
results are consistent with previous findings that utilized a SHG from a plasmonic scattering tip 
[19] or a semiconductor nanowire [28] for probing the 2D spatial distribution of longitudinal 
electric fields of a tightly focused HG10 beam.  

Our technique was also able to reveal the experimental spatial distribution of longitudinal 
electric fields of a HG10 beam in the perpendicular yz or xz planes for the first time. In the yz-
plane, the three-lobed distribution of the HG10 beam can be seen as the scanning direction 
matches the orientation of the lobes. Correspondingly, the xz-plane only contains one lobe in 
agreement with the scanning direction. Both scans revealed an extension along the propagation 
direction, which is a consequential feature of 3D focusing.  

Next, we calculated the longitudinal electric fields of a tightly focused HG10 beam using 
vectorial theory (Fig. 4b). To simulate similar focusing conditions as in the experiment, we set 
the input wavelength to 1060 nm, NA to 0.8, environment to air and input polarization (before 
focusing) to y. As seen, the calculated 3D spatial distributions of the longitudinal electric fields 
of the HG10 beam exhibit a three-lobed intensity distribution. Although we did not include the 
effect of nonlinear (SHG) signal generation from the nanowire as excited by a vector beam in our 
calculations, the general features of the focal fields (e.g., location of maximum signal intensities) 
still qualitatively resemble the experimental SHG maps. The experimental intensity distributions, 
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however, were found to be slightly more confined in three dimensions than that for the 
corresponding calculations due the confinement effects in coherent nonlinear optical signal 
generation [41].  

 

 
Fig. 4. (a) Experimental 3D SHG maps taken using a single GaAs nanowire that is 
illuminated by a tightly focused y-polarized HG10 beam. The SHG maps were 
acquired in the xy, yz and xz planes. The maximum SHG signal intensity from the 
nanowire is about 45000 counts/50 ms under a 1 mW HG10 beam. This maximum 
SHG signal intensity is about 17 times higher than the background SHG signal from 
the substrate. For clarity, the SHG map of a single nanowire is marked. (b) 
Numerically calculated 3D spatial distributions of the longitudinal electric fields of a 
tightly focused HG10 beam. The simulation parameters were set so they resemble the 
actual experiment conditions. 

3.2. 3D longitudinal electric fields of a tightly focused spatially phase-shaped HG10 beam 
Next we performed the phase-shaping scheme above, and illuminated the nanowire using the 
spatially phase-shaped HG10 from the SLM. In this series of experiments, the relative phase 
delays of the two lobes were set to 0, 2/3, /2, 3/2 and 2. This was done by applying those 
additional phase delays on one lobe of the HG10 beam while maintaining a fixed 0 phase delay 
on its other lobe.  By scanning the nanowire at the focal volume, we expect to visualize the 
resulting longitudinal electric field distribution of the shaped HG10 beam in three dimensions.  
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Shown in Fig. 5a are SHG maps of the nanowire in the xy-plane when the nanowire is 
illuminated by the shaped beam. As seen, the SHG maps of the nanowires are strongly affected 
by the spatial distribution of the resulting longitudinal electric fields of the shaped beam. 
Without the additional phase delay, the SHG map exhibits a three-lobed intensity distribution 
similar to results in Fig. 4a. As the relative phase delay is increased from 0 to the recorded 
SHG maps displayed a change from a three-lobed to a two-lobed intensity distribution. This 
suggests a notable change in the spatial distribution of the longitudinal electric fields and hence 
coupling efficiency of light at the focus. At the relative phase delay of , the SHG map from the 
nanowire resembles the longitudinal electric field distribution of a tightly focused linearly (y) 
polarized light [38]. In this case, the longitudinal electric field distribution corresponds to two 
lobes and situated off-axis or about 500 nm from the center. Note that at the center of a linearly 
polarized beam, there is no longitudinal electric field that could induce SHG from the nanowire. 
As the relative phase delay is increased from  to 2, the three-lobed intensity distribution is 
eventually recovered. This is expected as the relative phase delay of 2 should make no 
difference to the beam. The results are consistent with our previous findings using 2D mapping 
at the transversal plane. Similarly, these experimental results were reproduced qualitatively in 
our calculations using vectorial focusing (Fig. 5b). We attribute mainly the small difference to 
the quality of the HG10 beam before the SLM (Fig. 2). 

Next, we used the same nanowire to probe the longitudinal electric fields of the phase-
shaped beams in the yz-plane. As shown in Fig. 6a, the intensity distributions of the longitudinal 
electric fields of the phase-shaped HG10 beams significantly change as the relative phase delay 
between the lobes is increased. These findings are consistent with the results in Fig. 5a, where 
there is a drastic change from a three-lobed to a two-lobed and back to a three-lobed intensity 
distribution as the relative phase delay is changed from 0 to  to . Similarly, these 
experimental results are qualitatively reproduced in our calculations (Fig. 6b).  

Our work provided direct evidence that the spatial distribution of longitudinal electric 
fields that arise from the strong focusing of a complex or arbitrarily phased-shaped beam can be 
tailored and mapped reliably in three dimensions. The technique goes beyond the capabilities of 
conventional techniques for directly mapping the longitudinal electric fields in three dimensions. 
For example, we foresee that the experimental mapping technique could be useful in decrypting 
the information that is encoded in 3D longitudinal electric fields [39,40] or in directly probing 
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the spatial distribution of an arbitrarily tailored longitudinal electric field distribution [42]. Such 
capabilities are expected to further advance the applicability of tightly focused vector beams and 
to promote new ways to manipulate light-matter interactions in general.  

Our technique is based on the direct detection and mapping of SHG intensities from a 
single nonlinear scatterer (e.g., nanowire) that is excited by longitudinal electric fields. 
Therefore, the technique is still limited in detecting the actual orientation of the longitudinal 
electric field as exhibited by complex polarizations or even simple ones such as for the case of 
focused linearly polarized light. However, the SHG fields from the sample are intrinsically 
linked with the incident electric fields, i.e., the SHG and fundamental fields have deterministic 
phase relationships. In fact, this property has been exploited previously in interferometric SHG 
microscopy in order to detect the in-plane orientations of harmonophores [43,44]. With the help 
of a proper reference SHG field, detecting the relative orientation of the longitudinal electric 
fields at the focal volume could be achieved. 

 
Fig. 5. (a) Experimental 3D SHG maps taken using a single GaAs nanowire that is 
illuminated by a tightly focused spatially phase-shaped y-polarized HG10 beam. For 
clarity, the SHG map of a single nanowire is marked. The SHG maps were acquired 
in the xy plane. The relative phase delay between the lobes are shown. (b) 
Numerically calculated 3D spatial distributions of the longitudinal electric fields of a 
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tightly focused spatially phase-shaped HG10 beam. The simulation parameters were 
set so they resemble the actual experiment conditions. 

 

 
Fig. 6. (a) Experimental 3D SHG maps taken using a single GaAs nanowire that is 
illuminated by a tightly focused spatially phase-shaped y-polarized HG10 beam. The 
SHG maps were acquired in the yz plane. The relative phase delay between the lobes 
are shown. (b) Numerically calculated 3D spatial distributions of the longitudinal 
electric fields of a tightly focused spatially phase-shaped HG10 beam. The simulation 
parameters were set so they resemble the actual experiment conditions. 

4. Conclusions 
To conclude, we demonstrated the tailoring of longitudinal electric fields in the focal volume of 
tightly focused spatially phase-shaped high-order laser beams, and successfully verified their 
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spatial distribution in three dimensions. We created a tailorable longitudinal electric field 
distribution by precisely controlling the relative phase delay between the two lobes of a HG10 
beam using a spatial light modulator. 3D point-scanning microscopy based on the SHG from a 
single nanowire was used to evaluate the 3D spatial distribution of the generated longitudinal 
electric fields. This approach could be useful in harnessing and probing longitudinal electric 
fields with arbitrary spatial intensity distributions in the 3D focal volume. 
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