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Abstract: Second harmonic generation has been widely applied in various fields. High second
harmonic intensity can facilitate optical imaging, signal sensing, and detection. Thus, enhancing the
intensity of the second harmonic is a significant work. However, changing the external character of
crystal or increasing the pump light intensity to improve the intensity of the second harmonic is not
always advisable in some applications, such as bioimaging, biopsies, etc. Here, we implemented
a noninvasive method that constructs a specific spatial distribution field via a scattering medium
to realize a high enhancement of second harmonic intensity. We studied that different scattering
mediums exerted the influence on the optimal enhancement effect of second harmonic. It was found
that choosing an appropriate scattering medium can greatly enhance the intensity of the second
harmonic. The results can offer a helpful value for second harmonic applications such as bioimaging,
sensing, and optical frequency conversion.

Keywords: second harmonic enhancement; conversion efficiency; noninvasive modulation;
wavefront shaping technique; genetic algorithm

1. Introduction

Since the optical second harmonic generation (SHG) was discovered in 1961 [1], this
nonlinear effect has been widely applied in imaging microscopy [2—4], laser frequency
conversion [5,6], optical detection and sensing [7-10], etc. SHG is a parametric process
without electron transitions, while two-photon fluorescence is a nonparametric process with
electron transitions [11]. Due to lossless nonradiative energy, the signal and background of
SHG are better than that of the two-photon fluorescence. Hence, instead of fluorescence
markers, the SHG becomes the preference of biomedical imaging. The intensity of SHG has
a significant influence on the applications, like that the stronger intensity of SHG can be
sensitive to the variation of signal of optical detection and sensing.

Conversion efficiency of SHG is an important parameter. For all these years, enhancing
the conversion efficiency of SHG has always been the focus of researchers [12-14]. From
various perspectives, researchers have proposed many factors to affect the conversion
efficiency of the second harmonic, such as crystal material [15,16], interaction length [17],
crystal structure [18], and pump light intensity [19]. However, it is not always applicable to
improve the signal quality of SHG via increasing the pump light intensity in bioimaging
because of the phototoxicity that can damage the tissue and cells. In addition, most of
above methods are related to the external crystal, which cannot be available to be applied in
bioimaging applications where the second harmonic is generated by the protein molecule
itself. Accordingly, a control and external method that is independent of the character
of the medium is required in enhancing the second harmonic efficiency of biological
tissue imaging.
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Previous research has demonstrated that conversion efficiency of SHG is affected
by phase and intensity of fundamental frequency light [13]. Therefore, modulating the
wavefront of fundamental frequency light in front of the crystal can change the intensity
distribution and conversion efficiency of the SHG signal. Further, we can improve the
conversion efficiency of the SHG through a structured light field with spatial distribution:
for example, wavefront shaping technique [13], facet functionalization of nonlinear crys-
tals [20,21], and construction of structured light (i.e., vortex light) [22-25], etc. Furthermore,
if multiple degrees of freedom are modulated simultaneously, such as wavefront phase and
amplitude, higher conversion efficiency can be obtained. When a coherent light beam trans-
mits the scattering medium, a speckle pattern with multiple random degrees of freedom is
formed. Introducing a scattering process can simultaneously generate structured beams
with specific phase and amplitude [26]. It has been demonstrated that the wavefront shap-
ing technique is a noninvasive method to modulate the spatial distribution of a scattering
light field in previous studies. Accordingly, we can control the scattering field to achieve
high conversion efficiency enhancement of SHG based on wavefront shaping technique.

In this paper, we demonstrated experimentally that placing a scattering medium in
front of the nonlinear crystal can greatly enhance the conversion efficiency of SHG using
wavefront shaping technique. In the experiment, placing an appropriate scattering medium
does not change the light intensity of fundamental frequency light, but changes the phase
gradient and phase information of fundamental frequency light, which affect the intensity
of SH. This method can be available in the applications for avoiding the phototoxicity.
Meanwhile, we compared the impact of wavefront shaping on conversion efficiency of
SHG with different scattering mediums (ground glass and zinc oxide film) mounted in
front of nonlinear crystal. The results indicate that the enhancement effect of conversion
efficiency is directly related to the character of the scattering medium. We show that
high light intensity of the second harmonic with the scattering medium can be realized,
comparing to the case of no scattering effect. These results can be valuable for applications
such as optical frequency conversion, second harmonic sensing imaging, and bio-optical
detection [4,7,27].

2. Methods and Experimental Setup
2.1. Methods

When a coherent light transmits through the scattering mediums, a speckle pattern
with random phase and amplitude can be generated. Generally, the scattering process
of light passing through a scattering medium is linear, which can be represented as fol-
lows [28]:

N .
Ey = ) tpaAae'?, )
a=1

where tp, describes the transmission matrix element of the scattering medium, A, and ¢,
are amplitude and phase of the incident light field, and Ej, is the transmitted light field,
which can be regarded as the linear superposition of N input elements of the incident light
field. Therefore, the scattering medium can introduce a spatially distributed light field with
a specific phase and amplitude.

Studies have shown in theory that the intensity of SHG has a dependence on the
gradient of phase [13,29]. According to the Ref. [13], we can get the Equations (2) and (3),
which are given as follows:
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where n = 1 and 2 mean the fundamental and doubling frequency light, respectively.
Ak =k — 2ky, Ap = 91 — 2¢5, and Fy, is an interaction term related to the effective nonlinear
coefficient of crystal and the amplitude of each wavelength. The above equations clearly
explain the relationship between the complex field amplitude and transverse phase and
amplitude. In other words, we only need to control the wavefront phase distribution (¢,)
in front of scattering medium to change the intensity of SHG.

It is possible to achieve the enhancement of SHG by modulating the transmitted
light of the scattering medium. To our acknowledge, a speckle field has a random phase
and amplitude distribution. The wavefront shaping technique was widely used in the
modulation of the wavefront phase of incident light through the scattering medium [30-32].
Applying the wavefront shaping technique and spatial light modulator can obtain a spatial
distribution of speckle field with specific phase and amplitude. In order to improve the
light intensity of SHG, we used the wavefront shaping technique to control the wavefront
phase distribution of the fundamental frequency light through the scattering medium. The
optimization algorithm plays a key role in finding an optimal phase mask of wavefront
shaping technique. In this paper, we adopted the genetic algorithm (GA) [33] as the
feedback iterative algorithm, which can converge quickly and obtain the optimal phase.

2.2. Experimental Setup

The second harmonic generation (SHG) was enhanced experimentally by the combi-
nation of scattering medium and nonlinear crystal. The experiment setup is depicted in
Figure 1. The femtosecond light with wavelength of 820 nm (Coherent, Santa Clara, VA,
USA, 35 fs, 80 MHz) was expanded by a telescope system consisting of lenses L1 and L2.
The expanded beam was reflected by a spatial light modulator (HAMAMATSU, Hama-
matsu City, Japan, X13138-02) loaded with the optimal phase into the scattering medium.
In addition, a half wave plate was used to control the polarization direction of the incident
light of BBO crystal to maximize the efficiency of the crystal. The scattering light was
incident on the barium borate crystal (BBO) to generate a second harmonic signal. After
filtering by a set of filters, the second harmonic light was detected by CCD (AVT, Miinchen,
Germany, PIKE F421B,). In order to better demonstrate the effect of enhancement of SHG
during modulation, the spectrometer (Ocean Optics, Orlando, FL, USA, HR 2000) is used to
detect the intensity of the second harmonic spectrum before and after optimization. In our
experiment, instead of increasing the intensity on a small area, we improved the intensity
of the whole second harmonic light field. The total intensity of the second harmonic signal
is regarded as a feedback signal in the GA for achieving a desired phase mask on the SLM,
which can change phase and phase gradient of speckle field. The objective function (the
second harmonic intensity enhancement factor) of GA is defined as [28]:

n=no/nr=los/ls, 4)

where 77, and 71 are optimized and initial conversion efficiency of SHG, respectively. Ipg is
optimized second harmonic light intensity, and Ijs is initial intensity of second harmonic
light. After iteration, the optimal phase was applied on SLM and the value of the feedback
factor reached more than unity, indicating that the enhancement of the second harmonic
conversion efficiency was realized.
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Figure 1. Experimental setup. The focal lengths of lenses L1, L2, L3, and L4 are 50 mm, 100 mm,
50 mm, and 20 mm, respectively. Numerical apertures of the objective lenses (O1 and O2) are
0.25 and 0.4, respectively. BBO: typel, 10 x 10 x 0.2 mm, 6 =29.2°, ¢ =0°.

3. Results and Discussion
3.1. Enhancement of SHG without Scattering Effect

It was proved experimentally that the optimization algorithm can indeed enhance
the intensity of SHG without scattering, which can be shown in Figure 2. To ensure the
credibility and repeatability of the experiment, we acquired multiple sets of experimental
data of each experiment and used the statistical average as the comparison data. Figure 2a
presents the calculated average values for each group of experimental data. In the ex-
periment, the number of iterations of algorithm we uniformly used was 150 to strike a
balance between calculation time and optimization effect, which can ensure the same time
of each experiment for a contrast. Moreover, the spectrograms of optimized SHG without
scattering were measured to visually show the optimization effect (Figure 2b), and the
ten-fold intensity enhancement of 410 nm light was obtained.

It was demonstrated that the optimized effect is related to the resolution of the phase
mask loaded on the SLM [28]. In theory, the segments of SLM are positively correlated with
the precision of modulation, which makes a high enhancement. However, we observed
different results when applying different resolutions of phase in our experiment. It is
not the case that the higher the resolution, the better the enhancement effect. On the one
hand, we considered that it was limited by the number of iterations. Under the condition
of a certain number of iterations, selecting an appropriate resolution of phase can allow
it to converge quickly and achieve the best effect. Even increasing the resolution in this
case, the optimization effect will not change. On the other hand, the optimization result is
coordinated by the first-order phase gradient and the second-order phase gradient, which
are affected by resolution. The best optimization effect can be achieved with a suitable phase
gradient, but just increasing the resolution may lead to the destruction of the appropriate
phase gradient. Therefore, enlarging the resolution only increases the calculation, but
cannot make the optimization effect better.
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Figure 2. The enhancement of SHG without scattering medium using wavefront shaping technique.
(a) Comparison of enhancement effects of different phase mask resolutions (results from the statistical
average values of multiple experimental data). (b) Comparison of the second harmonic spectrum
before and after optimization (detecting the spectrum of the best results). Note: the optimized light
field is collected after three times attenuation. Scale bar: 1.468 mm.

3.2. Different Scattering Mediums

As mentioned above, it is possible to improve the light intensity of the SHG by
introducing a structured light filed with a specific phase and amplitude. The degree of
scattering of the scattering medium can affect the phase gradient, resulting in the change
of second harmonic intensity. To explore the relationship between scattering medium and
optimized effect, we used ground glass with different degrees of scattering and zinc oxide
film (a thickness of 25 um) to respectively construct such a structured light field. The
different speckle patterns of the same size were generated in the same position after the
light passed through the different scattering mediums, as shown in Figure 3. To intuitively
distinguish the intensity gradient information of the speckle, the intensity of the same-row
pixels (514th line) of different patterns were mapped. It can be seen from Figure 3 that the
larger the grit of the ground glass, the finer the scattering particles of the speckle light field,
and the speckle of zinc oxide film is more dense than that of ground glass.
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Figure 3. Speckle pattern of different scattering mediums. (a-d) The light intensity distribution of
the 514th line of the speckle pattern with different scattering mediums. (e-h) The speckle pattern of
different scattering mediums. Scale bar: 1.063 mm.

3.3. Enhancement of SHG with Scattering Effect

Here, we studied the effect of different scattering mediums on the enhancement of
SHG. Figure 4 demonstrated that the specific field distribution constructed by the medium
of different scattering degrees has an impact on the modulation of the second harmonic
signal. The coordination between the first and second order phases of the fundamental
frequency light field reaches a preferable effect by wavefront modulation, which can obtain
high intensity of SHG. Interestingly, compared with the case of no scattering medium,
placing a 220-grit ground glass with 16 x 16 modulated phase map can achieve higher
enhancement of SHG, and the enhancement factor was 25 times. However, it was not always
that the results of adding scattering would be better than that without scattering mediums.
Figure 4a described the origin and optimized second harmonic light filed with different
scattering mediums. Furthermore, a statistical histogram of multiple sets of data was
displayed to explicitly represent the optimized results with different resolutions for different
scattering mediums (Figure 4b). Obviously, employing the 220-grit ground glass got the
best enhancement of SHG (the average of 22 times). According to the intensity distribution
information of scattering mediums from Figure 3, the different character of scattering
mediums can generate different speckle intensity distribution. Therefore, choosing an
appropriate scattering medium can effectively enhance the conversion efficiency.



Appl. Sci. 2022,12, 3962

7 of 9

origin  optimized phase
r

120

220

600
2m
Zn0O
0
25 - (a)
8x8
16x16
20 32x32
64x64

-
(%]
1

Enhancement factor n/a.u.
=

()]
1

Jeope | ﬂﬂﬂm

T T d
120 220 Without ZnoO

Scattering mediums

(b)

Figure 4. The enhancement of SHG with different scattering mediums using wavefront shaping
technique (results from the statistical average values of multiple experimental data). (a) The second
harmonic light field before and after optimization of different scattering mediums. (b) Statistical
histogram of the second harmonic intensity enhancement factor corresponding to different scattering
mediums with different resolutions. Note: the optimized light field is collected after three times
attenuation. Scale bar: 1.468 mm.

4. Conclusions

In this paper, a scattering medium to construct a speckle light field with a specific
spatial distribution that can affect the intensity of SHG and increase the light intensity
of SHG based on the wavefront shaping method was applied. Our experiment verified
that modulation of phase and phase gradient of scattering field via genetic algorithm can
achieve an effective enhancement of SHG. A higher enhancement can be realized when
placing an appropriate scattering medium, compared to the case of no scattering medium.
The 25-fold enhancement factor # of SHG can be obtained when placing 220-grit ground
glass in front of the BBO. The results have the potential to be applied in the fields of optical
frequency conversion, second harmonic detection, and sensing. We envision that this
experiment can be implemented in enhancement of higher harmonics.
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