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Abstract: We experimentally demonstrate speckle noise reduction and beam wander
mitigation by using a rotating diamond/KBr pellet and a multimode fiber (MMF). As the
diamond/KBr diffuser is rotated, the reflected speckle images that are captured by an infrared
camera are temporally averaged. We demonstrate 78% speckle noise reduction by averaging
25 frames, which is within 80% of the theoretical contrast reduction. Large beam position
fluctuations are also significantly suppressed by adding the MMF. This combination of beam
wander mitigation and speckle reduction offers significant benefits for emerging optical
technologies that use quantum cascade lasers as illumination sources.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

QCLs (quantum cascade lasers) have been an appealing light source for many applications,
especially stand-off spectroscopy [1-4] and micro-spectroscopy [5,6] due to their high
brightness and spectral range. However, a granular pattern called speckle is induced by the
high degree of spatial coherence of the laser when it illuminates rough surfaces. This can
interfere with attempts to image and detect small particles on planar surfaces. To discriminate
analyte particles from the substrate, the speckle noise needs to be minimized. Extensive
efforts have been made toward reducing the coherence of laser beams for suppressing speckle
noise by utilizing diffractive optical elements [7-9], frequency compounding [10,11],
multimode fibers (MMFs) [12—15], moving diffusers [16—-19], and micro-electro-mechanical
systems (MEMS) devices [20]. Here, we propose a facile method to fabricate a diamond/KBr
pellet for use as a diffuser by pressing a mixture of potassium bromide (KBr) and diamond
powders. The different refractive indexes of diamond and KBr in the pellet lead to phase
variations generating a spatially incoherent laser source. As the diffuser is rotated, the speckle
patterns in the reflected image from the rough surface of a sample illuminated by the laser
source are temporally averaged. In this paper, we demonstrate that the rotating diamond/KBr
diffuser reduces the speckle contrast significantly by temporal averaging.

Another serious issue with QCLs, especially external cavity (EC) QCLs, is beam wander
induced by mode hops of the laser while the wavelength is swept for spectroscopic
measurements such as stand-off detection techniques [21-23]. Any fluctuation of the laser
beam direction out of the cavity and/or beam profile while the wavelength is swept results in
a translation of the laser spot at the sample position. For a given pixel, this can often be
misinterpreted as a spectral feature. As the distance between the laser and the target increases,
this problem is amplified and could even result in some of the wavelengths of the laser
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missing the target. If unaccounted for, this would lead to diminished performance (both in
sensitivity and selectivity) of the detection technique. Beam wander is an important
consideration for any detection technique requiring a small spot size to increase sensitivity.
Here, we propose to couple the laser light into a MMF to suppress beam wander. The exit of
the MMF acts as the new point source so that the wander is effectively mitigated.

In this study, we experimentally demonstrate a simplified optical configuration consisting
of a rotating diamond/KBr diffuser and a MMF to reduce speckle noise and mitigate beam
wander.

2. Fabrication and measurements setup

Commercially available diamond powders (natural diamond powder (NAT), Microdiamant)
with two different particle diameter ranges (4 — 6 pum and 20 — 30 um) were used in this
study. Different mass loading levels (1 — 3%) of diamond powders for each particle size range
were mixed with KBr powders. Pellets are pressed in a 13 mm die using 200 mg of
diamond/KBr mixture. The pelletizing pressure was 517 MPa at ambient room temperature
and held for 2 minutes. The final diamond/KBr pellet has a smooth surface with
approximately 1 mm thickness. Figures 1(a) and 1(b) show optical images of diamond/KBr
pellets made with two different mass loading levels of diamond powders, 1% and 2%,
respectively. With the higher mass loading level of diamond powder (2%), the pellet is more
opaque due to increased light scattering.

To quantify the transmittance of the laser beam through the diamond/KBr pellets, Fourier
transform infrared spectroscopy (FTIR) transmittance spectra were collected, as shown in Fig.
1(c), with a Bruker Vertex V80 using a Pike diffuse reflectance attachment with the pellet
mounted on a sample card in front of the integrating sphere. With the diffuse reflectance
attachment, most of the transmitted light is collected, so the measured transmittance value is
not the same as the amount of collected light through a ZnSe lens in the de-speckle setup
which will be discussed in the following section. Note that the main purpose of the diffuse
transmittance FTIR measurements is to compare the spectral throughput of different pellets
with various mass loading levels and particle sizes, regardless of the amount of scatter.

As a reference, an FTIR spectrum of a KBr pellet is set as 100% transmittance. As
expected, the transmittance of the pellet systematically decreases as the mass loading level of
the diamond powder increases. For the pellet made with 20 — 30 um diamond powders, the
transmittance of the diamond pellet drops from 83% to 65% when the mass loading level of
the diamond powders increases from 1% to 3%. Size of the diamond particles is also an
important factor to determine the transmittance of the light through the pellet. For the same
mass loading level, less light is collected through the pellet made using the smaller diamond
particles. This is because for a given mass loading there are more small particles than large
ones so there are more scattering centers for the incoming light to interact with. For the pellet
with a mass loading level of 1% diamond, the transmittance drops from 83% to 62% when the
particle size range is reduced from 20 — 30 um to 4 — 6 pum. Note that none of the FTIR
spectra show any spectral features, which is beneficial to spectroscopic techniques, such as
stand-off detection of trace explosives [1,2]. The experimental results of the pellets with mass
loading levels more than 3% of diamond and smaller particle sizes less than 4 — 6 um are not
included in this study since the transmittance of the laser light through those pellets are
significantly lower. In these cases, transmission was too low to get adequate signal to noise
ratio for the de-speckle studies described in the following section. Also, the experimental data
of pellets with mass loading levels less than 1% of diamond are not included in this study
since those pellets did not exhibit significant diffusion of the laser beam as characterized by a
beam profiler (Pyrocam III, Ophir).
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Fig. 1. Optical images of diamond/KBr pellets (a) 1% (wt) diamond (20 — 30 um) / 99% (wt)
KBr pellet and (b) 2% (wt) diamond (20 — 30 um)/98% (wt) KBr pellet. (c) FTIR
transmittance spectra for KBr pellet and 6 different diamond/KBr pellets with 1-3% (wt)
loading level of diamond of two diamond size (20 — 30 pm, 4 — 6 pm) powders.

Figure 2 depicts schematics of the measurement setups with no diffuser or MMF and with
the de-speckle unit. A tunable QCL (Daylight Solutions “MIRcat-QT”) is employed as the
active illumination source in Mid-LWIR range (6 — 11 pm in wavelength). The spectral width
of the laser source is ~1 cm™'. As shown in Fig. 2(a), without a de-speckle unit, the laser beam
illuminates the surface of an Infragold disk directly and the diffusely reflected light is
collected by an IR camera. To have the same beam path as the de-speckle configuration in
Fig. 2(b), two protected gold mirrors are added. As a de-speckle setup, seen in Fig. 2(b), two
off-axis parabolic (OAP) mirrors (33 mm reflected focal length) are used to couple the laser
beam into a MMF and collimate the output beam from the MMF. A commercially available
MMF (Newport, model 76908) was used in this study. This polycrystalline fiber has a 1 m
length, a 400 pm core diameter, a 500 pm cladding diameter, and numerical aperture of (0.25.
Coherent light from the QCL loses spatial coherence by passing through the MMF. The
diamond/KBr pellet is placed in close proximity to the output of the OAP. The diamond/KBr
pellet can be stationary or rotate at 4890 rpm (for comparison). The custom-built rotation
stage is equipped with a motor, a bearing, and a 3D printed mount. The rpm value was
measured using a commercially available tachometer. The laser beam transmitted through the
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diffuser is re-collimated by a ZnSe collimation lens (12.7 mm focal length) having an anti-
reflection coating for 3 — 12 pum and illuminates the surface of an Infragold disk. The
diffusely reflected light is collected by an IR camera for the characterization of speckle noise.
The IR camera was manufactured by Telops, it is a strained superlattice focal plane array with
30 um pixels, and a 1000 mm /2 lens was used focused about half a meter behind the target
in order to emphasize the speckle features in the defocused image. The noise equivalent
temperature difference (NETD) for the system is about 50 mK for these experiments. The
frame rate of the camera is 300 Hz, and the frame integration time is 50 ps. The total power
throughput of the “de-speckle” setup is measured using a photovoltaic IR sensor. The
throughput efficiency of the de-speckle setup with a MMF and 1% diamond pellet (20 — 30
um) is about 25%. The throughput efficiency drops to less than 10% when the mass loading
of diamond is higher than 3% and the size range of diamond is smaller than 4 — 6 um. The
standoff distance from the collimation lens to the Infragold disk is approximately 400 mm.
The spot size at the Infragold disk is approximately 12.6 mm.

(a) No diffuser setup

Protected gold mirror

: IR camera
Infragold® disk
Protected gold mirror
(b) De-speckle setup
Off-axis
parabolic mirror IR camera

Multimode fibe
(MMF)

@
I

Infragold® disk

| ‘ ZnSe collimation lens |

Off-axis Rotating
parabolic mirror diamond pellet

Fig. 2. Schematics of the (a) free beam path and (b) de-speckle measurement setup. A tunable
QCL (Daylight Solutions “MIRcat-QT”) is employed as the active illumination source. The
laser light transmitted through either free beam path or de-speckle unit (multimode fiber and
diamond/KBr diffuser) illuminates an Infragold disk, and the diffusely reflected light is
collected by an IR camera for the characterization of speckle noise.
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3. Results and discussion

3.1. Speckle reduction
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Fig. 3. Captured images with (a) no diffuser, (b) a stationary diffuser and (c) a rotating diffuser
(1% mass loading level of 20 — 30 um diamond). (g) Line profiles extracted from the dashed
lines in the images show speckle intensity fluctuation. The intensities of the line profiles
marked “No diffuser” are normalized for comparison. (d — f) 2D fast Fourier transform (FFT)
filtered images of the raw captured images. (h) Line profiles extracted from the dashed lines in
the 2D FFT filtered images show reduced signal noise levels. All scale bars in the captured
images are 2 mm. The laser wavelength is 9 um. The average power of the laser is 400 mW.

The reduction of the speckle led by temporal averaging of multiple frames using a
diamond/KBr pellet is clearly seen in 2-dimensional (2D) images captured by an IR camera as
shown in Fig. 3. With no diffuser, obvious speckle patterns are seen in the image in Fig. 3(a).
Figure 3(b) shows a speckle image with a de-speckle setup by adding a MMF and a stationary
diffuser (1% mass loading level of 20 — 30 um diamond) illustrated in Fig. 2(b). A slight
reduction of speckle noise is observed. More details of the experimental results of the pellets
with higher mass loading levels (2% and 3%) of diamond will be discussed in the following
section. As the diffuser is rotated, the speckle noise is greatly reduced by averaging multiple
frames. Figure 3(c) shows an averaged speckle image from 25 temporally independent
speckle images. This reduction of speckle noise is more clearly demonstrated in the line
profile. Figure 3(g) shows line profiles extracted from the same area designated as dashed
lines in each 2D speckle image and representative background noise extracted from a dark
area in the same frame. Due to the laser intensity attenuation through the diamond/KBr
diffuser, the signal intensities of the line profiles marked “No diffuser” in Figs. 3(g) and 3(h)
are normalized for comparison. The fluctuation from the averaged signals (with 25
independent frames) is reduced by almost 75% when using the rotating diffuser compared to
fluctuation with no diffuser.

As shown in Fig. 3(g), the background noise level is comparable to the 25 frames
averaged signal using the rotating diffuser. To remove the sensor/camera noise from the
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image, a 2D fast Fourier transform (FFT) was performed on each image. A low-pass filter
(1000 m™" cutoff frequency) is applied to the Fourier transform of the image, and the inverse
transform is applied to obtain a filtered image which contains mainly the low-spatial
frequency speckle noise. The 2D FFT filtered images in Figs. 3(d)-3(f) show suppressed
sensor noise frequencies and discriminated speckle patterns. This is clearly shown in the line
profile in Fig. 3h extracted from the same area designated as dashed lines in each 2D FFT
filtered image. The background noise (blue line) is greatly suppressed so that each line profile
shows discriminated speckle patterns.

0.50 ‘ - - : ‘
EE ¥ - i s i
0454 0 e S N S - R S
_owl NEEEN NN NEEEN
e 13t 3 | | i 3
+ 0.35—775 fffffffffffff R e I ffffffffffffffff I fffffffffffffffff
S 1 No diffu ‘ :
: : m  No diffuser
€ 0304 \p A A A | & Stationary diffuser
8 . % | | 0 Rotating diffuser (1%, 20 - 30 um)
o 0254 A R SO S S S .| < Rotating diffuser (2%, 20 - 30 um)
= ] ; . | © Rotating diffuser (3%, 20 - 30 ym)
8 ‘ ; 7 2D FFT- rotating diffuser (1%, 20 - 30 um)
o 020N\ Gl "I Theoretical fit
o . ; ; 3 i
0154 e O NI S AT S S S
: g : ‘ |
J s__% = :
0104 A L L 2 i ———————————————— %
1 I : ‘ ; s
0.05 +————"F————TF
0 5 10 15 20 25

Number of averaged frames

Fig. 4. The reduction of speckle contrast C extracted from speckle images as a function of the
number of averaged frames with no diffuser, with a stationary, and three rotating diamond/KBr
diffusers of different diamond mass loading levels (1 to 3%). The orange line represents the
theoretical reduction of speckle contrast. The reduction of speckle contrast C extracted from
speckle images with 2D FFT filtering (red star) as a function of the number of averaged frames
using a rotating diamond/KBr diffuser (1% of 20 — 30 um). The speckle contrast values
extracted from 2D FFT filtered images are in better agreement with the theoretical reduction of
speckle contrast (orange line).

We quantified the speckle reduction by calculating the speckle contrast C, which is
defined as the ratio between the standard deviation o4 and the mean intensity 14 [24],

c="4 (1)

Fig. 4. shows the reduction of speckle contrast as a function of the number of averaged
frames. The speckle contrast was extracted from the diffusely reflected images with and
without the de-speckle setup. The uncertainty reported here is a single standard deviation of
speckle contrasts extracted from various line profiles within the captured image. The speckle
contrast without the diffuser extracted from the image in Fig. 3(a) is 0.48. The speckle
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contrast decreases to 0.38 in the de-speckle setup with a stationary diamond/KBr diffuser.
The speckle contrast for the “no diffuser” and the “stationary diffuser” show almost the same
values with averaging multiple frames as shown in Fig. 4. This is expected as the speckle
pattern is not changing significantly between frames when the diffuser is not moving.
Therefore, averaging these frames only removes the background noise, not the deviations
caused by speckle.

As the diffuser is rotated, every point on the object experiences a changing phase of
illumination. Therefore, the speckle patterns of the diffusely reflected image change with
time. The speckle contrast for three diamond/KBr pellets with different mass loading levels
from 1 to 3% of 20 — 30 pm diameter diamond powders are determined. As expected, the
reduction of speckle contrast with temporal averaging is observed. The speckle contrast of 1%
diamond diffuser is rapidly reduced by 57% from 0.37 to 0.16 with averaging of 5 frames and
then the speckle contrast slowly decreases to around 0.11 with averaging 25 independent
speckle images. The 2% and 3% diamond diffusers have similar tendency of the speckle
reduction with temporal averaging to that of 1% diamond diffuser. The speckle contrast
values are slightly different from each other, but they are all within the error ranges. As
mentioned previously, diamond pellets with less than 1% mass loading level do not exhibit
significant diffusion and therefore were not implemented. This implies that mass loading less
than 1% is not sufficient to generate independent speckle patterns. Once the mass loading
level reaches 1%, the diamond diffuser is effective enough to reduce the speckle contrast with
temporal averaging. Higher diamond content in the diffuser is not beneficial for the reduction
of speckle as it only reduces the transmittance of light as shown in Fig. 1.

The theoretical contrast reduction of temporally integrated speckle is given by

1
“<nr @

where M is the number of independent speckle patterns with equal mean intensities [16,24].
The orange solid line in the Fig. 4 represents the theoretical reduction of speckle contrast
according to the JM rate. The trend of the theoretical line shows very good agreement with
the experimental results. The experimental values of speckle contrast are slightly higher than
the theoretical values as the M value increases. Note that this is because the speckle patterns
are not completely independent [10].

The effect of 2D FFT filtering on reduction of speckle contrast is shown in Fig. 5. As seen
in Eq. (1), standard deviation is the main term to determine speckle contrast. The total
standard deviation ( o, of signal is contributed by standard deviation of sensor noise ( o, ) and

standard deviation of speckle ( o, ) as expressed in Eq. (3).

0, =0, +0 3)

The speckle contrast C of the stationary diffuser and “no diffuser” do not change with
performing 2D FFT filtering since the contribution of o, to o, is negligible when oy is

much larger than o, . However, when o, is reduced with averaging frames, o, becomes
comparable to o, . In this case, speckle contrast is also affected by background noise. Thus,

the separation of noise in the averaged signal by performing 2D FFT filtering lowers speckle
contrast. Figure 4 shows the reduction of speckle contrast with 2D FFT filtering (red star).
The speckle contrast values with 2D FFT filtering are almost the same up to 5 averaged
frames, and start deviating from the original values upon averaging additional frames. Note
that the speckle contrast values extracted from 2D FFT filtered images are in better agreement
with the theoretical values.
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3.2. Mitigation of beam wander
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Fig. 5. (a) Beam centroid (X and Y), (b) Beam widths (X and Y). (c) Ratio (R) of beam
centroid to beam width.

As an active illumination source, the wavelength of the tunable QCL is swept from 6 to 11
um at a rate of 0.05 um/s in continuous wave (CW) mode. The beam wander is characterized
by measuring beam center position using a commercial beam profiler (Pyrocam III, Ophir).
The optical setup is the same as the de-speckle configuration shown in Fig. 2(b), except that
the beam profiler replaces the Infragold disk. The standoff distance from the collimation lens
to the beam profiler is approximately 400 mm.
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Figure 5 shows the beam centroid (a), beam width (b) in X and Y coordinates with no
MMF and with the MMF and the diamond/KBr diffuser (1% mass loading level of 20 — 30
um diamond). Without MMF, the extensive fluctuations in both beam position and width in
both X (red line) and Y (orange line) directions are observed. Note that these fluctuations
would lead to diminished performance (both in sensitivity and false alarms), which is not
suitable for any detection technique, such as stand-off spectroscopy. These fluctuations in
both beam position and beam width are significantly suppressed in both X and Y directions
by adding a MMF. Note that beam centroid and beam width values change with the stand-off
distance. Thus, the ratio (R) between beam centroid and beam width needs to be considered.
Figure 5(c) shows the fluctuation of R from 6 to 11 um. Even though the small fluctuation of
R with the MMF exists, the R values are quite stable over the entire wavelength range from 6
to 11 um. The improvement in laser beam pointing stability using the MMF in the de-speckle
setup is also demonstrated.

4. Conclusion

In summary, diamond/KBr pellets acting as diffusers were fabricated by pressing a mixture of
KBr powders with different mass loading levels of diamond powders of various particle sizes.
The reduction of speckle noise and mitigation of beam wander using diamond/KBr pellets
and multimode fiber were characterized using a de-speckle set-up consisting of a tunable
QCL, Infragold disk, and IR camera. The diffusely reflected 2D speckle images from the
surface of an Infragold disk clearly show the trend of speckle reduction with temporal
averaging. The total power throughput of the “de-speckle” setup using a multimode fiber and
1% diamond pellet (20 — 30 pm) is about 25% measured using a photovoltaic IR sensor.
Speckle contrast is slightly reduced with a multimode fiber and a stationary diffuser. As the
diffuser is rotated, speckle noise is significantly suppressed with temporal averaging of
multiple independent speckle images. The 2D FFT filtered images show suppressed sensor
noise frequencies and discriminated speckle patterns. The experimental evidence for the
speckle reduction (78% reduction) is in good qualitative agreement with the theoretical model
(80% reduction). The diffuser and the multimode fiber were also leveraged to mitigate beam
wander while the wavelength is swept for a spectroscopic measurement. To document this,
the beam wander was characterized using a beam profiler. Large fluctuations in the beam
position and width in both X and Y centroids were observed with no multimode fiber. These
fluctuations were greatly suppressed by adding a multimode fiber. We believe that the proof
of concepts presented here have broad applicability. These will aid in laser speckle and beam
wander reduction, leading to more effective laser illumination for applications such as
spectroscopy, imaging, and chemical detection.
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