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Abstract

:

The low obliquity of the Moon leads to challenging solar illumination conditions at the poles, especially for passive reflectance measurements aimed at determining the presence and extent of surface volatiles. A nascent alternate method is to use active laser illumination sources in either a multispectral or hyperspectral design. With a laser spectral source, however, the achievable reflectance precision may be limited by speckle noise resulting from the interference effects of a coherent beam interacting with a rough surface. Here, we have experimentally tested the use of laser linewidth broadening to reduce speckle noise and, thus, increase reflectance precision. We performed a series of speckle imaging tests with near-infrared laser sources of varying coherence, compared them to both theory and speckle pattern simulations, and measured the reflectance precision using calibrated targets. By increasing the laser linewidth, we observed a reduction in speckle contrast and the corresponding increase in reflectance precision, which was 80% of the theoretical improvement. Finally, we discuss methods of laser linewidth broadening and spectral resolution requirements for planetary laser reflectance spectrometers.
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1. Introduction


Reflectance spectroscopy has been a transformative technique for the remote study of planetary bodies, beginning with early ground-based studies of the lunar nearside and of Mars [1,2], followed by the Clementine mission to the Moon, which carried several multiband cameras which enabled the first studies of lunar far-side mineralogy [3]. Multiband imagers, hyperspectral imagers, and point and imaging spectrometers have followed in the intervening decades, which rely on the Sun as the illumination source (i.e., passive spectroscopy). The exploration and scientific focal points of international space agencies and private commercial entities have narrowed in on the lunar South Polar region [4] due to in situ resource potential primarily around water and hydroxyl (H2O/OH) [5,6,7,8,9], proximity to the epoch-defining South Pole-Aitkin Basin (SPA) [10,11], and select regions of near-constant solar illumination and Earth visibility for power and communications needs [12,13,14]. The low obliquity of the Moon means that the south pole region sees solar illumination at glancing incidence angles, and the permanently shadowed regions see no direct sunlight, only secondary illumination from crater rims. These illumination conditions present significant difficulties for passive reflectance spectroscopy measurements in this region, which motivates the use of lasers as illumination sources [15].



For lunar applications, the primary laser-based spectroscopy techniques of interest are Raman spectroscopy (in a standoff geometry) and laser reflectance spectroscopy, which would target mineralogical features and identification and qualification of volatile species such as H2O/OH [16,17,18,19,20]. Here, we will focus on laser reflectance spectroscopy, which uses precisely selected laser sources to interrogate spectral features, primarily in the near- and mid-infrared portions of the spectrum. Reflectance data from the Lunar Orbiter Laser Altimeter (LOLA) on the Lunar Reconnaissance Orbiter (LRO) were used to identify anomalously high reflectance regions at 1064 nm coincident with regions of permanent shadow that may indicate water ice exposures [6,21,22,23], but the spatial resolution and precision of the LOLA reflectance measurements were limited partly due to the laser wavelength, which was primarily designed for altimetry measurements. Higher-precision and higher-resolution laser reflectance measurements at carefully selected laser wavelengths in the mid-infrared could quantify H2O/OH abundance at the tens of ppm level [24] but will require high signal-to-noise ratios (SNR) of both the transmitted and received laser energy measurements.



A key limitation to the received energy SNR is speckle noise stemming from the interaction of the coherent laser light with the rough lunar surface [25,26]. Speckle noise becomes more severe in the mid-infrared as the speckle cell size is proportional to the laser wavelength. Speckle noise can be reduced using pulse averaging only if the laser spot is moved on the surface by ½ the laser spot size. However, this limits the laser pulse rate and reduces the achievable spatial resolution of the measurements. Speckle reduction using partially coherent sources or multiple distinct laser modules with different wavelengths has been reported for laser projection and holographic displays [27,28,29,30,31]. Particular attention has been paid to reducing speckle for green-light sources [32,33], as traditionally green laser light is produced with narrow-linewidth second harmonic generation. Speckle noise was identified as a concern in atmospheric Integrated Path Differential Absorption (IPDA) lidar measurements, but since single-frequency operation is integral to the method, spatial averaging and a loss of spatial resolution are accepted in airborne and spaceborne approaches [26,34,35,36,37]. We have not found reports of using laser linewidth broadening for high-precision reflectance measurements in the infrared. Reducing speckle noise by broadening the laser linewidth in a lunar laser reflectance spectrometer would improve the spatial resolution achievable at a given H2O/OH abundance precision or increase the H2O/OH abundance precision at a given spatial resolution, both of which are key to lunar science and exploration goals [4].



Here, we experimentally verify the use of laser linewidth broadening to increase measurement precision for infrared laser reflectance measurements using a suite of illumination sources, known-reflectance targets, and a fixed imaging geometry. We examine speckle patterns under various linewidth levels and quantify the speckle contrast in comparison with both theory and simulation. We also measured the reflectance precision as a linewidth function with the goal of optimizing the laser architecture for lunar laser spectrometers.




2. Materials and Methods


2.1. Laser and Illumination Sources


We used four laser sources and one white-light source to test the effects of temporal coherence (i.e., linewidth) on speckle contrast and reflectance precision. To ensure identical imaging conditions throughout the tests, all the laser sources were fiber optically coupled using single-mode fiber. We selected laser sources in the near-infrared (~1 µm) due to the availability of a range of linewidths and the presence of many important mineralogical and volatile spectral features in that spectral region. The results here should apply to other laser wavelengths as well. The parameters of the illumination sources used in these tests are given in Table 1.



Two of the sources, the single-frequency diode and the white light source, were chosen to assess the end member speckle states and were not analyzed as part of the linewidth comparison study. The single-frequency diode images were entirely spatial-speckle limited, while the white light images had neither spatial speckle nor temporal speckle effects and, thus, captured the contrast and reflectance precision of the imaging setup. The spectra of the remaining three sources that were used for the quantitative speckle comparisons are shown in Figure 1. The spectra were obtained using a Thorlabs Fourier Spectrum Optical Spectrum Analyzer operated in high-resolution mode with a resolution of 16 pm. Each laser was operated in continuous-wave mode for the duration of all tests.




2.2. Speckle Imaging Tests


Our speckle imaging system consisted of a fiber-coupled reflective collimator to create a collimated illumination source, a series of calibrated Spectralon reflectance standards as the targets, and a CMOS camera coupled with a 25 mm focal length, F/16 lens. The reflective collimator coupled with the single-mode fiber created a 6 mm diameter beam on the Spectralon targets. We used three Spectralon reflectance standards with specified 50, 75, and 99% 8-degree hemispherical reflectance values. At the laser wavelengths specifically, the calibrated reflectance values were 53, 80, and 99%. We used a Basler ACA2500-14gm monochrome CMOS camera with a 2.2-µm pixel pitch and a 2592 × 1944-pixel resolution. This resulted in an angular instantaneous field-of-view (IFOV) of 88 µrad and a field of view (FOV) of 228 × 171 mrad (13 × 9.8 degrees). The target was placed 200 mm from the camera, enabling capture of the entire Spectralon target within the field of view. The reflective collimator was placed adjacent to but behind the camera to lower the incidence angle onto the target. The incident angle was 15 degrees, while the emission angle to the camera was 0 degrees. The experimental setup and a representative image of the target using a white light source are shown in Figure 2.



The f-number of the lens was purposely increased to the greatest extent possible to induce a high speckle condition in the narrow linewidth limit. This enabled us to potentially observe a reduction in contrast as temporal speckle effects began to dominate with increased linewidth broadening. In a low-spatial-speckle condition, the effects of temporal speckle would not be visible due to the already low contrast.



For each illumination source, five images were captured with each of the three Spectralon targets. First, a background image was captured with the illumination source off to measure the ambient light and sensor noise. Each target was imaged in four different rotation states corresponding to 90-degree rotations about the optical axis between images. This effectively made each rotation a separate speckle experiment, which enabled us to assess the limited statistical effects of the temporal coherence on the speckle patterns. For each imaging condition (source and target combination), the camera integration time was adjusted to keep the highest pixel count near 75% of the saturation value.



Each image was processed identically in the following manner. First, a background image (laser illumination off) was subtracted from the image to remove the effects of ambient light and bad pixels. Then, we calculated the centroid of each image after applying a 100-pixel Gaussian blur to remove the effects of the speckle on the centroid. Then, a 10 × 10-mrad (57 × 57 pixels) region of interest (ROI) was selected centered at the centroid location. Within this ROI, the intensity average and standard deviation were calculated for each image. The speckle contrast in percent was calculated by dividing the standard deviation by the average and multiplying by 100 [25,32]. Only a single image was taken for each speckle pattern, but we tested the repeatability of the speckle contrast calculation in a separate experiment by taking five images at each rotation. Across each five-image set, the speckle contrast was consistent with less than 0.1% standard deviation.



Using the three reflectance standards, we also calculated the relative reflectance precision for each source using the ROI defined above. The reflectance was calculated for each image by dividing the average value in the ROI by the camera integration time. The reflectance values for the 50% and 75% reflectance targets were normalized to the 99% reflective target for each illumination source. Thus, the average reflectance for each laser source at the 99% reflective target is fixed at 0.99; however, the standard deviation is still representative of the reflectance precision.




2.3. Speckle Pattern Simulations


To simulate the speckle images at the focal plane of the camera, we used the method of propagation using Fast Fourier Transformations (FFT) [38]. Briefly, a single transverse mode is assumed and propagated through free space, which interacts with a surface that introduces phase noise into the electromagnetic field associated with the roughness of the surface.



The surface model used in these simulations is based on height displacements defined as a 2D discrete Fourier transform, with Fourier coefficients defined as:


    a   l , m   =  S ( f )      ζ   1       e   i   ξ   2      



(1)




where S(f) is the spectral density function of the surface, ζ1 is a random variable from a normal distribution with a mean of zero, and ζ2 is a random variable from a uniform distribution with limits of 0 and 2π. To simulate the spectral density function of the surface, an exponential auto-covariance model was utilized and defined as:


  S   f   =   2   π     σ   2         l   0     2         1 +     2 π   l   0   f     2         3   2        



(2)




where σ is the rms surface roughness (0.5 μm), l0 is the coherence length of the light source, and f is the spatial frequency. The coherence length of the light source can be estimated based on the linewidth as:


    l   0   =   c   π ∆ ν    



(3)




where Δν is the laser linewidth. After these phase fluctuations are accounted for, a final free space propagation is performed to simulate the intensity at the entrance of the lens aperture. To account for the impact of the optical receiver assembly, a normalized Airy pattern is created and convolved with the simulated entrance intensity [39]. At this point, with correct accounting for magnification, pixel size, and angular resolution of the imaging system, a simulated image of the intensity at the focal plane of the receiver was calculated.





3. Results


3.1. Experimental and Simulated Speckle Patterns


Experimental and simulated speckle patterns obtained using the four coherent illumination sources described in Section 2.1 are shown in Figure 3. For the single-frequency laser case, the spatial speckle was well-developed, exhibiting the classical bright and dark regions with no discernible pattern. As the laser linewidth increased, the area of a single speckle remained the same, but the image contrast was reduced; that is, the amplitude of each speckle was reduced with respect to the background. The spatial speckles are still visible even in the superluminescent diode pattern (Figure 3d), though the contrast is low. The simulated speckle patterns match the experimental patterns qualitatively, with a similar decrease in speckle contrast with increasing linewidth.




3.2. Regions of Interest and Speckle Contrast


Within the regions of interest chosen for the speckle contrast and reflectance calculations, both the spatial speckle and decreasing speckle contrast can be observed (Figure 4). The line scans shown in Figure 4f indicate the spatial speckle sizes remain unchanged throughout the experiment series at 8 to 10 pixels, while the relative amplitudes of the speckles decrease with increasing laser linewidth. The average speckle size (A) can be estimated based on the monochromatic wavelength and imaging f-number as [25]:


  A =   4   F   2     λ   2     π    



(4)




where F is the f-number of the imaging system, and λ is the wavelength of the illumination source. For the imaging system used here, f = 16 and λ = 1000 nm (on average), which results in a speckle area of 256 μm2. The speckle area in Figure 4 is approximately 310 μm2 using a speckle radius of 4.5 pixels.



From each of the four speckle pattern ROIs for each imaging condition (illumination source and reflectance target), we calculated the speckle contrast as a ratio of the standard deviation to the mean value, including the speckle contrast mean and standard deviation for each imaging condition. From theory, a decrease in temporal coherence (described by the coherence length) reduces the speckle contrast (C) in the following manner [32]:


  C =      1    1 + 2   π   2         δ ν   ν       2         σ   λ       2       c o s   θ   o   + c o s   θ   i       2        



(5)




where δν is the frequency linewidth of the source, ν is the frequency of the illumination source, σ is the surface roughness of the screen, λ is the center wavelength of the source, θo is the observation angle, and θi is the incidence angle. Under constant imaging, the speckle contrast from Equation (5) will change with the normalized linewidth (δν/ν) as:


  C ∝       δ ν   ν       −   1   2      



(6)







Figure 5 shows the results for the three illumination line widths used in the temporal speckle analysis (i.e., the 0.7 nm, 4.4 nm, and 62 nm linewidth sources). The speckle contrast for each of the three illumination sources was calculated as described above, with the white-light speckle noise (2.4 to 2.8%, depending on the target) subtracted from them. The simulated image speckle contrast was calculated in an identical way, using the central, equivalent 57 × 57-pixel region of each pattern. Speckle contrast for the single-frequency source was measured to be 60 to 65%, which means that the spatial speckle noise is a limited case for these illumination and imaging conditions.



Finally, we calculated the reflectance values using the mean value within the ROI for each target and illumination source and the method described in Section 2.2 to assess the effect of speckle noise reduction on reflectance precision. The results are shown in Figure 6a for all five illumination sources, with the reflectance precision for the three sources used in the speckle contrast study shown in Figure 6b. For the single-frequency source, a linewidth of 30 pm was assigned as this was the lower measurement limit of our optical spectrum analyzer, but these data were not used to calculate the power law fit in Figure 6b. For the white light source, there is no linewidth, but to compare it to the other sources, we assigned it a normalized linewidth of 1 for plotting purposes.





4. Discussion


Our speckle contrast reduction results (power low exponent of −0.46 to −0.49) are quantitatively similar to both with theory (exponent of −0.5) and with the simulated speckle pattern results (exponent of −0.54). Differences from theory likely stem from the irregular spectral shapes of the Dual Mode and Fabry–Perot sources, compared to the theory, which assumes a Gaussian spectral shape defined by the 1/e bandwidth. Similar results, as shown here, have been reported with respect to reducing speckle noise in laser projector sources. Yu and co-authors reported speckle contrast reduction slightly greater than predicted from theory using a step-chirped quasi-phase-matched device for second harmonic generation at 532 nm [32]. Kuksenkov and co-authors used multiple separated emission lines that led to a factor of ~1.7 in speckle reduction compared to the single-line case [33].



We found the reflectance measurement precision, as defined by the 3σ standard deviation of the relative reflectance of the four speckle patterns, increased significantly over the tested linewidth range. Table 2 lists the relative reflectance values and 3σ standard deviations for the entire experimental series for each of the three targets. Compared to the speckle contrast data, however, the variation of reflectance precision values was much higher. The power law fits for the speckle contrast data had r-squared values greater than 0.97, while the reflectance data r-squared values varied between 0.7 and 0.9. We hypothesize this difference is due to the small-number statistics at play in the reflectance measurements (population of 4), while the speckle contrast measurements were based on the standard deviation of all the speckle cells within each ROI (roughly 30 speckle cells per ROI). The average exponent for the speckle contrast power law fits was −0.48, while it was −0.43 for the reflectance measurements. From the three reflectance targets, the standard deviation of these exponents for both experiments was ~0.15. We hypothesize that the difference in power law fits between the speckle contrast and reflectance measurements has a statistical basis due to using only three reflectance standards and four speckle patterns per illumination source (n = 12) compared to the dozens of speckles included in each speckle contrast image.



The results here validate experimentally that at least 80% to 85% of the theoretical reduction in speckle contrast and a corresponding increase in reflectance precision is realizable by reducing the coherence of the laser illumination source, as measured by the normalized linewidth. This confirms that high-spatial-resolution laser reflectance spectroscopy is achievable beyond the spatial speckle limit by purposefully increasing the laser linewidth. Thus, bandwidth widening must be balanced with the laser source efficiency and required spectral bandwidth to resolve features of interest.



Modification of the spectral bandwidth of the laser source can be categorized using two major architectures: fiber and solid-state laser. Fiber lasers have been developed for the fundamental wavelength range from 0.6 to 3.4 µm [40]. These lasers typically achieve sufficient output energy for remote sensing applications through one or more stages of fiber amplification. To spectrally broaden these sources, a seed laser with a sufficient spectral width or structure can be utilized to achieve the desired performance. The wide variety of wavelength regions for fiber lasers makes them well-suited for the creation of the desired wavelength. For solid-state optical parametric oscillators (OPOs), linewidth broadening is inherently more difficult and is typically achieved through the introduction of shorter optical pulses and additional longitudinal modes [41]. When careful attention is paid to longitudinal mode formation in the cavity, mode beating can lead to not only larger spectral width but higher frequency conversion efficiency to other wavelengths as well. Pump divergence may also offer a method by which the linewidth can be purposefully widened [42].



For planetary reflectance spectroscopy, mineral and volatile reflectance bands are wide enough that flight-qualified passive spectrometers such as those on the Chandrayaan-1 mission [43], the Volatiles Investigating Polar Exploration Rover (VIPER) mission [44,45], and the Lunar Trailblazer mission [46,47] have spectral channels widths between 10 and 20 nm. Significant reflectance precision improvement, then, is available by broadening near- and mid-infrared laser sources from the nominal ~0.1 to 1 nm linewidth to ~10 nm. Based on our tests here, this should result in a precision increase in a factor of nearly 3.




5. Conclusions


We have experimentally verified the reduction in speckle contrast and subsequent increase in laser reflectance precision from linewidth broadening in the near-infrared in order to improve the design of laser reflectance spectrometers. We performed speckle imaging using calibrated reflectance targets and compared the experimental speckle patterns to both theoretical speckle contrast levels and theoretical speckle area, as well as to simulated speckle patterns derived from propagation using the Fast Fourier Transform. We observed a speckle contrast reduction very close to that predicted by theory (an exponent of −0.48 measured vs. −0.5 from theory). The experimental reflectance precision increase was at least 80%, which is expected from theory, which suggests laser linewidth broadening is a viable method of increasing reflectance precision without spatial averaging for lunar and planetary laser spectrometry. Based on the spectral sampling of current and upcoming lunar infrared spectrometers, linewidth broadening to the 10 nm level would be acceptable from a spectroscopic standpoint and would improve the speckle SNR by a factor of 3 or more.
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Figure 1. Spectra of the three illumination sources used for the direct speckle comparison. (a) Dual mode pump diode, (b) Fabry–Perot diode, and (c) superluminescent diode. 
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Figure 2. (a) Speckle imaging experimental setup including fiber-optic reflective collimator (RC), Spectralon targets (ST), 25 mm FL imaging lens (IL), and CMOS camera (Cam). (b) CMOS camera image of the 99% reflective target illuminated with the white-light source in the geometry from (a). Dark spots on the Spectralon target were due to lens imperfections, and these image regions were excluded from all quantitative analyses. 
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Figure 3. Representative speckle patterns from the experiment series and their corresponding simulated speckle patterns. All experimental images shown here were obtained using the 99% reflective target. Each row shows an experimental speckle pattern and its corresponding simulated speckle patterns. (a,b) Single-frequency diode, (c,d) Dual-mode pump diode, (e,f) Fabry–Perot diode, (g,h) Superluminescent diode. The laser linewidth or identifiers are given in the upper left-hand corner of each frame. Each frame was cropped from the full image to be 350 × 350 pixels, centered on the centroid of the laser spot. 
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Figure 4. Speckle pattern development as a function of increasing laser linewidth for the regions of interest is used for speckle contrast and reflectance calculations. All images shown here were obtained using the 99% reflective target. (a) Single-frequency diode, (b) Dual-mode pump diode, (c) Fabry–Perot diode, (d) Superluminescent diode, (e) white light. The laser linewidth or identifiers are given in the upper left-hand corner of each frame. The color scale denotes image intensity, and the full scale is based on the entire background-subtracted image, not the ROI. (f) Horizontal line scans for each source taken from the center 10 pixels ROI. The y-axis represents relative intensity defined by the pixel intensity values divided by the average over the whole linescan. 
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Figure 5. Speckle contrast results from temporal coherence study. The blue dots represent data from the 50% reflectance targets, red dots from the 75% reflectance targets, and green from the 99% reflectance targets. The error bars denote one standard deviation from the population of four speckle pattern measurements. The dotted lines denote best-fit power law curves for each target, with the fit equations given in the inset. 
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Figure 6. (a) Reflectance measurements as a function of normalized linewidth for the five illumination sources in this study. The blue dots represent data from the 50% reflectance targets, red dots from the 75% reflectance targets, and green from the 99% reflectance targets. The error bars here denote 3σ standard deviation from the four speckle pattern measurements. (b) Reflectance precision (3σ) for the 0.7 nm, 4.4 nm, and 62 nm linewidth laser sources. The dotted lines denote best-fit power law curves for each target, with the fit equations given in the inset. 
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Table 1. Parameters for the five light sources used for the speckle experiments. Each diode laser was a 14-pin butterfly package. The white light source was free-space coupled to illuminate the target.
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Illumination Source

	
Center Wavelength

	
Linewidth 1

	
Normalized Linewidth 2






	
Single Frequency Diode

	
1063.9894 nm

	
<0.03 nm

	
2.6 × 10−5




	
Dual Mode Pump Diode

	
975.69 nm

	
0.75 nm

	
7.7 × 10−4




	
Fabry–Perot Diode

	
1034.4 nm

	
4.4 nm

	
0.0043




	
Superluminescent Diode

	
1068 nm

	
62.5 nm

	
0.059




	
Halogen White Light Source

	
360–2400 nm 3








1 Bandwidths for the laser sources were all calculated using the second moment of the laser spectrum. 2 Normalized linewidth is defined here as the linewidth divided by the center wavelength. 3 The white light source is described here by its specified spectral range.













 





Table 2. Mean reflectance values and 3σ precision values for the entire experiment series.
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	Laser Source
	Normalized Linewidth
	50% Target
	75% Target
	99% Target 1





	Single Frequency Diode
	2.6 × 10−5
	0.6 ± 0.3
	0.8 ± 0.6
	0.99 ± 0.9



	Dual Mode Pump Diode
	7.7 × 10−4
	0.5 ± 0.4
	0.9 ± 0.3
	0.99 ± 0.3



	Fabry–Perot Diode
	0.0043
	0.5 ± 0.1
	0.8 ± 0.3
	0.99 ± 0.3



	Superluminescent Diode
	0.059
	0.56 ± 0.06
	0.83 ± 0.05
	0.99 ± 0.05



	Halogen White Light Source
	N/A
	0.47 ± 0.01
	0.74 ± 0.01
	0.99 ± 0.03







1 The reflectance values for each source were normalized by the average intensity using the 99% target, which fixes the mean reflectance at 0.99 for those experiments.
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