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Introduction:  To understand the evolution of 

planetary surfaces, it is critical to interrogate the 
composition and distribution of minerals on planetary 
bodies. Many significant mineral identifications have 
been made with visible to near-infrared (VNIR) 
spectroscopy based on the band centers, shapes, and 
depths of key absorption features. VNIR reflectance 
behaviors are influenced by many variables beyond 
mineral composition alone, such as viewing geometry, 
grain size, temperature, and nonlinear mixing effects. 
These factors influence the shapes, positions and depths 
of diagnostic absorption features [e.g., 1], and can 
complicate interpretations. Understanding the effects of 
viewing geometry at varying phase angles on spectra 
(spectrogoniometry), therefore, is key to interpreting 
VNIR observations of planetary surfaces. Such 
measurements can also constrain the microtexture and 
other physical properties of surface materials [e.g., 2]. 

Spectrogoniometric studies of natural rock surfaces 
require a goniometer that can accommodate samples 
with irregular shapes and sizes. For efficiency in 
collecting large datasets at high angular resolution, it is 
important to use a motorized system for precise, 
repeatable positioning of the light source, detector, and 
sample. It is also desirable to accommodate multiple 
samples in a single experimental run. Furthermore, 
software is required to automate the goniometer and 
allow it to interface with the spectrometer collecting the 
data. While some aspects of this ideal system have been 
developed for other laboratories [3-7], to our knowledge 
no fully-automated system currently exists for 
measuring a variety of bulky samples.  

Here, we describe an automated, hemispheric 
goniometer designed for the Mars Lab at Western 
Washington University (WWU) by Seattle-based 
engineering company First Mode, LLC: the Three-Axis 
N-sample Automated Goniometer for Evaluating 
Reflectance (TANAGER). (The acronym also has local 
significance: the Western Tanager is a brightly-colored 
bird native to WA.)  

TANAGER Design:  TANAGER derives heritage 
from the WWU Mars Lab’s existing planar goniometer 
[8], which allows for automated collection of spectra 
from bulky samples at varying incidence and emission 
angles. TANAGER substantially improves upon the 
planar goniometer design with the capability to 
collected out-of-plane geometries (i.e., varying 
azimuth), which is necessary to characterize the full 
bidirectional reflectance distribution function (BRDF). 

TANAGER’s design is optimized to acquire spectra 
across a wide range of precisely-defined incidence, 
emission and azimuth angles. Fig. 1 shows sketches of 
the design concept and a photograph of the finished 
goniometer. Stepper motors allow for automated, 
repeatable movements to defined geometries sampling 
the full scattering hemisphere. The primary design 
difference between TANGER and many other 
goniometers is the use of rotating and tilting arcs instead 
of straight arms, with the addition of counterbalance 
weights to provide stability.  

 

 

 
Figure 1. Above: Sketch of TANAGER design; Below: 
Completed TANAGER  instrument (photo: Kathleen Hoza). 
 

TANAGER interfaces with a Malvern 
PanAnalytical ASD FieldSpec4 Hi-Res reflectance 
spectrometer, which sits below the goniometer. The 
goniometer design guides the fiber optic tube so as to 
maintain a large radius of curvature and to make fiber 
optic positioning repeatable between data collection 
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runs. The system enables measurements with a range of 
viewing geometries (incidence = -70o–70o; emission = -
70o–70o; azimuth = 0o–170o), allowing for phase angles 
of 10o – 140o, which can be commanded in 1o steps in 
all directions. The emission arm was designed so that it 
does not significantly interfere with the incidence light 
beam for phase angles greater than 20o, and the detector 
head and fiber optic do not come within 5 mm of the 
light source in any geometry. The emission arm utilizes 
a collimating lens to ensure that the detector spot size is 
smaller than the brightest portion of the illuminated spot 
at all geometries (1.5 cm at small emission angles, ~9 
cm at e=70o). We have made all CAD files, electrical 
schematics, and materials lists are available via GitHub: 
https://github.com/westernmarslab/tanager-design.  

Sample Accommodation: The goniometer design 
includes two stages for positioning samples within the 
focal plane: one for bulky hand samples (up to 10 cm) 
and another for sample powder cups and/or rock slabs 
cut to equal heights. Both trays are motorized and can 
accommodate up to five samples rotating in and out of 
the field of view with a white reference correction at 
each geometry. Each position on the bulky sample tray 
is adjustable for height and tilt, and positions on the 
rotating stage are repeatable to within +/- 1 mm. Two 
green lasers on the incidence arm indicate when sample 
surfaces are aligned in the target plane (e.g., Fig. 2). 

 

 
Figure 2. Positioning natural rock samples on the muti-stage 
rotating tray. Green laser guides meet at a single point when 
the sample is aligned in the target plane. Photo: Rhys Logan. 
 

Software: First Mode designed custom software for 
TANAGER in two open source packages: one to control 
the spectrometer and interface with Malvern 
Panalytical’s proprietary RS3 and ViewSpecPro 
software packages, the other to control the positions of 
the goniometer and rotating sample tray, view reduced 
data in real-time, and create analysis products (Fig. 3). 
These two packages are run on two separate computers: 
the ASD controller desktop requires a hardwire ethernet 
connection to the spectrometer, whereas the TANAGER 
control computer laptop can be operated from outside 

the laboratory. All software is open-source: 
https://github.com/westernmarslab/tanager-feeder.  

 
Figure 3. Screenshot of TANAGER control software, with 
settings on the left, visualization of current goniometer and 
sample stage configuration on the upper right, and command 
line interface at lower right. 
 

Noise Characterization: We have confirmed that 
TANAGER does not contribute significant noise to 
spectral measurements. For both light and dark samples, 
spectral noise was confirmed to not exceed +/- 0.001 for 
most wavelengths (500-2400 nm) and +/- 0.005 for the 
long (2400-2500 nm) and short (450-500 nm) 
wavelength extremes of the spectral range. The 
collimating lens on the emission arm allows >95% 
transmission at most wavelengths. Initial 
characterization of vibrations from the motor actuators 
indicate that they have negligible effects on sample 
positioning and spectral consistency. Additional 
repeatability measurements and instrumental validation 
via comparisons to published data are described in [9]. 

Science Data and Archiving: Initial science 
measurements of weathered rock surfaces are presented 
in [10]. After TANAGER’s validation is complete, all 
science data will be made available online via the WWU 
Visible-Infrared Spectral Browser website 
(https://westernreflectancelab.com/visor/) [11]. 
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