Barium Fluoride as a Standard Reference Material for Infrared Refractometry
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Abstract: This work proposes a standard reference material (SRM) for measurements of refractive index in the infrared spectral region (1–12 μm). The purpose of this material is to enable cross-method comparison of refractive index data obtained through minimum deviation, ellipsometry, interferometry, and prism coupling techniques. This will allow vendors and metrology laboratories, regardless of which technique they employ, to certify that their measurements meet required levels of accuracy, precision, and repeatability. Drawing on foundational work by Tilton at the National Bureau of Standards, a figure of merit for candidate SRM materials is outlined, and three materials are selected for further evaluation. Ultimately, barium fluoride is proposed as the most suitable SRM for the infrared spectral region, based on its broad transmission range, chemical and mechanical stability, low temperature dependence of refractive index, and well-characterized dispersion behavior.
1. Introduction
Accurate, precise, and repeatable refractive index data is a cornerstone of modern optical design. This is especially true in the infrared spectral region, where the materials design space is substantially more constrained than in the visible. Relatively few materials are transparent throughout the shortwave infrared (SWIR, ~1–3 μm), midwave infrared (MWIR, ~3–5 μm), and longwave infrared (LWIR, ~8–12 μm), and even fewer maintain transparency across the full 1–12 μm range. Moreover, materials transparent in these spectral bands often entail significant engineering trade-offs, including high temperature sensitivity of the refractive index, elevated raw material costs, environmental susceptibility (hygroscopicity, toxicity, fragility), and anisotropic optical behavior. These factors collectively complicate the design, fabrication, and characterization of infrared optical systems.
Recently, there has been renewed interest in the measurement and standardization of refractive index references for infrared applications. This interest is driven in part by the proliferation of infrared imaging and sensing systems in defense, medical, environmental monitoring, and consumer applications, all of which require increasingly precise optical component specifications. While numerous methods exist for measuring refractive index, including minimum deviation prism refractometry, ellipsometry, Fourier-transform interferometry, and prism coupling, each carries distinct advantages, systematic error sources, and wavelength constraints. A measurement technique well-suited to one material or one wavelength range may be entirely impractical for another. This diversity makes cross-method traceability difficult in the absence of agreed-upon reference standards.
A standard reference material (SRM) provides the common metrological anchor needed to establish this traceability. By measuring a well-characterized SRM on each instrument and method, discrepancies attributable to systematic instrumental errors can be identified and corrected. The objective of this work is therefore threefold: first, to define a figure of merit that allows systematic down-selection of candidate SRM materials; second, to characterize the practical limitations of each selected candidate; and third, to address identified shortcomings through new measurements and comparison with published data. Together, these steps support the proposal and validation of a single SRM applicable across all major infrared refractometry platforms.
The challenges of establishing reliable refractive index standards are not new. The National Bureau of Standards (NBS) undertook sustained efforts throughout the first half of the twentieth century to address these problems systematically, and Tilton's work in this period remains directly relevant to the present effort [1–5].
These findings are highly instructive for the present program. They establish that the ideal solid refractive index standard must satisfy not only optical requirements (appropriate index range, low dispersion, transparency in the spectral region of interest) but also material stability requirements (chemical and surface durability, resistance to environmental degradation, reproducibility across specimens from different production runs). This previous work constitutes a framework for evaluating candidate SRM materials that remains essentially complete, comprising a set of qualitative and semi-quantitative criteria, requiring only adaptation to the infrared spectral region and the broader range of modern measurement techniques.
Qualifying Possible Standard Reference Materials 
Drawing on the Tilton framework and extending it to the infrared, the following material characteristics are identified as necessary and desirable for a candidate SRM.
The most fundamental requirement is transparency throughout the spectral region of interest. For infrared refractometry spanning 1–12 μm, the material must transmit from the near-infrared through the LWIR with minimal intrinsic or extrinsic absorption. This criterion is more restrictive than it might appear. Many materials transparent in one infrared sub-band become opaque in another: sapphire, for example, is highly transparent in the MWIR but cuts off near 5–6 μm and is therefore unsuitable as a unified infrared standard [6]. The transmission requirement is not merely operational. A material with significant in-band absorptions will exhibit anomalous dispersion in the vicinity of those absorptions, as required by the Kramers-Kronig relations linking the real and imaginary parts of the complex refractive index. Refractive index data measured near an absorption band will therefore be sample-dependent to a degree that may preclude universal calibration.
The next most pressing concern for an accurate determination of refractive index is the thermo-optic coefficient. The accuracy of many methods, including the minimum deviation method, is partly determined by the temperature dependence of the refractive index. Accurate, precise, and uniform temperature measurements are required for the best determination of the refractive index. However, an alternative way of controlling this uncertainty is to simply reduce the thermo-optic coefficient of the material under test. Among the three broad categories of materials described above, semiconductors generally have the largest thermo-optic coefficients; for example, germanium has a thermo-optic coefficient of up to 4×10⁻⁴/K [7–9].
The next-largest material-based contribution to the uncertainty is the dispersion of that material. The ideal SRM would have zero dispersion across the entire spectral range. While this is not achievable, a low-dispersion material should still be considered, as it allows the user to minimize wavelength uncertainties in their source. Again, semiconductor materials often score lowest in this category, while both halides and zinc chalcogenides perform better overall [10–14].
Applying these criteria, three categories of materials emerge for further evaluation: germanium, zinc chalcogenides, and alkaline earth halides. Each class is transparent across significant portions of the 1–12 μm range, has been used in infrared optics for decades, and has an established literature of refractive index data [7–11,13–20]. Each presents distinct advantages and limitations that must be assessed before a final recommendation can be made.
To visualize the material factors that drive these error calculations, the uncertainty of an index measurement scales as given by the equation below.



 [image: ]
Figure 1 – 3D Plot of thermo-optic coefficient and spectral dispersion for several candidate infrared materials
The optimal material for this case is the one that lies closest to the x-axis while remaining transparent across the infrared spectrum. The 3-D plot in Figure 1 demonstrates how poorly germanium performs relative to its nearest neighbors, and for this reason, germanium is excluded from further discussion.
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Figure 2: 3D Plot of thermo-optic coefficient and spectral dispersion for several candidate infrared materials
The halides outperform the selenides by a wide margin, with thermo-optic coefficients roughly one-sixth those of zinc sulfide or zinc selenide, while also having lower dispersion. Based on this comparison alone, to minimize uncertainty in the measured refractive index, the optimal material would be whichever fluoride has the widest transmission range, namely, Barium Fluoride. Calcium Fluoride would also be an excellent material for this purpose and is likely produced in greater volume than Barium Fluoride; however, because its absorption onset is past 10 microns, it would not be suitable for covering the entire LWIR (8 to 12 micron) band. 
Barium Fluoride is a well-studied material. Malison’s study measured its refractive index at 25°C across multiple wavelengths spanning 0.2652 µm in the ultraviolet to 10.346 µm in the infrared, fitting the results to a three-term Sellmeier dispersion equation with an average absolute residual of 1.9×10⁻⁵ [10]. He observed a systematic index difference of approximately 46×10⁻⁵ between two BaF₂ samples, one grown experimentally by Stockbarger in 1944 and one sourced commercially in 1958, and concluded there is some variation in BaF2 based on material source.
This was revisited decades later by Leviton et al. using the Cryogenic High Accuracy Refraction Measuring System (CHARMS) at NASA Goddard Space Flight Center, developed to measure absolute refractive index in vacuum using the minimum deviation method, at temperatures as low as 15 K. Leviton et al. measured BaF₂ over the wavelength range 0.45 to 5.6 µm and across temperatures from 21 to 300 K [21]. The room-temperature Sellmeier model agreed with Malison’s measured dispersion to within approximately 1×10⁻⁵ across all wavelengths. This was considered surprising, as previous samples were produced in the 1950’s, thereby demonstrating the material's development.
[bookmark: _Hlk173849580]BaF₂ can be grown in cubic single-crystal form without defects, making it ideal from a material perspective. It is linear, homogeneous, isotropic, and non-lossy throughout the infrared spectrum. However, it has one potential flaw: chemo-environmental degradation, particularly from crystal hydration. Fluorides are known to degrade in the presence of moisture, which can cause small chemical changes that may lead to refractive index variability, a concern Malitson himself noted in comparing his two samples. To assess the long-term stability of Barium Fluoride as a refractive index standard, the previously measured prism was retrieved from storage and remeasured on CHARMS. This experiment and its results are presented below.
2. Experimentation 
[bookmark: _Hlk173850098]The refractive index of this barium fluoride prism, studied originally for the development of the Near Infrared Camera (NIRCam) for the James Webb Space Telescope (JWST), was remeasured from 0.95 to 5.5 μm over a temperature range of 230-315K. This prism has been stored in a laboratory environment for the past 20 years and was not protected in a nitrogen-purged cabinet but was instead exposed to the general laboratory environment. The prism was not modified in any way before measurement. The prism was removed from its case and measured directly in CHARMS. 
The measurement methodology has been explored in greater detail in several previous publications [22–27]. CHARMS uses the minimum deviation methodology. After this measurement was taken, the raw data were compared with the fit using the 2005 Sellmeier coefficients. This allowed us to overlay the 2026 data directly onto the 2005 data.  They were then subtracted to obtain the difference seen between the prism in 2005 and 2026, and the result was plotted as a function of wavelength (Figure 3). The Sellmeier coefficients are shown in Table 1. The single measurement accuracy for these 2026 measurements is presented as a function of wavelength and temperature in Table 2. 
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Figure 3 – 2026 BaF2 index minus the 2005 BaF2 index data. The spread of plotted differences at each wavelength is due to the temperature range over which measurements were made. The red line is a linear regression of the average difference by temperature.
Table 1: The Sellmeier coefficients for BaF2 from 0.95 to 5.5 μm over a temperature range of 230 to315 K
	
	S1
	S2
	S3
	λ1
	λ2
	λ3

	Constant
	8.2850924×10-1
	3.3147865×10-1
	4.5494121×100
	8.3459789×10-2
	-1.3222547×10-1
	5.0653425×101

	T1
	-8.9863660×10-4
	9.0915141×10-4
	-1.0700910×10-2
	9.7783032×10-4
	3.3454963×10-3
	-6.2332247×10-2

	T2
	-1.8840422×10-6
	1.6570078×10-6
	7.5614880×10-5
	-1.2379851×10-5
	-1.9028176×10-5
	4.4343343×10-4

	T3
	-1.3361905×10-10
	5.2583003×10-10
	-3.0245635×10-8
	5.2968697×10-8
	4.6997487×10-8
	-2.7367228×10-7

	T4
	3.6505009×10-12
	-3.9016844×10-12
	-1.3471108×10-10
	-7.7030610×10-11
	-4.1385476×10-11
	-6.7485663×10-10



Table 2: Accuracy of BaF2 Measurements made in 2026
	 Wavelength (µm)
	235 K
	250 K
	270 K
	280 K
	290 K
	300 K

	1
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5

	2.0
	1.0×10-5
	1.1×10-5
	1.0×10-5
	1.0×10-5
	1.0×10-5
	1.0×10-5

	3.5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.0×10-5
	1.1×10-5

	5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5
	1.1×10-5


Table 2 highlights one advantage of using BaF2 as a standard reference material: the index measurement uncertainty is nearly constant over the specified wavelength and temperature range. This is due to the low thermo-optic coefficient, the near-constant accuracy of temperature measurements during a cooling cycle, and the low dispersion at these infrared wavelengths. Furthermore, it should be noted that taking direct temperature data from the surface of the sample is the only way to ensure that the proper temperature is attributed to the measurement.  
The total uncertainty assigned to the measurement in 2005 was ±1.5×10-5. The average difference between the two prisms is 1.44×10-5; however, the plot demonstrates why this can be misleading, as the new index values deviate further from the 2005 values as the measurement moves into the infrared. The maximum difference between the two prisms is 5.35×10-5 or 3.5 times the uncertainty budget of the measurement. Furthermore, there is a strong wavelength dependence in the mismatch of this data, which warrants detailed exploration. 
First, to assess material degradation over the past twenty years, reflectivity was measured to determine whether there was any surface absorption or oxidation. The reflectivity plot at 30° is shown below. 

[image: ]
Figure 4 – Measured versus calculated reflectivity of the subject Barium Fluoride prism. 
There are two absorption bands at 3.4 and 4.1 microns, originating from CO2 in the system. BaComplexes that may form involving BaO and Ba(OH)2 have notable absorptions at 3481 cm-1, 3565 cm-1, and 3574cm-1 (2.87, 2.80, and 2.79 microns, respectively) [28]. This spectrum does not suggest significant surface oxidation. While this sample has been stored in the lab for the past twenty years, there is no visible degradation and no reason to suspect that this material is susceptible to environmental or chemical degradation beyond normal hydration in fluorides. This would normally manifest as a shift in the material's UV absorption band edge from ~100nm to 200nm [29]. However, due to other constraints, we were unable to measure the in-line transmission of this prism. 
After this, material stability was assessed, the error was broken up as a function of wavelength and temperature, and a pattern emerged. 
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Figure 5. The 2026 Index fit subtracted from the 2005 Index fit. The red dotted lines indicate the measurement accuracy in 2005.
The graph in the figure above shows the 2026 data minus the 2005 data. The red dashed lines serve as a guide to the eye, showing the ±1.5×10-5 uncertainty associated with this measurement in 2005. While there is a strong wavelength dependence at all three temperatures, the data at the lowest temperature are fully within the system's stated uncertainty, whereas data above room temperature begin to fall outside it. This can be attributed to upgrades made to CHARMS over the past twenty years that have improved the instrument’s measurement quality over the original 2005 edition.

First, the way that wavelengths are established during a measurement has changed. In 2005, the grating position in the monochromator would be calibrated using gas emission lines to set the wavelength scale. This wavelength scale would then be fit to a polynomial, allowing the user to drive the monochromator to any arbitrary wavelength. However, it was noted that, over time, the monochromator began to drift and required recalibration between runs. To address this, new encoder scales were introduced into the monochromator. This reduced the wavelength drift between runs. Next, the measurement wavelengths were shifted from arbitrary wavelengths to exact grating orders corresponding to the calibration wavelengths. Together, these improved the system's wavelength calibration and reproducibility.

Temperature measurement accuracy in CHARMS has also improved over time. The original Lakeshore 218 temperature monitor, measuring with calibrated silicon-diode sensors, had a total error of up to 150 mK at 300 K, increasing to 212 mK at 77 K, budgets large enough to affect the temperature assignment during cryogenic measurements. The replacement Lakeshore 336 temperature controller measuring with the same sensors reduces these errors to 80 mK at 300 K and 98 mK at 77 K, roughly halving the instrumental temperature uncertainty across the operational range and, correspondingly, tightening the refractive index uncertainty, particularly at cryogenic temperatures.

The method used to achieve and control temperature affects not only accuracy but also measurement density and internal consistency. The original liquid nitrogen soak approach provided limited control over the cooling rate and the equilibrium temperatures at which data could be collected. The current configuration replaces this with a closed-cycle cryocooler operating in conjunction with resistive heaters, enabling precise, programmable temperature control throughout the measurement range. Maintaining a cooling rate no greater than 0.1 K min⁻¹ ensures the sample remains in thermal equilibrium with the sensor, minimizing the temperature gradients that would otherwise introduce scatter. The result is a denser, more internally consistent dataset that improves the precision of these data. The deployment of multiple temperature sensors across different parts of the sample is also essential for obtaining accurate refractive index values. It is critical that the temperature of the sample be measured directly in all refractometry measurements. 

There are several reasons why measurements from twenty-plus years ago may differ from current measurements that are not sample-dependent, and these differences could result from changes in both the measurement system and the measurement protocol. 

Taken together, these three upgrades address wavelength assignment, absolute temperature accuracy, and thermal equilibration, the three principal non-material sources of measurement uncertainty in a prism-based refractometry system. Differences between measurements made on the original and upgraded CHARMS systems should therefore be interpreted not as sample variability, but as the expected consequence of a measurably improved instrument. Any inter-laboratory or inter-era comparison of refractive index data must account for such systematic shifts before attributing discrepancies to the material itself.
3. Conclusions
[bookmark: _Hlk173851222]Infrared optical systems demand refractive index measurements traceable to a common standard, yet no universally accepted reference material currently exists for this spectral regime. Barium fluoride presents a compelling choice: its material properties are near-optimal for minimizing measurement uncertainty, and while its environmental and chemical stability preclude it from serving as a visible-wavelength reference, these limitations are largely absent in infrared applications. These index measurements confirm that barium fluoride is repeatable to within ±1.5×10⁻⁵, and deviations beyond this bound are attributable to system-level and methodological improvements rather than intrinsic material variability. Using an upgraded CHARMS facility, we further demonstrate an achievable accuracy of 9×10⁻⁶ or better across a broad range of wavelengths and temperatures, a level of precision that meets or exceeds the current demands of the infrared industry. Establishing high-quality barium fluoride crystals as a refractive index standard would therefore provide a consistent, accurate basis for cross-system and cross-methodology comparisons, filling a critical gap in infrared optical metrology.
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