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Abstract
We have constructed, calibrated, and tested a cryogenic low-background infrared radiometer for both spectral radiance and irradiance measurements over the 4 m to 20 m wavelength range.  The primary purpose of the Missile Defense Transfer Radiometer (MDXR) is to measure absolute irradiance or radiance from cryogenic infrared test chamber sources using a photoconductive Si:As Blocked Impurity Band (BIB) detector and a set of spectral filters.  The MDXR also includes an absolute cryogenic radiometer (ACR) and a Fourier transform spectrometer (FTS).  For irradiance measurements, the ACR is used to provide the primary power scale for the BIB detector in conjunction with spectral filters, while the FTS/BIB configuration derives its scale from an internal blackbody source.  The two measurement scales show agreement for the irradiance of highly collimated (< 1 mrad) infrared beams from 10‑13 W/m/cm2 to 10‑8 W/m/cm2 within the combined relative uncertainties of 2.6 % (coverage factor k = 1.)  We have also calibrated the radiometer for radiance measurements by using a large cavity fluid bath blackbody that overfills the spatial and angular extent of the radiometer entrance pupil. The radiometric calibration uncertainty analysis of the radiometer as well as its maintenance and stability are discussed.
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I. Introduction
Testing and radiometric calibration of infrared (IR) sensors for imaging of distant objects in space is often performed in ground-based cryogenic-vacuum chambers designed to mimic the vacuum and cold background of space and provide highly collimated irradiance to the sensor that simulates ambient temperature targets at a great distance [1-3].  The Low-Background Infrared (LBIR) Facility at the National Institute of Standards and Technology (NIST) was established in 1989 [4] in order to provide these ground test facilities with direct traceability to the SI system of units for IR spectral radiance and irradiance.  One method to achieve this traceability is to measure the spectrally integrated radiance from the small aperture blackbodies often employed as sources in space-simulation chambers by using an Absolute Cryogenic Radiometer (ACR) [5, 6].  However, greater spectral information is required for some IR test chambers that use resistive heater arrays as IR sources instead of blackbodies, and have complex optical systems which introduce significant non-Planckian wavelength and polarization dependence to the output irradiance [7].  A portable filter-based cryogenic radiometer called the BXR designed to fit onto a test chamber in place of the sensor unit under test was developed to provide end-to-end calibration capability for these systems [8, 9]. The BXR was then replaced by the Missile Defense Transfer Radiometer (MDXR) [10-12], whose optical system is analogous to that of the BXR when operated as a filter radiometer.  However, the MDXR includes additional features that improve its spectral range and radiometric calibration capabilities.
Here we describe the design, calibration, and application of the MDXR for radiometric measurements of low-background IR test chambers.  Like the BXR, the MDXR is built around a Si:As Blocked-Impurity Band (BIB) detector operated at a temperature of 10 K with a nominal spectral responsivity range of 2 mm to 30 mm wavelength, and has a 7 cm diameter defining aperture.  Compared to the 10 discrete bandpass filters in the BXR, the MDXR contains a set of low and high-pass filters that can be combined to form more than 20 bands of varying spectral width.  Unlike the BXR, the MDXR includes a cryogenic Fourier-transform spectrometer (FTS) with continuous 1 cm-1 spectral resolution over the 4 m to 28 m spectral range.  Also, the self-calibration and stability monitoring of the MDXR is improved over the BXR with a built-in small aperture blackbody source and collimating telescope optics, as well as an ACR that is used as a portable primary standard.  While the BXR has a fixed (nonlimiting) field stop size, the MDXR has a set of six different diameter field stop apertures which can be successively rotated into the IR beam at an intermediate focal plane.  This enables one cryogenic radiometer to perform either spectral irradiance (~ 1 fW/mm/cm2 to ~ 10 nW/mm/cm2) or radiance (~ 1 nW/(mm*cm2*sr) to ~ 10 mW/(mm*cm2*sr)) measurements of external IR sources, as has been realized by previous researchers [13].  In order to realize the radiance measurement capability in the MDXR, it was modified from its original design [10,11] by the inclusion of additional optical baffles to limit stray light from outside its field of view from reaching the detector, as well as additional neutral density (ND) filters to keep the detector in its linear response range at higher incident flux levels for the radiometer.  The inclusion of the blackbody and ACR also allows us to compare source-based (traceable to the international temperature scale (ITS-90)) and detector-based (traceable to the SI electrical watt standard) irradiance measurements of the same input IR beam.  Experimental details, measured results, and uncertainty analysis are presented below.

II. Experimental details

(a) Radiometer design

The MDXR is approximately 2 m long and its mass, including the 0.8 m diameter vacuum shell and the underlying support table, is approximately 360 kg.  It is operated at an internal vacuum pressure of less than 10-5 Pa and is cooled from ambient temperature to its operating point in approximately 48 h using a combination of liquid nitrogen (LN2) and liquid helium (LHe).  It has a vacuum gate valve in front of the external beam input port allowing it to be moved among different calibration customer input sources while maintaining cryogenic vacuum conditions.  While at operating conditions, it consumes approximately 1 L of LHe per hour for flowthrough cooling, and its internal LHe tank used to maintain the ACR and BIB detector temperatures has a hold time of approximately 100 h.  A solid model rendering of the exterior of the MDXR is shown below in Figure 1.
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[bookmark: _Ref45883652]Figure 1.  Solid model rendering of the exterior of the MDXR, showing optical entrance port (EP), entrance port gate valve (GV), vacuum shell (VS), liquid helium input port (LHe), liquid nitrogen reservoir (LN2), and horizontal tilt adjustment knob (TA).
The MDXR optical system [10] is mounted to a vertically oriented plate as shown in Figure 2 and Figure 3. The optical system and the shroud that encloses it are maintained at 20 K by a continuous flow of LHe while the ACR and BIB detector are cooled by a reservoir of LHe that is also within the shroud. The 20 K components are enclosed in another cryoshroud that is cooled by a LN2 reservoir.  All these components are under high or ultra-high vacuum during normal operation. The entire optical assembly can be tilted by up to 1 degree in two orthogonal directions to align with an infrared test chamber (ITC) source beam that is under test.  The MDXR has baffles at its optical input to control stray light and then a 7 cm diameter entrance aperture that defines the pupil of the optical system. This is followed by a gold-coated off-axis paraboloidal mirror (OAP1) that focuses the incident radiation onto a variable field stop wheel located on the other side of the optics plate.  The beam is then re-collimated (OAP2) to 2 cm diameter as shown in Figure 3 and Figure 4, where it can pass through the FTS or bypass the FTS by means of a two-mirror translating periscope.  After the FTS the beam passes through a set of four 8-position filter wheels (25 mm filter diameter) and is then focused (fold mirror + OAP3) onto the 3.1 mm square Si:As BIB detector whose temperature is maintained near 10 K with < 1 mK temporal variations [14].  The detector is mounted on a 3-axis translation stage, and tilted by 5 degrees relative to the incident beam; the reflected beam is sent to an optical trap to reduce inter-reflections among the radiometer or IR test chamber optics.  The detector is voltage-biased with -2 V and a previously described low-noise cryogenic pre-amplifier with a gain of approximately 107 V/A [15] located in close proximity to the detector is used to reduce the effects of pick-up noise between the detector and the external signal processing electronics. The effective focal length of the MDXR optical system is 37.1 cm.
[image: ][image: ] Optics Plate
LHe Res.
FTS
Detector Side

 [image: ]Beam Entry Side
Defining Aperture
OAP1

[bookmark: _Ref44415893]Figure 2. Images of MDXR internal optical system with its LHe cryo-shield removed: left side view (left image), left-rear view (middle image), right side view (right image)

[bookmark: _Ref36552942][image: ]
[bookmark: _Ref36821315]Figure 3.  Top view of MDXR optical system.
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[bookmark: _Ref36553028]Figure 4. Detector side view of MDXR optical system.
The filter wheels accommodate a selection of short-pass and long-pass filters that can be combined to create band pass transmission curves centered between 4 m and 13 m wavelength with spectral widths ranging from 0.3 m to 5 m.  They also include a set of neutral density filters ranging in optical density (OD) from 0.3 through 2.0, fixed vertical and horizontal oriented wire-grid polarizers, and a diffuse black-coated beam block.  A rotating wire grid polarizer is located just prior to the filter wheel assembly.  As shown above in Figure 4, an ACR, located on a translation stage with its heat sink maintained at a temperature between 2 K and 4 K by a Cu thermal strap connected to a LHe reservoir, can be moved in and out of the beam immediately after the field stop and before OAP2.  The ACR has a 3 mm diameter entrance aperture and is optimized for low-power applications, with a time constant of approximately 40 s and a noise floor of 11 pW.  Its receiver consists of a thin-walled Cu cone coated on the inside with specular black paint designed for a multi-bounce absorptance of greater than 0.9999.  In active electrical substitution mode the ACR uses resistive heaters and Ge resistance thermometers (GRTs) [6].
The FTS is of the conventional Michelson design and has been described previously [16, 17].  It operates in a continuous scanning mode with an optical metrology system using a 785 nm wavelength single-mode diode laser to track the position of the scanning mirror (mounted on a porch-swing style translation stage) and provide dynamic angular deviation feedback to maintain the alignment of the interferometer.  The portion of the KBr beamsplitter that samples the radiometer beam is coated with Ge to enhance its reflectance.  The optical path difference (OPD) can be varied symmetrically about zero at between 0.1 cm/s and 5 cm/s, and the highest unapodized spectral resolution is 0.85 cm-1.  In order to provide a stable IR reference source for the FTS, as well as the filter radiometer, the MDXR incorporates a small internal cavity-style blackbody with a blackened exit aperture of diameter 1 mm.  This source is used to produce a > 7 cm diameter collimated beam using a two-mirror telescope arrangement with an effective focal length of 230 cm shown in Figure 5.  The collimator can be rotated in and out of the MDXR beam path before the entrance aperture, simultaneously closing and opening an external beam input shutter.
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[bookmark: _Ref36559112]Figure 5.  Beam-entrance side view of MDXR, showing (a) external beam input and (b) internal blackbody source with rotatable collimator in place.
(b) Radiometric calibration – filter radiometer
	(i) Spectral irradiance calibration of the MDXR filter radiometer using the ACR
The 10 Centimeter Collimator (10CC) at NIST [9] was used as the irradiance calibration source of the MDXR filter radiometer.  The methodology for the calibration of the BXR by the 10CC using the LBIR cryogenic radiometer has been previously reported [9].  A very similar approach was used for the calibration of the MDXR filter radiometer [11], which is similar in design and function to the BXR. The principal difference was the use of the ACR inside the MDXR to calibrate the 10CC, instead of an externally located ACR as was used for the BXR calibration.  This resulted in a reduction in the type-B uncertainty components related to the radiometric defining aperture geometry.  In addition, the ACR data acquired with the MDXR were used to improve the spectral throughput and blackbody calibration models of the 10CC. These calibration process improvements lowered the irradiance responsivity relative combined uncertainty (k = 1) from about 4.0 % to 4.5 % for the BXR to about 2.3 % to 3.0 % for the MDXR (throughout this paper, expanded uncertainties are reported with coverage factor k =1.)
The irradiance calibration of the MDXR proceeds in two steps.  First, the 10CC is calibrated by the ACR moved into place behind the field stop of the MDXR, and then the calibrated 10CC output irradiance is used to calibrate the response of the MDXR with its spectral filters (matched to those of the 10CC) and BIB detector.  The setup of the MDXR with the 10CC is shown below in Figure 6, and a simplified schematic optical layout of the MDXR filter radiometer is depicted in Figure 7.  The two instruments share the same vacuum space during the calibration measurements, and the 10CC optics are also maintained at a temperature of 20 K.  The calibration is done using the largest field stop in the MDXR, which yields an effective field of view of 4.05 mrad.
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[bookmark: _Ref36815316]Figure 6.  Optical setup of the 10CC calibration by the ACR, followed by MDXR filter radiometer calibration by the calibrated 10CC source.  MDXR and 10CC are drawn to different scales.
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[bookmark: _Ref49776394]Figure 7.  Simplified optical layout (not to scale) of the MDXR filter radiometer for spectral irradiance measurements of a collimated beam input from the top right, showing defining aperture (A), off-axis parabolic mirrors (OAP1-3), underfilled field stop (FS), moveable ACR, 4 filter wheels (FWS), detector fold mirror (FM3) (periscope fold mirrors FM1 and FM2 are not shown) and BIB detector.

The 10CC [9] contains a blackbody source, a set of 6 defining apertures mounted in a wheel that are over-illuminated by the chopped blackbody source, a collimating mirror, four wheels holding a set of 25 mm diameter spectral filters, and additional mirrors to expand the output beam to 10 cm diameter, which then overfills the 7 cm defining aperture of the MDXR.  The spectral filter sets in both instruments are identical, taken from the same production batch of 25 mm diameter long-pass, short-pass, or band-pass filters.  The transmittance of each filter, or pair of filters for long-short band-pass combinations, was measured in-situ using the FTS in the MDXR.  Out-of-band rejection measurements to ~ 10-4 level were made by “crossing” pairs of filters to create nearly zero in-band transmittance, allowing higher input flux and using a previously measured ND filter as a reference.  The actual measured transmittance of each filter or pair was used in the 10CC or MDXR spectral models; in general the band-passes matched within the repeatability of the measurements, but there were variations of approximately 1 % in the transmittance level for nominally identical filters from the same batch.  All the filter wheels are tilted relative to each other to prevent inter-reflected beams from reaching the detector.
In general the analysis methodology for calibration is to calculate the ratio of measured signal to modeled signal at the reference detector output.  The calibration coefficient C(10CC)i for a particular filter band i of the 10CC is related to the measured ACR signal and the modeled irradiance output of the 10CC by
	(1)
where the irradiance model terms in the denominator are defined as follows:  G10CCACR  is the geometrical optical configuration factor for the entrance pupil of the MDXR (radius r2 = 3.5 cm) viewing the 10CC source (defining aperture radii r1 from 0.1 cm to 0.0026 cm, effective focal length f = 183 cm), P10CC(T,) is the Planckian exitance of the 10CC blackbody source, () is the source emissivity, 10CC() is the spectral throughput of the 10CC mirror train, i() is the transmittance of the selected filter (or filter pair), RACR() is the responsivity of the ACR system (unity power responsivity of the ACR times the reflectance of the primary MDXR mirror), and D10CCACR () accounts for the diffraction loss of the complete optical system.  The diffraction effects are calculated in terms of the ratio (P/P0) of the theoretically expected power received by the detector including diffraction effects, P, to the theoretically expected power using geometrical optics, P0.  To evaluate P/P0, Kirchhoff scalar diffraction theory is used for values of  ranging from 2 m to 600 m.  At a wavelength of 10 m, P/P0 ranges from 0.97 to 0.42 for the largest to smallest 10CC source apertures; at the long wavelength integration cutoff of 600 m, it is less than 0.01 for all apertures.  Our numerical diffraction calculations use a recently optimized computer code [18].  The relative uncertainty in the numerical evaluation of diffraction effects is estimated to be 0.05(1 - P/P0) or 5 % of the relative power correction.
All except for the first term G10CCACR are in general functions of the wavelength, , of the emitted radiation.  The source temperatures used in the calibration vary from 180 K to 600 K, and the filter band centers are between 4 m and 16 m wavelength.  While the integral in Eq. (1) in principle extends over all wavelengths, and the ACR has responsivity throughout the ultraviolet to millimeter wave range, the effective wavelength band of the measurements is limited by the Planckian spectrum. The spectral filters are designed to have low (<0.001) out-of-band response, which is included in the integral to accommodate possible filter leakage effects.  The long wavelength transmittance of the ZnSe filter substrates is blocked by the inclusion of a 4 mm thick AgCl filter in the 10CC, which is opaque for wavelengths between 40 m and 120 m; the integral in Eq. (1) is evaluated between 0.5 m and 600 m wavelength.
The combined relative measurement uncertainty (coverage factor k = 1) of the ACR calibration of the 10CC irradiance output is limited by the uncertainty of the primary MDXR mirror reflectance (0.4 %).  The uncertainties in the ACR responsivity (0.02 %) and the defining aperture area (0.01 %) are negligible contributions.  After the ACR data are used to apply corrections to the blackbody radiance temperature T and spectral throughput 10CC(), the model spectral uncertainties in the integral term of Eq. (1) are dominated by the spectral shape of the filter transmittance bands (0.5 %) and the diffraction loss (0.2 %).  The results for the set of calibration coefficients C(10CC)I are shown below in Figure 8.  The majority of the higher power points used in the calibration have uncertainties of approximately 1 %.
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[bookmark: _Ref36821340]Figure 8.  Calibration coefficients and associated combined uncertainties from the ACR calibration of the 10CC spectral irradiance output.
With the ACR moved out of the beam path, the calibrated 10CC output was then used to derive calibration coefficients for the spectral irradiance responsivity of the MDXR filter radiometer, C(MDXR)I, on a band-to-band basis according to
 		(2)
with analogous terms to those in Eq. (1), and RMDXR() representing the spectral responsivity of the BIB detector.  After multiplying the product of mirror train throughput and BIB detector responsivity by a spectrally dependent correction factor of approximately 0.8, the residuals to this spectral fit are included in the uncertainty of the MDXR spectral irradiance responsivity.  This factor is mostly a result of the lower responsivity of the BIB detector used in the MDXR, which apparently has 20 % lower internal quantum efficiency than the one used in the BXR.  This level of responsivity variability has been observed in other BIB detectors from the same production batch.  The calibration results are shown below in Figure 9.
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[bookmark: _Ref36823561]Figure 9. Calibration factors (a) and associated combined relative uncertainties (b) for the MDXR spectral irradiance responsivity over the set of filter band spectral ranges (m).  The horizontal line segments on the graphs indicate the approximate spectral ranges (68 % of total photon number weighted flux, at equal flux levels on either side of the peak photon flux) of each filter band.
	(ii) Calibration coefficient uncertainties for irradiance calibration of filter radiometer
In order to calculate the systematic (type-B) uncertainty of the calibration transfer from the ACR to the MDXR filter radiometer using the 10CC as the transfer standard, we begin by substituting Eq. (1) into Eq. (2) with the following definitions:
				(3)
			(4)
		(5)
We then define the following normalization constants
					(6)						(7)
With these substitutions, Eq. (2) can be rewritten as
		(8)
and the relative variance of C(MDXR)i due to systematic uncertainties can be computed as
	(9)
The expectation value of the first term in the integrand of Eq. (9) yields an expression proportional to the systematic uncertainty of the 10CC spectral irradiance (Yi()) times the difference between the normalized ACR (X()/X0) and MDXR (Z()/Z0) spectral responsivities.  If the two instruments being compared have the same relative spectral responses the systematic uncertainty of the transfer instrument (the 10CC in this case) does not contribute to the final radiometric uncertainty because the first term goes to zero.  The expectation value of the second term in the integrand results in essentially the root-sum-squared value of the relative systematic uncertainty of the ACR (X()/X0) and the relative systematic uncertainty of the MDXR (Z()/Z0) times the spectral irradiance of the 10CC (Yi()).  Eq. (9) thus provides type-B uncertainties for the spectral irradiance calibration of the MDXR, and provides a framework to compute additional uncertainty components for the calibration of a different IR test chamber using the MDXR.  This transfer uncertainty component is larger for wider filter bands and for larger differences between the 10CC and IR test chamber spectral irradiance outputs.  An analogous approach to calculating the type B uncertainty is used for the calibration transfer from the 10CC to a customer’s infrared test chamber using the MDXR.  Furthermore, this approach is generally applicable and can be used for all calibration transfers down the calibration chain.
	(iii) Radiance calibration of filter radiometer
The MDXR can measure radiance of diverging source input beams by reducing the field stop diameter in Figure 7 so that both the defining entrance aperture A and the field stop FS are overfilled.  The radiance calibration of the MDXR filter radiometer was based on the LBIR Fluid-Bath Blackbody (FBBB) source, shown below in Figure 10.
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[bookmark: _Ref37082540]Figure 10.  Vacuum compatible fluid-bath blackbody source, showing in cross-section view the cavity wall (CW) painted on the inside surface with IR black paint, 30° cone (C), crimped tube to prevent back-reflections (CT), exit aperture (A), fluid bath (FB), and standard platinum resistance thermometer (SPRT).
The reflectance of the 60 cm deep FBBB cavity was characterized using a laser and integrating sphere apparatus at wavelengths of 4 m and 10.6 m [19] and implied an absorptance (emittance) of greater than 0.999 over the central 7 cm of its 12 cm diameter exit aperture.  The temperature of the vigorously stirred fluid bath was measured at 10 different locations surrounding the blackbody cavity using a calibrated standard platinum resistance thermometer (SPRT) with < 3 mK uncertainty, and the peak to peak temperature variation was found to be less than 34 mK.  A cryogenic aperture and shutter assembly was placed in between the FBBB and the MDXR to allow signal and background measurements.  The available cryogenic chambers and geometrical constraints in the LBIR laboratory enabled the measurements to be made with two different separations between the blackbody and MDXR defining apertures, either 1.1 m or 3.7 m, in order to provide a test of size-of-source effects in the MDXR spectral radiance responsivity.
The spectral radiance responsivity model of the MDXR was calibrated independently for three different field stop diameters (which yield fields of view of 0.74 mrad, 0.54  mrad, and 0.37 mrad) over the same set of filter bands used in the irradiance calibration, at FBBB temperatures from 280 K to 340 K.  The procedure to derive the radiance calibration factors RC(MDXR)i followed a modified form of Eq. (2)
		(10)
where the 10CC terms have been replaced with ones representing the FBBB, and spectral throughput FBBB() = 1.  The geometrical configuration factor  is evaluated by replacing r1 with the MDXR field stop radii (ranging from 0.0138 cm to 0.0069 cm) and f = 37.1 cm, the effective focal length of the MDXR.  The C(MDXR)i term is the previously derived calibration factor of the MDXR irradiance model.  Compared to the diffraction correction when viewing the 10CC in irradiance mode, the diffraction correction factor  is closer to unity, with its values at 10 m wavelength ranging from 0.94 to 0.86 over the tested range of field stop radii and source distances.
The uncertainty in the radiance calibration includes contributions from the source emissivity and temperature deviations, scattered light, spectral transfer between the calibration and test sources, and repeatability of the calibration factors with varying source distance and source temperature.  While we found no evidence of stray light during the spectral irradiance calibration of the MDXR, in radiance mode with the large flood source of the FBBB producing input beams with divergence of order 100 mrad, stray light at the level of 4x10-5 of the input flux is able to reach the BIB detector without passing through the filter wheels.  This can produce errors of up to 2 % in the measured signals at 4 m wavelength for lower source temperatures.  The stray light contribution is effectively subtracted by performing a measurement with a beam stop position in the filter wheel for each combination of source temperature and MDXR field stop, leaving a residual stray light uncertainty of less than 0.1 %. The beam stop is a filter sized disk of vertically aligned carbon nanotubes (VACNTs) with a reflectivity of less than 0.1 % throughout the spectral range of the Si:As BIB detector.  Systematic variations in radiance responsivity versus source-radiometer separation were found to be less than 0.2 %.  The resultant corrections to the MDXR radiance model ranged from 0.1 % to 3 % with baseline combined uncertainties of 0.3 % to 1 %, as shown below in Figure 11.  The differences from unity of the radiance calibration factors are consistent with the uncertainties of the measured field stop areas.  The stability of the MDXR radiance responsivity was tested using a portable vacuum-mounted flat plate blackbody source with an emissivity of 0.98 to 0.88 over the 4 m to 20 m wavelength range and a temperature setting of 340 K; the results of these test are described later.
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[bookmark: _Ref37084045]Figure 11.  Spectral radiance responsivity calibration factors and associated uncertainties for the MDXR filter radiometer derived from FBBB measurements using three different field stops with corresponding fields of view listed in mrad.

(c) Radiometric calibration – Fourier transform spectrometer
When operated in FTS mode, the MDXR spectral irradiance calibration is derived from the internal blackbody source and collimator.  The calibration methodology for the FTS mode of the MDXR is analogous to the filter mode except it is done on a wavelength by wavelength basis instead of a filter band basis. Determination of the IR test chamber spectral power, IITC(), is achieved by ratioing the spectral signal from the MDXR when sampling irradiance from the IR test chamber  to a spectral calibration factor obtained from the internal reference blackbody contained in the MDXR:

	 	(11)
where GMDXRBB is the optical configuration factor between the internal MDXR blackbody source and the defining r2 = 3.5 cm entrance aperture of the MDXR (r1 = 0.05 cm, f = 230 cm) , PBB(T,) is the Planck exitance, BB() is the blackbody emissivity, COLL() is the optical throughput of the two-mirror internal MDXR collimator, and DMDXRBB() is the diffraction correction factor for the FTS viewing this blackbody source, which ranges from 0.987 to 0.936 between 4 m and 20 m wavelength.  The FTS spectra are typically referenced to the internal MDXR blackbody source at its maximum temperature setting of 400 K in order to provide the highest signal to noise ratio and coverage for the shortest wavelength possible.  While the MDXR filter radiometer measurements are often made using chopped source radiation and synchronous detection with a lock-in amplifier, the FTS measurements represented by  in Eq. (11) are always made as the difference between source-open and source-closed signals for the observed broadband source.  Radiometric FTS measurements made with ambient temperature apparatus generally use two reference blackbody sources at different temperatures to effectively subtract the background emitted signal coming from the spectrometer, which propagates with a different optical phase from that of the source under test [20].  In the MDXR, with all the optics at 20 K or below, the instrument background is found to be less than 0.1 % of the reference source power over the 4 m to 20 m wavelength range, so its effect on the FTS phase correction is negligible and the calibration can be done with just one reference source.
The uncertainties in the FTS spectral irradiance calibration are evaluated by considering the repeatability of spectra acquired for both the internal blackbody source and the user source under test, as well as the properties of the internal blackbody source and systematic sources of error in the FTS.  The internal blackbody source in the MDXR was measured with the ACR to determine its radiometric temperature at different temperature set points.  At 400 K, the radiometric temperature was found to agree within 0.1 K with a ± 0.6 K measurement uncertainty with the set point temperature; the set point temperature was used in the model.
We estimated relative uncertainty components for each of the type-A (random, statistical) or type-B (all other) sources, which are listed in Table 1 below for the wavelength of 10 m.  An example of the spectral dependence of the combined relative uncertainty is displayed in Figure 12.  This uncertainty is multiplied by the observed user spectrum and then added in quadrature to the absolute uncertainty component due to noise in the detector/amplifier, which is shown in Figure 13 as apparent power received at the defining aperture of the MDXR (area = 38.5 cm2).  This produces a final combined uncertainty (k = 1) in the observed spectral power.  In comparing to the model for a given IR test chamber source, we combine this uncertainty with the model uncertainty.
[bookmark: _Ref37166383]Table 1.  Relative (fractional) uncertainty components for FTS measurements of spectral irradiance from an IR test chamber source.
	Relative uncertainty source
	Value at 10 m

	Internal BB stability (type A)
	0.0015

	IR Test Chamber source stability (type A)
	0.005

	Detector nonlinearity (type B)
	0.0025

	Source alignment (type B)
	0.007

	Polarization correction (type B)
	0.003

	Defining aperture area (type B)
	0.00007

	Internal collimator geometry (type B)
	0.001

	Internal collimator diffraction correction (type B)
	0.0018

	Internal collimator mirror reflectance (type B)
	0.007

	Internal BB temperature (type B)
	0.0046

	Internal BB emissivity (type B)
	0.001

	Quadrature sum
	0.013
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[bookmark: _Ref37167154]Figure 12.  Combined relative uncertainty in FTS irradiance measurements of an IR test chamber source versus wavelength.
[image: ]
[bookmark: _Ref37167401]Figure 13.  Absolute uncertainty component versus wavelength due to detector/amplifier noise in FTS measurements.
For measurements in radiance mode, the internal blackbody/collimator source in the MDXR is used as a short-term stability reference for the FTS but the calibration of radiance responsivity is based upon measurements of the FBBB in a similar manner to the radiance calibration of the MDXR filter radiometer.  The calibration procedure is done in two steps.  First, Eq. (11) is applied to a radiance measurement of the FBBB with the FTS_Signal_ITC() term replaced with FTS_Signal_FBBB().  This results in a left hand side that can be written as IFBBB,uncorrected().  Spectral radiance calibration factors for the FTS are then calculated as ratio of this quantity to the modeled FBBB radiance signal as in Eq. (11), with a GMDXRFBBB factor corresponding to the geometrical configuration factor of the MDXR with one of its three radiance field stops in place, and the COLL() factor equal to 1.  Spectral radiance measurements of other ITCs are done using Eq. (11) divided by these radiance calibration factors for each of the three field stops of the MDXR.  The calibration stability is also checked using the portable, vacuum flat plate blackbody check source at 340 K.  The uncertainty in the FTS radiance mode measurements includes the spectral uncertainties in the calibration source, as well as the variance of repeated measurements with different source distance and temperature.  The FTS was found to be more sensitive to source alignment than the filter radiometer and the base level radiance uncertainties are in the 1.5 % to 3.5 % range between 4 m and 20 m wavelength.  The spectral radiance calibration factors and associated uncertainties are shown below in Figure 14.
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[bookmark: _Ref37168985]Figure 14.  Spectral radiance responsivity calibration factors for the MDXR derived from the FBBB, for three different MDXR field stops with labelled fields of view in mrad.
Because of the large differences (8 % to 12 %) between the modeled and measured radiance responsivities using the FTS with the smallest field stop (0.37 mrad field of view), and the high sensitivity of this responsivity to the field stop alignment, we only use the FTS in radiance mode with the larger two field stops in place.  The origin of the alignment sensitivity is attributed to the spatially dependent transmittance of the FTS system, in particular the coated KBr IR beamsplitter.  A summary of the radiometric calibration modes, ranges, and corresponding uncertainties of the MDXR is shown below in Table 2.









Table 2.  Wavelength coverage, radiometric power ranges, and minimum relative calibration uncertainties of the various measurement modes of the MDXR.
	Measurement mode
	Wavelength range (mm)
	Radiometric range
	Minimum combined relative uncertainty (k=1)

	Filter radiometer irradiance
	4 to 13
	1 fW/cm2/mm to 10 nW/cm2/mm
	2.3 %

	Filter radiometer radiance
	4 to 13
	2 nW/cm2/sr/mm to 10 mW/cm2/sr/mm
	0.3 %

	FTS irradiance
	4 to 20
	60 fW/cm2/mm to 20 nW/cm2/mm
	1.3 %

	FTS radiance
	4 to 20
	120 nW/cm2/sr/mm to 20 mW/cm2/sr/mm
	1.5 %

	Absolute cryogenic radiometer irradiance
	broadband
	300 fW/cm2 to 80 nW/cm2
	0.4 %



III. Radiometric Measurement Results

(a) Spectral irradiance

Calibrated irradiance data were generally collected in two different modes: FTS measurements with power scaled to the internal MDXR blackbody and filter radiometer measurements based upon the ACR calibration of the 10CC source power.  Figure 15 below shows a direct comparison of measurements made using the MDXR FTS or ACR of the spectral irradiance output of the 10CC chamber for 8 of its filtered spectral bands with a source temperature setting of 600 K and its four largest source apertures, yielding beam divergences from 1.09 mrad down to 0.11 mrad.  The spectral resolution of the FTS was 4 cm-1, and the filter bands ranged from 0.3 m to 1 m spectral width.  Figure 15(a) shows the measured FTS power spectra for the largest 10CC source aperture, which gives a beam divergence of 1.09 mrad, compared to the MDXR field of view of 4.05 mrad (with the MDXR’s largest field stop.)
[bookmark: _Ref47966553][image: ]Figure 15.  Comparison of FTS and ACR measurements of 10CC output irradiance, showing (a) spectral power curves measured by the FTS for 8 of the 10CC filter bands, and (b) ratio of integrated FTS spectral power to measured ACR power for each filter band.  The error bar shows a typical value for the combined relative uncertainties in the two measurements.

Figure 15(b) shows the ratio of the integrated FTS spectra for each filter band to the absolute power measurements made by the ACR, which range from approximately 2 nW to 600 nW for the different filter bands and source aperture settings.  The error bars represent the combined relative uncertainties of the two radiometric instruments; these are shown in Figure 12 for the FTS and for the ACR are simply the relative standard deviations of repeated measurements, which range from 0.00017 to 0.0018, combined with the relative uncertainty in reflectance of the MDXR primary mirror, 0.004.  For these filter bands at 600 K, the expected out-of-band power recorded by the ACR at long wavelengths is less than 0.1 % of the integrated in-band power.  Thus the combined uncertainties are dominated by the FTS spectral power uncertainty; most of the measurements from the two radiometric modes agree within these ranges.  The source-based calibration of the FTS, referencing the 400 K temperature of the internal MDXR blackbody, and the detector-based calibration represented by the ACR, traced to the electrical watt, are thus seen to agree as expected at these power levels.

The filter radiometer mode of the MDXR, calibrated as described above using ACR measurements of the 10CC irradiance output, can be extended to much lower sampled power levels of less than 1 pW based on the linearity of the BIB detector responsivity.  Previous studies have shown that Si:As BIB detectors of the size used in the MDXR show a 1 % drop in linearity of response to small ac signals when the dc background is increased to levels of a few microwatts [21, 22].  At lower power levels, the usefulness of the MDXR is limited by the sensitivity of the detector/amplifier system, which has a measured noise equivalent power of approximately 10 fW with one minute of averaging when using synchronous detection at 10 Hz, but approximately 10 times higher for dc signals.
We have made an inter-comparison of the MDXR and its predecessor, the BXR [12].  Shortly after the completion of the MDXR, the MDXR and BXR were shipped to a remote facility to compare filter-radiometer measurements of the spectral irradiance output of an IR test chamber with base operating temperature of 77 K.  When measuring the spectral irradiance output of an IR test chamber, the calibration transfer is realized by using Eq. (2) with C(MDXR)i replaced with C(ITC)I, C(10CC)i replaced with C(MDXR)I, and all other terms involving the 10CC replaced with corresponding terms representing the ITC radiometric model.  The results are then expressed as calibration factors C(ITC)i, i. e., the ratio of measured to modeled radiometer signals for the various observed configurations of the IR test chamber.  A comparison of BXR and MDXR measurement results for a source aperture with 0.45 mrad beam divergence, obtained in succession within 1 week of each other, are shown below in Figure 16.  This particular cryogenic IR test chamber has been sampled multiple times by both the BXR and MDXR for more than 10 years and found to have measured spectral irradiance output variations of less than ± 0.5 %, making this indirect BXR-MDXR comparison meaningful.
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[bookmark: _Ref37336202]Figure 16.  Comparison of BXR and MDXR spectral irradiance measurements of a cryogenic (77 K) IR test chamber, expressed as derived ITC calibration factor, for 5 source temperature settings in kelvin as indicated and an output beam divergence of 0.45 mrad.  The error bars represent the average combined uncertainty over the displayed set of measurements for that instrument.
The MDXR-sampled ITC output beam powers for the measurements shown in Figure 16 range from 4.4 pW to 43 nW over the various source temperature settings and filter bands.  In each frame the error bar represents the average combined measurement uncertainty for that instrument over the set of measurements.  In each case this is dominated by the systematic, type-B calibration uncertainties of the BXR or MDXR.  The repeatability for most of the data at 240 K or above is within ± 0.3 %.  A comparison of the BXR and MDXR results shows agreement within their combined uncertainties.  However, the lower radiometric uncertainty of the MDXR results in a more physically reasonable set of ITC calibration curves, which show about 4 times less apparently random variation between adjacent filter bands.  The spectral irradiance output of this ITC is expected to be quite smooth versus wavelength in this spectral region, since its principal optical elements consist of a cavity-type blackbody source, defining aperture, non-limiting baffles, and three bare aluminum mirrors.  The improved spectral performance of the MDXR over the BXR can be attributed to lower out-of-band transmittance of its IR filter set.
A comparison of measured results from the MDXR filter radiometer and FTS for this same ITC configuration are shown below in Figure 17.  Again there is agreement within the combined uncertainties of the measurements, with the FTS providing higher spectral resolution but also increased noise, especially for the shorter wavelengths at lower source temperatures.  In general, the FTS radiometer mode is useful for characterization of the spectral throughput ITC() of the IR test chamber, which is typically independent of source temperature and aperture size and thus can be determined with measurements at relatively high sampled power levels.  The filter radiometer is capable of calibrating the ITC model at sampled power levels down to 0.5 pW when using chopped source radiation and synchronous signal detection, thus allowing radiometric aperture area and source temperature investigations for much fainter simulated targets.  The long wavelength sensitivity of the FTS can be used to observe stray radiation from unintentional heating of optical elements in an IR test chamber, such as the source aperture body when the cavity blackbody is operated at its higher temperature settings.
[image: ]
[bookmark: _Ref37341774]Figure 17.  Comparison of MDXR filter radiometer (right) and FTS measured/modeled results (left) for the same IR test chamber as in Figure 16.  The error bars represent the average combined uncertainty over the displayed set of measurements for that instrument.
(b)  Spectral radiance
The spectral radiance responsivity calibration of the MDXR enables it to perform measurements of IR test chambers with large source apertures that overfill the field of view of the radiometer.  When measuring the spectral radiance output of an IR test chamber with the filter radiometer, the calibration transfer is realized by using Eq. (10) with RC(MDXR)i replaced with RC(ITC)I, C(MDXR)i replaced with RC(MDXR)I x C(MDXR)I, and all terms involving the FBBB replaced with corresponding terms representing the ITC radiometric model.  The results are then expressed as calibration factors RC(ITC)i, i. e., the ratio of measured to modeled radiometer signals for the various observed configurations of the IR test chamber. By combining radiance and irradiance measurements on the same test chamber, it is possible to separate different sources of uncertainty in an ITC radiometric model. For instance, the radiance output of the chamber is in principle independent of the source aperture diameter and collimator focal length, while the irradiance output depends on these geometrical factors.  Two sample comparisons of radiance and irradiance measurements on the same IR test chambers with the filter radiometer are shown below in Figure 18.
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[bookmark: _Ref37423241]Figure 18.  Spectral irradiance (a) and radiance (b) measurements on one cryogenic IR test chamber compared with corresponding irradiance (c) and radiance (d) measurements on a second chamber.  Measurements were performed at the indicated series of source temperature set points in kelvin.  The error bars represent the combined (k = 1) relative uncertainties in the measurements.
The spectral irradiance (a) and radiance (b) measurement results for the first cryogenic IR test chamber show a similar spread in derived calibration factors relative to the chamber model as a function of source temperature set point.  In each case, however, the calibration factors are closely clustered around unity.  In terms of the ITC 1 radiometric model parameters, this could be interpreted as indicated errors of approximately 0.6 K in the source temperature, but geometrical factors (source aperture diameter, collimator focal length) being correct to within 0.5 %.  The corresponding results for the second IR test chamber shown in (c) and (d) show very little dependence upon source temperature, but the offset between the spectral irradiance and radiance results relative to the radiometric model suggests a combined uncertainty of about 1.5 % in the collimator focal length and source aperture diameter parameters.  In both cases, the spectral irradiance measurements were made with an MDXR field of view of 4.05 mrad, and ITC beam divergences of 0.45 mrad or 0.11 mrad, respectively.  For the radiance measurements, the MDXR field of view was 0.74 mrad, with an ITC output beam divergence of 5.0 mrad.  The spectral radiance calibration factor results were found to be independent of the MDXR field of view for its three field stops to within the combined uncertainties of the measurements.  Although the total incident radiant flux transmitted through the MDXR field stop can vary up to 4 orders of magnitude between irradiance and radiance measurements under similar IR test chamber conditions, they may be performed in succession simply by rotating the field stop wheel to a new position and introducing a neutral density filter in the beam path as necessary.
IV. Radiometric calibration stability
The MDXR’s filter radiometer calibration factors for both spectral irradiance and radiance measurements are periodically checked using the 10CC and FBBB calibration sources, before and after shipping the radiometer to remote locations for measurements of cryogenic infrared test chamber sources.  The calibration factors are generally found to be stable to within ± 0.5 %, and most of the variation is attributed to changes in the alignment of the MDXR optical system due to transport.  The BIB detector responsivity has been found to vary less than ± 0.1 % on a decadal time scale, while the cryogenic detector amplifier gain can vary by as much as 0.6 % from cryogenic cycling, and is re-calibrated each time the MDXR is cooled from ambient conditions to its 20 K operating temperature.  While the MDXR is deployed to a remote location, and during each cold cycle of the radiometer, the spectral irradiance calibration is checked using the internal blackbody/collimator system, while the radiance responsivity is checked using a black coated flat plate emitter placed in front of the MDXR entrance port.  Example stability results over a 1 year time scale are shown below in Figure 19, showing 4 measurements of the internal irradiance blackbody source, and 5 measurements of the portable external radiance source.
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[bookmark: _Ref37428982]Figure 19.  Percent change in MDXR filter radiometer responsivity for (a) spectral irradiance with symbols showing 4 successive observations and (b) spectral radiance with symbols showing the 3 radiance field stops and line types showing 5 successive observations over approximately 1 year, as described in the text.
The spectral responsivity of the FTS system is found to be stable to within ± 0.5 % over the 4 m to 20 m wavelength range while the MDXR is kept at its operating temperature of 20 K, but varies over time by several percent after temperature cycling and transport of the apparatus.  Measurements are made of the internal blackbody spectrum daily while the radiometer is in use, and the average of these measurements is used to produce the reference spectrum used in Eq. (11).  Finally, the MDXR ACR is periodically used to measure the output power of this blackbody at a temperature of 400 K, and these measurements have varied by less than ± 0.2 % over 8 years.

V.  Conclusions
We have built, calibrated, and applied a portable cryogenic infrared radiometer intended to transfer its detector and source-based radiometric calibration to vacuum cryogenic IR test chamber sources.  It demonstrates reduced radiometric uncertainties and improved spectral coverage compared to previous instruments.  Its ability to measure spectral radiance as well as irradiance can be used to gain additional insight into the radiometric model parameters for IR test chambers.  Future improvements to low-background radiometry will include larger aperture radiometers and array detectors to enable calibration of lower spectral irradiance levels and measurement of heated resistor array sources.
We acknowledge valuable technical assistance, discussions, and optical component data from Jorge Neira, Dana R. Defibaugh, Greg Ly, Leonard M. Hanssen, and James A. Fedchak.  This work was made possible by funding from the U. S. Missile Defense Agency through the Air Force Metrology and Calibration Program.
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