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ACCREDITED
CERT #1239.02




National Renewable Energy Laboratory

Solar Radiation Research Laboratory

Optical Metrology Laboratory
Calibration Certificate
Instrument: 
Spectroradiometer, DOE# 131677


Make: 

EKO
Model: 
MS-711 





S/N: 

S18007.10
Cal. Date: 
05/03/2021





Due Date: 
05/03/2023
Customer: 


NREL/SRRL/Habte 15013 Denver W Pkwy, Golden CO 80401

Environmental Conditions: 
Indoors inside dark room; Temp = 22 (C; RH = 34 %; see Figure 9
This certifies that the above product was calibrated in compliance with ISO/IEC 17025:2005. Measurement uncertainties at the time of calibration are consistent with the Guide to the Expression of Uncertainty in Measurement (GUM) using Habte et al., 2013 [1]. All nominal values are traceable to the International System (SI) Units of Measurement.

No statement of compliance with specifications is made or implied on this certificate. However, the estimated uncertainties are the uncertainties of the calibration process; users must add other uncertainties that are relevant to their measurement setup, which includes but is not limited to, spectral mismatch from NIST calibration source, environmental conditions, signal to noise ratio, spectroradiometer non-linearity, input optic non ideal cosine response, spectroradiometer internal ageing affects, and spectroradiometer stray light/order sorting issues.

This certificate applies only to the item identified above and shall not be reproduced other that in full, without specific written approval from the calibration facility. Certificate without signature is not valid.



Traceability: Calibration was performed using the following standards: American Society of Testing and Materials ASTM G-138-12 “Standard Test Method for Calibration of a Spectroradiometer Using a Standard Source of Irradiance”

Standard Instruments: 


NIST Spectral Irradiance Standard Model FEL S/N F724; 6.9 Hrs Use

· Calibration Date: 09/18/2019   Calibration Due: N/A (valid 50 Operational Hours)



HP Model 6675A Power Supply S/N 3619A00912 (8.2 Amps +/- 2.5 milli-Amp)

· FCO date: 09/08/2020   FCO due date: 09/08/2022

HP Multimeter Model 34401A  S/N 3146A02225 (100 mVDC range used), DOE 01893C
· Calibration Date: 08/05/2020  Calibration Due: 08/05/2021
Guildline Standard Resistor Model 9200 SN 24769 (0.01 Ohm Range), DOE 01612C
· Calibration Date:  10/11/2019  Calibration Due 10/11/2021
NREL 50 cm Reference Bar SN 70062, DOE 02961C

· Calibration Date:  11/15/2018  Calibration Due 11/15/2023


Oriel Emission Pen Lamp Set Model C-13-02 DOE 03233C

· FCO date: 4/23/2020   FCO due date: 4/23/2022

Calibrated by: 
Afshin M. Andreas
_________________________________________
Afshin M. Andreas, Technical Manager        (Date)
For questions or comments, please contact the technical manager at:


afshin.andreas@nrel.gov; 303-384-6383; 15013 Denver West Parkway, Golden, CO 80401, USA
Calibration Results

Calibration Summary Table

	Input Optics †
	Spectral Range
	Bandwidth 
	Calib. File ‡
	Int. Time (ms)

	Diffuser/Dome
	290-1100 nm
	6.5 nm
	Internal 
	500 (8 averages)


† Instrument mounted sideways with input pointed horizontal and normal to calibration source.

‡ Calibration File units are (W/m2/nm)/Count 

Wavelength Calibration:
Prior to irradiance calibration a wavelength calibration check for the UUT was performed using low pressure mercury (Hg) and xenon (Xe) pen lamps.  Wavelength errors were less than 1nm and wavelength adjustment was not performed.  
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Figure 1: MS-711 wavelength scan of the Hg lines (<600nm).  
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Figure 2: MS-711 wavelength scan of the Xe lines (>800nm).  

Slit Scattering Test:

Using the same emission line source data above from the wavelength calibration the slit scattering function was measured.
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Figure 3: Example slit scattering plot for emission line at 546nm; at half amplitude it shows that the bandwidth is approximately 6.5nm.

Spectral Scattering Test:

Using a cut-on and a cut-off filter the stray light rejection and order sorting capabilities of the UUT were tested.  An un-calibrated NIST FEL lamp was measured with these filters in place and the “blocked” region of the filtered data was compared to a dark scan from the UUT.
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Figure 4: Irradiance of FEL lamp with a long pass filter with a cut-on of 470nm (blue curve) and the dark scan of the UUT (red curve).  This illustrates the stray light rejection capabilities in the UV.  
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Figure 5: Irradiance of FEL lamp with a short pass filter with a cut-off of 550nm (blue curve) and the dark scan of the UUT (red curve).  This illustrates the order sorting capabilities at the end of the Si detector region.
Spectral Irradiance Calibration:

Prior to irradiance calibration the NREL Standard Lamp was measured using the previous UUT calibration file.  
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Figure 6: The ratio of NREL lamp measurement and reported NIST data.
An existing 0.1nm-resolution ASCII data file, which was interpolated using a cubic spline from the irradiance points reported for the standard lamp, was used for the spectral irradiance calibration.  
A calibration file at the appropriate range and interval for the spectroradiometer was created as specified by the manufacture.  
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Figure 7: The ratio of new calibration file (5/2021) / previous calibration file (date 1/2019).
After spectral irradiance calibration was completed, the calibration was verified by measuring the irradiance of the same NIST lamp.
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Figure 8: Shows how well the spectroradiometer was able to measure the NIST lamp after calibration, which shows the ratio of lamp measurement and reported NIST Data.
Table 1: NREL Spectral irradiance calibration uncertainties (+/- U95 %) at the wavelengths that have uncertainties reported by NIST
	250nm
	350nm
	450nm
	555 nm
	655 nm
	900 nm
	1600 nm
	2000 nm
	2300 nm
	2400 nm

	2.1
	1.7
	1.4
	1.4
	1.3
	1.3
	1.2
	1.2
	1.2
	1.6


Ancillary Environmental Conditions

The spectral shape of the reference irradiance is shown below
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Figure 9: Reference irradiance from spectral irradiance standard.
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Notes

For the MS-711 calibration, eight measurements of the calibration lamp were averaged in order to reduce the noise in the UV.  It was discovered that using an integration time near saturation can cause 1%, therefore 500ms was used instead of 1000ms for the calibration.  Note: Auto integration (used during outdoor measurements) typically does not run the instrument near saturation.
After this calibration, temperature dependence testing of MS711 spectroradiometer was conducted in a Thunder Scientific 2500-LT Temperature Chamber (RH was fixed at 20%).  The light from an NREL secondary lamp standard (Model MS-110) was piped into a fiber optics cable to a 4” integration sphere.  The output of integration sphere completely covered the MS711 diffuser/dome (the lamp was outside of the test chamber).
This temperature test was never done before because the temperature sensitive regions of the silicon detector above 950nm were always discarded in favor of MS712 data at SRRL.  However, at University of Oregon they don’t have an MS712 so this data was being collected.  Although the MS711 has a temperature controller, the thermistor reading showed too much variability +/- 1 degrees C.  After correspondence with EKO it was discovered that this thermistor is not directly on the silicon detector array (which is temperature controlled).  Hence this test was conducted to verify the performance of the temperature control.  Data was analyzed from 400 to 1100nm and compared to the reference measurement made at 24 deg C, results in table below:
	Ambient Temperature
	MS711 thermistor reading
	Observed error from reference at 24C

	24 deg C
	25.2 to 25.8 deg C
	Reference Measurement

	37 deg C †
	26.0 to 26.5 deg C
	No change

	5 deg C ‡
	24.1 to 24.2 deg C
	No change


† MS-711 was allowed to stabilize for 2 hours at this temperature
‡ MS-711 was allowed to stabilize overnight at this temperature

Results show that from 5 to 37 degrees C ambient temperature, there was no temperature dependence all the way to 1100nm (even though the internal thermistor showed some variability).
During the initial NREL calibration, A non-linearity test of the instrument was conducted by measuring an FEL light source and ND 0.6 filter (for 1000 ms and longer) at different integration times.  All measurements were compared to the calibration integration time of 500 ms and results are shown below:

	MS-711 Integration Time
	Approx. observed Error from 500ms (350-1000nm only)

	10 ms
	>2% 

	20 ms *
	2%

	50 ms *
	1-2%

	100 ms *
	<1%

	200 ms *
	<1%

	500 ms *
	Reference measurement (used for Calibration)

	1000 ms *
	<1%

	2000 ms *
	1%

	5000 ms *
	2%


*Used during typical outdoor measurements (all conditions).

Location/value of wavelength calibration:

The instrument’s wavelength coefficients are stored on board both instrument’s non-volatile memory, values are shown below:
	 
	MS-711

	C0
	283.5978747

	C1
	0.428823647

	C2
	-7.90521E-06

	C3
	1.5869E-09

	C4
	-1.28085E-12

	C5
	0


Location of irradiance calibration:

This calibration files are stored on board both instrument’s non-volatile memory, a backup of this file will be included in the AIM database and Metrology Share.
Validation and Quality Assurance of Calibration

After spectral irradiance calibration, the 150-watt Oriel Solar Simulator (no filters) was measured to compare with a measurement made after the previous calibration, to verify performance under conditions when the measured spectral shape differs from the calibration source.
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Figure 1: Shows the ratio of new simulator measurement (5/2021) / old measurement (1/2019).  Note: An integration time of 100 ms was used.  The EKO MS-110 lamp mounting ring should be used for simulator alignment.  

After spectral irradiance calibration, The EKO MS-110 portable check lamp was measured using for validating the performance (or optionally correcting data) during future field measurements. 
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Figure 2: Shows the ratio of new EKO lamp measurement (5/2021) / old measurement (1/2019). Note: An integration time of 20 ms was used.
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