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ACCREDITED
Calibration CERT #1239.02




National Renewable Energy Laboratory

Solar Radiation Research Laboratory

Optical Metrology Laboratory
Calibration Certificate
Instrument: 
Spectroradiometer, DOE# 127847

Make: 

EKO
Model: 
MS-700




S/N: 
 
S07125.02
Cal. Date: 
11/09/2016




Due Date: 
11/09/2017
Customer: 


NREL/OTF/Rodriguez 15013 Denver W Pkwy, Golden CO 80401

Environmental Conditions: 
Indoors inside dark room; Temp = 22 (C; RH = 31 %; see Figure 8
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 F680; 22.94 Hrs Use

· Calibration Date: 10/03/2014   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: 09/13/2016   FCO due date: 09/13/2018

HP Multimeter Model 34401A  S/N 3146A02225 (100 mVDC range used), DOE 01893C
· Calibration Date: 08/19/2016  Calibration Due: 08/19/2017
Guildline Standard Resistor Model 9200 SN 24769 (0.01 Ohm Range), DOE 01612C
· Calibration Date:  9/6/2015  Calibration Due 9/6/2017
NREL 50 cm Reference Bar SN 70062, DOE 02961C
· Calibration Date:  11/26/2013  Calibration Due 11/26/2018

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

· FCO date: 4/04/2016   FCO due date: 4/04/2018

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
	Integration Time 

	Diffuser/Dome †
	345.4 – 1066.5 nm @ 3.3
	10 nm
	Imbedded ‡
	200 ms *


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

‡Calibration File units are (W/m2/nm)/Counts for each wavelength in spectral range.
*Very low irradiance outdoor measurements require 5000 ms which could have up to 2-3% error.

Wavelength Calibration:
Prior to irradiance calibration a wavelength calibration check for the UUT was performed using a low pressure Mercury Argon (HgAr) pen lamp.  Wavelength errors were less than 1nm and wavelength adjustment was not performed.
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Figure 1: A wavelength scan of the HgAr pen lamp (blue curve).  Red lines represent the expected emission wavelengths of Hg.
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 2: Example slit scattering plot for emission line at 436nm; at half amplitude it shows that the bandwidth is approximately 10 nm.

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 3: Irradiance of FEL lamp with a long pass filter with a cut-on of 470nm (red curve) and the dark scan of the UUT (blue curve). This illustrates the stray light rejection capabilities in the UV.
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Figure 4: Irradiance of FEL lamp with a short pass filter with a cut-off of 550nm (red curve) and the dark scan of the UUT (blue curve).  This illustrates the order sorting capabilities at the end of the Si detector region.  
Spectral Irradiance Calibration:

Prior to irradiance calibration the NIST Standard Lamp was measured using the previous UUT calibration file.  
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Figure 5: The ratio of NIST 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 by NIST 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 6: The ratio of new calibration file (11/2016) / previous calibration file (7/2015).  
After spectral irradiance calibration was completed, the calibration was verified by measuring the irradiance of the same NIST lamp.
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Figure 7: 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 8: Reference irradiance from spectral irradiance standard.
References

[1] Habte, A.; Andreas, A.; Reda, I.; Campanelli, M.; Stoffel, T. (2013). Uncertainty Analysis of Spectral Irradiance Reference Standards Used for NREL Calibrations. 22 pp.; NREL Report No. TP-5500-58617.
[2] ASTM Standard G-138-12, “Standard Test Method for Calibration of a Spectroradiometer Using a Standard Source of Irradiance,” ASTM International, West Conshohocken, PA, www.astm.org.
Notes
Preliminary zenith angle response testing of the diffuser was preformed when the instrument was purchased in 2008, it was noted at the time that highest accuracy was obtained for Z = 0 to 60 degrees.

In October 2012 a non-linearity of MS-700 integration times was conducted, results as follows:

	Integration Time
	Observed Error from 500ms

	10 ms
	2-3%

	20 ms
	2-3%

	50 ms *
	2-3%

	100 ms *
	2%

	200 ms *
	1-2%

	500 ms *
	Reference measurement (used for Calibration)

	1000 ms *
	No measurable error

	2000 ms *
	No measurable error

	5000 ms *
	1%


*Used during typical outdoor measurements (all conditions).

For the November 2016 calibration and forward the calibration is now done at 200ms so that clear sky outdoor conditions have less error. Based on a 200ms calibration the estimated non-linearity is as follows:

	Integration Time
	Observed Error from 200ms

	10 ms
	1%

	20 ms
	1%

	50 ms *
	1%

	100 ms *
	<1%

	200 ms *
	Reference measurement (used for Calibration)

	500 ms *
	1-2%

	1000 ms *
	1-2%

	2000 ms *
	1-2%

	5000 ms *
	2-3%


*Used during typical outdoor measurements (all conditions).

In order to create a new calibration file, the raw signal of the FEL lamp was measured at 200ms integration (by uploading a unity file into the MS-700).  The raw signal was measured six times and averaged, and then a calibration file was computed by taking the FEL lamp data (W/m2/nm) divided by the signal data (counts).  The resulting calibration file was then uploaded into the MS-700.  Files were transferred to the MS-700 using the manufacture provided software called “ProfEdit.”  Note: The factory uses units of W/m2/µm for irradiance.

For this calibration a spare MS-700 Control box (s/n EX08185.01) and control cable were used.  The control box only provides power and converts the RS-422 communication into an RS-232 for the computer; therefore it has no effect on the spectral calibration of the unit, since all the processing and application of the calibration file is done within the MS-700 head unit.

The instrument is temperature controlled at 25 degrees C.  The accuracy of the temperature controller and temperature response of the instrument (due to any variation in controller accuracy) has not been tested.

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-700

	C0
	3.02177e+002

	C1
	3.31710e+000

	C2
	3.98402e-004

	C3
	-1.88313e-006

	C4
	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.
Validation and Quality Assurance of Calibration

Prior to irradiance calibration the NIST Standard Lamp was measured using the previous UUT calibration file.  
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Figure 1: The blue curve is the ratio of NIST lamp measurement and reported NIST data.  The red & green curves show the acceptance limits based calibration history of the MS-700 spectroradiometer in order to provide in or out of tolerance criteria for the customer.  Instrument is OUT Tolerance.  The MS-700 has experienced a highly unusual 7% degradation.
After spectral irradiance calibration, the 150-watt Oriel Solar Simulator (no filters) was measured at 50ms integration 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 2: Shows the ratio of new MS700 measurement (11/2016) / old MS700 meas. (7/2015).
After spectral irradiance calibration, The EKO portable check lamp was measured at 10ms integration for validating the performance (or optionally correcting data) during future field measurements. Since the EKO was never previously measured with the MS-700, so it was compared to SRRL’s EKO MS-701/711/712 (MS-7XX) system:
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Figure 3: Shows the ratio of OTF MS-700 meas. (11/2016) / SRRL MS-7XX meas. (9/2016).
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